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SUMMARY

During cell division, chromosome segregation takes place on bipolar, microtubule-

based spindles. Here, C. elegans is used to analyze spindle organization under both

mitotic and meiotic conditions. First, the role of SAS-4 in organizing centrosome

structure was analyzed. Partial depletion of SAS-4 in early embryos results in

structurally defective centrioles. The study of this protein sheds light on the poorly

understood role of the centrioles in dictating centrosome size. Second, the

ultrastructure of wild-type mitotic spindle components was analyzed by electron

tomography. This 3-D analysis reveals morphologically distinct microtubule end

morphologies in the mitotic spindle pole. These results have structural implications

for models of microtubule interactions with centrosomes Third, spindle assembly was

studied in female meiosis. Specifically, the role of the microtubule severing complex

katanin in spindle organization was analyzed. Electron tomography reveals

fragmentation of spindle microtubules and suggests a novel katanin-dependent

mechanism of meiotic spindle assembly. In this model, relatively long microtubules

seen near the meiotic chromatin are converted into numerous short fragments, thus

increasing the total number of polymers in an acentrosomal environment. Taken

together, these results provide novel insights into the three-dimensional organization

of microtubules during spindle assembly.
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ZUSAMMENFASSUNG

Die Segregation der Chromosomen während der Zellteilung wird duch bipolare, von

Microtubuli-aufgebauten Spindlen gewährleistet. In der vorliegenden Arbeit wird

C. elegans zur Analyse der Spindelorganisation unter mitotischen und meiotischen

Bedingungen herangezogen. Erstens wird die Rolle von SAS-4 in der Organisation

von Zentrosomen untersucht. Die partielle Depletierung von SAS-4 in frühen

Embryonen führt zu strukturell defekten Zentriolen und wirft somit Licht auf die

wenig verstandene Rolle der Zentriolen in der Bestimmung der Zentrosomengröße.

Zweitens wird die Ultrastruktur der mitotischen Spindelkomponenten im Wildtyp

durch Elektronentomographie untersucht. Diese 3-D-Analyse zeigt, dass im

mitotischen Spindlepol unterschiedliche Morphologien der Mikrotubulienden zu

finden sind. Diese Ergebnisse haben strukturelle Implikationen für Modelle der

Mikrotubuli-Zentrosomen-Interaktionen. Drittens wird der Aufbau der Spindel in der

weiblichen Meiose, speziell die Rolle des Mikrotubuli-schneidenden

Kataninkomplexes in der Spindelorganisation, untersucht. Die Elektronen-

tomographie zeigt hier eine Fragmentierung der Spindelmikrotubuli. Basierend auf

diesem Ergebnis wird ein neues Katanin-abhängiges Modell der Formierung der

Meiosespindel entwickelt, in dem relativ lange Microtubuli in Nähe des meiotischen

Chromatins in zahlreiche kurze Mikrotubuli “zerschnitten” werden. Dies erhöht die

Anzahl der verfügbaren Polymere in dieser azentrosomalen Situation.

Zusammenfassend bringen diese Ergebnisse neue Einsichten in die räumliche

Organisation der Mikrotubuli während des Spindelaufbaus.
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1 INTRODUCTION

1.1 Organization of microtubules in mitotic spindles

Microtubules are polar polymers composed of head-to-tail aligned !- and "- tubulin

subunits (Hyams and Lloyd, 1994). At the microtubule ends, tubulin subunits are

either added during polymerization (growth) or removed during depolymerization

(shrinkage). Microtubules are dynamic in that they grow and shrink periodically, a

phenomenon described as dynamic instability (Mitchison and Kirschner, 1984). In

vitro studies have shown that the dynamic state of an individual microtubule is

correlated with the morphology of its ends. Growing microtubules exhibit a flared

sheet-like structure, whereas shrinking microtubules have curled oligomers with a

distinct radius of curvature at their ends (Mandelkow et al., 1991; Chrétien et al.,

1995; Müller-Reichert et al., 1998).

In animal cells, microtubules commonly grow from centrosomes with a typical

orientation (for reviews see Doxsey, 2001; Bornens, 2002). Microtubule minus ends

are located in the centrosome and microtubule plus ends grow away from the

centrosome (Fig. 1). The centrosome, composed of a pair of centrioles surrounded by

Fig. 1. Orientation of microtubules in the animal centrosome. The diagram shows microtubule minus
ends attached to the pericentriolar material (PCM) and microtubule plus ends extending out into the
cytoplasm.
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pericentriolar material (PCM), provides microtubule nucleation sites (e.g. #-tubulin

and a # - tubulin ring complex, termed #-TURC) and a kinetically favorable

environment for microtubule polymerization. After nuclear envelope break-down,

mitotic spindle assembly starts and microtubules emanating from centrosomes can be

divided into those that contact kinetochores (kinetochore microtubules), those that

grow towards but do not make contact with chromosomes (non-kinetochore

microtubules), and those that grow towards the cell cortex (astral microtubules). Prior

to chromosome segregation, the mitotic spindle is under tension as a result of cortical

forces that pull on the poles. As anaphase begins, continued forces act on the spindle

apparatus to pull the sister chromatids apart (Gönczy et al., 1999; Grill et al., 2003;

Afshar et al., 2004; Fisk Green et al., 2004).

1.2 Dynamics of microtubules in mitosis

Previous studies in vertebrate systems have provided some insights into the dynamics

of microtubule ends in mitosis (for reviews see Wittmann et al., 2001; Howard and

Hyman, 2003). During spindle assembly, microtubule plus ends are selectively

stabilized once they associate with kinetochores, causing the rate of microtubule

turnover at the plus ends to vary throughout this process. At the minus end of the

microtubule, the dynamics is equally complex. For a fraction of microtubules, the

minus ends lose subunits while remaining attached to the spindle pole. However, the

dynamics and structure of the minus ends, as well as the mechanism by which they

maintain a connection to the centrosome, have been less intensively studied and their

specific role in spindle assembly remains largely unknown (Dammermann et al.,

2003).

Many factors are involved in the regulation of microtubule dynamics throughout

mitotic spindle assembly. For instance, microtubule associated proteins (MAPs) are

typically implicated in stabilizing microtubules (e.g. XMAP215-like proteins;

reviewed in Kinoshita et al., 2002; McNally, 2003). Conversely, some proteins

destabilize microtubules by inducing depolymerization (e.g. the kinesin-13 class of

kinesins; Desai et al., 1999; reviewed in Moore and Wordeman, 2004), while others
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are able to sever intact tubules mid-way along their length, such as katanin (McNally

and Vale, 1993). For example, the kinesin-13 family is implicated in microtubule

depolymerization at both the plus and minus ends (Desai et al., 1999). At the plus

ends, these kinesins cause a rapid depolymerization event, thereby limiting the

opportunity for microtubule plus ends to make connections to intracellular structures.

At the minus ends, kinesin-13 members have been suggested to promote treadmilling,

a phenomenon whereby microtubule subunits are constantly removed from the minus

ends and added to the plus ends connected to kinetochores. One good candidate for a

microtubule depolymerase in C. elegans is KLP-7, a member of the kinesin-13

subfamily.  As shown previously, KLP-7 is a centrosomal protein (Oegema et al.,

2001) required to limit microtubule outgrowth (Srayko et al., 2005), presumably by

depolymerizing microtubule plus ends before they can grow out into the cytoplasm.

Microtubule plus ends that grow far enough away from centrosomal KLP-7 activity

are no longer vulnerable.  Microtubule minus ends, however, are constantly near the

centrosome and it is currently unclear if these ends are substrates for KLP-7 activity

in vivo.

1.3 C. elegans as a model system

C. elegans is an excellent model system for studying spindle assembly. Early

developmental events are largely invariable from embryo to embryo, i.e. cellular

events occur at approximately the same time and in the same manner (Sulston et al.,

1983; Wood, 1988; Pelletier et al., 2004a). In the female germ line, mature oocytes

are arrested at diakinesis of prophase I. Upon fertilization, meiosis resumes with the

formation of two successive acentrosomal spindles to ensure both chromosome

segregation and extrusion of polar bodies (Albertson and Thomson, 1993). In these

meiotic spindles, microtubules are organized around chromosomes and their minus

ends are arranged in acentrosomal spindle poles, lacking typical centrosomal

components. It is thought that chromatin-nucleated spindle microtubules are kept

short by the action of the katanin-like molecules MEI-1 and MEI-2, which actively

sever microtubules (McNally and Thomas, 1998; McNally et al., 2000; Srayko et al.,

2000). To date, the mechanisms of this acentrosomal spindle assembly are largely

unknown and MEI-1/MEI-2 are the only meiosis-specific factors known so far.
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After fusion of female and male haploid genomes, a centrosomal spindle forms in

preparation for the first embryonic cell division (Fig. 2; Albertson and Thomson,

1982; Albertson, 1984). The first mitotic spindle in C. elegans has attracted much

interest, because proteins can easily be depleted by RNA-mediated interference

(RNAi), enabling the comparison of wild-type and mutant early embryos.

Fig. 2 . Early development of the C. elegans embryo. Stages are illustrated by DIC images and
corresponding schematic drawings (Müller-Reichert et al., 2006). (A) Completion of female meiosis II.
(B) Pronuclear appearance. (C) Pronuclear migration. (D) Pronuclear meeting. (E) Pronuclear rotation.
(F) Metaphase of the first mitotic division. (G) Telophase. (H) Two-celled embryo. The position and
the disappearance of the two pronuclei (arrows) are indicative of specific developmental stages.
Asteriks indicate the position of the centrosomes. The C. elegans embryo is about 50 µm long and 25
µm high.

To create mutant embryos by RNAi, double-stranded RNA (dsRNA) is introduced in

the germ line of C. elegans hermaphrodites to give rise to oocytes which are

essentially depleted of specific, maternally provided proteins (Fire et al., 1991; Fire et

al., 1998). For the purpose of gene discovery, this approach has been applied to

conduct a genome-wide cell division screen (Sönnichsen et al., 2005). This genome-

wide screen has resulted in the identification of sets of genes required for specific

aspects of spindle assembly, such as centriole duplication, microtubule nucleation and

centrosome maturation (Oegema and Hyman, 2005). The key components of each

process will be introduced briefly.
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Centriole duplication in C. elegans is under the control of a set of at least 5 genes:

ZYG-1 (O’Connell et al., 2001), SAS-4 (Kirkham et al., 2003; Leidel and Gönczy,

2003), SAS-5 (Delattre et al., 2004; Dammermann et al., 2004), SAS-6

(Dammermann et al., 2004), and SPD-2 (Pelletier et al., 2004b). Upon depletion of

these proteins (except SPD-2), spindle assembly is indistinguishable from that of

wild-type cells during the first mitotic division. During the second mitotic division,

however, each of the daughter cells fails to establish a bipolar spindle, but instead

assembles a monopolar spindle. SAS-4 has been discovered through a large-scale

RNAi-based screen for genes on chromosome III (Gönczy et al. 2000; Zipperlen et

al., 2001). Functional analysis suggested that it there is a centriolar component whose

amount dictates centrosome size.

Microtubule nucleation in C. elegans is mainly influenced by the activity of TBG-1,

the worm orthologue of #-tubulin (Bobinnec et al., 2000).  In all organisms examined

so far, #-tubulin appears to exist in a heteromeric complex that contains two members

of the Spc97/Spc98 protein family conserved from Drosophila to humans (Murphy et

al., 1998; Gunawardane et al., 2000).  This complex, termed the “small” #-tubulin

complex (#-TuSC), is a subunit of a larger complex referred to as the #-tubulin ring

complex (#-TuRC) that possesses microtubule capping and nucleating activity in vitro

(Zheng et al., 1995; Moritz et al., 1995b, Moritz et al., 2000; Oegema et al., 1999).

C. elegans contains two open reading frames (H04J21.3 and C45G3.3) encoding

CeGrip1 and CeGrip2, respectively which probably represent Spc97/Spc98 family

members (Hannak et al., 2002).  The exact composition of the #-tubulin complex in

C. elegans, however, is not known and a C. elegans #-TuRC has yet to be described.

Centrosome maturation in C. elegans involves a set of at least four genes, AIR-1, the

C. elegans aurora A, (Schumacher et al., 1998; Hannak et al., 2001), SPD-2

(O’Connell et al., 2000; Kemp et al., 2004; Pelletier et al., 2004b), SPD-5 (Hamill et

al., 2002) and TPXL-1 (Özlü et al., 2005). All of these proteins localize to the

centrosome, and are required at different levels for PCM recruitment. TPXL-1, the

worm orthologue of TPX-2, is specifically required following nuclear envelope

breakdown (NEBD) to establish proper metaphase spindles. Importantly, centrosomes
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of tpxl-1(RNAi) embryos separate as in wild-type, but collapse together after nuclear

envelope breakdown.

1.4 Electron tomography of spindle components

Electron tomography is the method of choice for visualizing the fine structure of

cellular organelles with high z-resolution (Fig. 3; reviewed in McEwen and Marko,

2001; Frank et al., 2002; McIntosh et al., 2005). Conceptually similar to CT scans in

medical imaging, this method is based on the use of serial tilted views of a semi-thick

section (300-400 nm) to create computer-generated reconstructions that can be sliced

and imaged in any orientation at ~5 nm resolution in 3-D (reviewed in Frank, 1992).

Thus, electron tomography is an ideal method to study complex biological structures,

such as the centrosome, and is essential to determine the morphology and three-

dimensional distribution of microtubules in both mitotic and meiotic spindles.

Fig. 3 . Principles of electron tomography. (A) Digital collection of tilted views. (B) 2-D
representations of a given sample imaged from different orientations. (C) 3-D reconstruction by
computed back-projection (after Steven and Aebi, 2003).

Several tomography studies have used isolated centrosomes to provide structural

information to correlate with biochemical experiments (Moritz et al., 1995a; Moritz et

al., 2000; Vogel et al., 1997; Bullitt et al., 1997; Schnackenberg et al., 1998).

Tomographic analysis of isolated centrosomes from Drosophila and Spisula, revealed

the presence of 25 nm diameter ring structures embedded in a 3-D lattice composed of

12



thin fibers (Moritz et al., 1995a; Schnackenberg et al., 1998).  Additional studies

using immunolocalization confirmed that #-tubulin was a component of the 25 nm-

ring (Moritz, et al., 1995b; Moritz et al., 2000).  Furthermore, isolated centrosomes,

treated with high salt, maintained the PCM lattice, or “centromatrix”, but these

remnants lacked #-tubulin rings and were unable to nucleate microtubules.  Ring

complexes and microtubule nucleating capacity could be recovered upon incubation

with extracts containing #-tubulin (Schnackenberg et al., 1998).  These biochemical

and structural studies have led to a model showing that the centrosome is formed from

a 3-D protein lattice that organizes #-tubulin and other factors important for

microtubule nucleation and anchoring.

Electron tomography has also been applied to study the structure of MTOCs

(microtubule-organizing centers) in vivo.  Comparing wild-type and mutant

ultrastructure, this 3-D imaging technique was successfully used to determine the role

of specific tubulin isoforms on basal body structure and function in Chlamydomonas

(O’Toole et al., 2003a). In addition, structure of the S. cerevisiae spindle pole body

was studied in a wild-type and mutant context to analyze defects in spindle

organization (O’Toole et al., 1999; Yoder et al., 2005).

1.5 Aims of this work

Chromosome  segregation   takes   place   on   bipolar,   microtubule-based   spindles.

C. elegans is uniquely suited for structural studies of spindle organization under

mitotic (i.e. centrosomal) and meiotic (i.e. acentrosomal) conditions, because both

types of division take place in the same cell with a temporal separation of about 20

minutes (Wood, 1988; Pelletier et al., 2004a). Taking advantage of this model system,

the following questions are asked: (i) What is the role of specific proteins (i.e SAS-4)

in organizing the C. elegans centrosome? (ii) How is the wild-type centrosome

organized in 3-D? (iii) How is spindle assembly achieved in the absence of

centrosomes? To answer these questions, methods for the preparation of C. elegans

for electron microscopy had to be modified and developed. These methods are

described in detail in the next paragraph.
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2 MATERIALS AND METHODS

This section describes three different methods for processing C. elegans samples for

electron microscopy. The first method uses laser-induced chemical fixation (Priess

and Hirsh, 1986) to fix isolated embryos at specific mitotic stages. This method takes

advantage of time-resolved fixation to investigate centriole duplication. The second

method uses high-pressure freezing of whole worms (Rappleye et al., 1999; Müller-

Reichert et al., 2003) to analyze the geometry of mitotic spindles in early embryos by

electron tomography. This method takes advantage of superior ultrastructural

preservation as needed for a high-resolution 3-D study. The third method combines

time-resolved fixation with high-pressure freezing to analyze spindle morphology in

staged embryos by electron tomography (Müller-Reichert et al., 2006). This method

includes containing the isolated embryos in capillary tubes, staging of selected

embryos by light microscopy, high-pressure freezing and freeze-substitution of these

staged embryos, and 3-D reconstruction of spindle components by electron

tomography. Detailed descriptions of these three methods are given in the following

paragraphs. Other related methods, such as RNA-mediated interference and specimen

preparation for light microscopy, are described in the original publications (except for

the analysis of meiotic spindles, see section 3.4).

2.1 Laser-induced chemical fixation of isolated C. elegans embryos

A single wild-type or RNAi early embryo was transferred with a mouth pipet to a

marked region on an aclar coverslip (Electron Microscopy Sciences) previously glow

discharged and coated with 1% poly-L-lysine (Sigma, P1524) in PBS. Water was

used to adhere the aclar coverslip to a metal holder before mounting on an inverted

microscope (Axiovert 200M, Zeiss). Embryos were imaged through the aclar using

DIC until early metaphase. Excess liquid was removed, and the embryo was

surrounded with 20 µl of 1$ PHEM (60 mM PIPES [pH 6.9], 25 mM HEPES [pH

6.9], 10 mM EGTA, and 2 mM MgCL2) containing 2% glutaraldehyde and 0.4%

tannic acid (O’Connell et al., 2001). A pulsed solid-state UV laser (PowerChip, JDS

Uniphase) focused with a 63$ water immersion objective lens (C-Apochromat, Zeiss)

was used for laser permeabilization of the eggshell. About 5 shots were taken at
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regions where the vitelline membrane touched the eggshell at the very anterior of the

embryo and fixation was monitored by live DIC microscopy. The diffusion of the

fixative into the embryo instantly stopped the developing process.

After laser permeabilization, embryos were incubated in fixative on ice for at least 30

min, washed 3-4 times in 1$ PHEM, and postfixed in 1% osmium tetroxide and 0.5%

K3Fe(CN)6 in 1$  PHEM buffer (O’Connell et al., 2001). The samples were

dehydrated through a graded acetone series and gradually infiltrated with

Epon/Araldite resin (1 part resin : three parts acetone) for 1 h; 1 : 1 for 2 h; 3 : 1 for 2

h, and 100% resin for 1 h, then overnight, then for 1 h). After infiltration, samples

were flat embedded on microscope slides and remounted for thin, serial sectioning.

Thin sections (70 nm) were cut using a Leica Ultracut UCT microtome. Sections were

collected on Formvar-coated copper grids, poststained with 2% uranyl acetate in 70%

methanol followed by aqueous lead citrate and viewed in an FEI TECNAI 12

transmission electron microscope operated at 100 kV.

2.2 High-pressure freezing of whole worms for electron tomography

In preparation for high-pressure freezing, adult wild-type worms containing embryos

were selected under a stereomicroscope and transferred to sample holders containing

an E. coli suspension. About 50-100 worms were placed in the 100-µm-deep well of a

BAL-TEC type A planchette (McDonald, 1999; Engineering Office M. Wohlwend).

Samples were covered with the flat side of a complementary planchette (type B) and

rapidly frozen using a BAL-TEC HPM 010 (BAL-TEC) high-pressure freezer

(Rappleye et al., 1999; Müller-Reichert et al., 2003). Frozen samples were stored in

liquid nitrogen until further use.

For freeze-substitution, specimen holders were split under liquid nitrogen and a single

planchette type ‘A’, containing the nematode worms, was transferred to a procooled

cryovial (-90 °C) containing the fixative. Freeze-substitution was carried out in

anhydrous acetone containing 1% osmium tetroxide and 0.1% uranyl acetate

(McDonald and Müller-Reichert, 2002) Using a Leica EM AFS, samples were

maintained at -90 °C for 3 days. Freeze-substituted samples were the allowed to warm
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to room temperature at a rate of either 5 or 10 °C h-1. At room temperature, specimens

were removed from the planchettes and washed three times for 1 h in fresh anhydrous

acetone. After the acetone washes, samples were then gradually infiltrated with

Epon/Araldite (see section 2.1).

Worms were embedded in thin, optically clean layers of Epon/Araldite on microscope

slides (McDonald, 1994). Microscope slides were wiped clean with a soft cloth and

coated with Teflon spray (MS-122DF, Miller-Stephenson Chemical Co., Inc.,

Danbury, CT, USA). Worms were evenly distributed on the cleanly wiped surface of

the glass slide. Two layers of Parafilm were used as spacers and coated slides were

put on top of the resin samples. After polymerization, worms containing appropriate

numbers of early embryos were selected by light microscopy and remounted on

‘dummy’ blocks for ultramicrotomy. Longitudinal sections through the worms were

cut using either a Reichert Ultracut E or a Leica Ultracut UCT Microtome. Semi-thick

(300-400 nm) sections were collected on Formvar-coated copper slot grids and post-

stained with uranyl acetate followed by Reynold’s lead citrate (see section 2.1).

High-voltage electron tomography was carried out essentially as described in O’Toole

et al. (1999). Colloidal gold particles (15 nm) were affixed to both surfaces of the

semi-thick sections, and the grids were carbon coated to stabilize the samples under

the electron beam. Samples were placed in a high-tilt, rotating stage (Gatan model

650, Pleasanton, CA, USA) and imaged using a JEOL JEM1000 microscope operated

at 750 kV. Serial, tilted views were collected over a ±60º range at 1.5º increments

about two orthogonal axes. Images were acquired using a Gatan 1k $ 1k CCD camera

at a pixel size of 1.4 nm using an automated image capture software package (Boulder

Laboratory for 3-D Fine Structure, CO, USA). Multiple frames, or montages, were

collected in order to reconstruct a larger area of the cell (Marsh et al., 2001). Image

processing was carried out using the IMOD software package (Ladinsky et al., 1999;

O’Toole et al., 1999; Marsh et al., 2001). The serial, tilted views were aligned using

the positions of the gold particles, and tomograms were computed using an R-

weighted back projection algorithm (Gilbert, 1972). Tomograms from each axis were

then aligned to each other and combined (Mastronarde, 1997). The IMOD program

was used for image display and 3-D modeling of mitotic features, such as centrioles,
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microtubules, microtubule ends and chromatin (Kremer et al., 1996). The ratio of the

microtome setting to the final measured thickness of the reconstruction was used to

calculate a thinning factor to correct for the collapse of the section during microscopy.

2.3 Correlative light and electron microscopy of single C. elegans embryos

To collect isolated early embryos into capillary tubes, ‘loading devices’ were

prepared by cutting 2 cm-long pieces of tubing (Hohenberg, 1994), mounting them

into gel loader tips, and using nail polish to seal. To cut pieces of tubing of

appropriate sizes, a ‘crimping tool’ was made from a scalpel tip by cutting or filing

off the final millimeter of the blade, and then shaping it with a whetstone to the shape

of a chisel (McDonald et al., 2006). Worms were cut open in small Petri dishes using

M-9 buffer containing 20% BSA (Sigma). Embryos were released by cutting the

worm in the gonad region with two injection needles (Fig. 4). An early embryo was

selected and sucked into the capillary tube, using the loading device mounted on a

Pipetman. The tubing was submerged into the BSA-containing M-9 buffer in the Petri

dish, then the crimping tool was used to cut the region of the tubing containing the

Fig. 4 . Diagram illustrating the processing of isolated C. elegans embryos for correlative light and
electron microscopy. (A) Release of early embryos. (B) Collection of a selected embryo into capillary
tubing. (C) Staging of the capillary-contained embryo by light microscopy. (D) Stage-defined fixation
by high-pressure freezing. (E) Thin-layer embedding of the freeze-substituted embryo. (F) Serial
sectioning for subsequent electron tomography (Müller-Reichert et al., 2006).

early embryo to a final length of about 1 mm. The closed tube was then transferred

from the Petri dish to a droplet of BSA-containing M-9 buffer on a glass slide to
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observe the further development of the embryo in real time using a light microscope

equipped with phase contrast. The developmental history of selected embryos was

documented.

To minimize the time-window between observation and freezing, samples were

rapidly frozen using an EMPACT2+RTS (Leica) high-pressure freezer, a portable

machine that can be easily moved to the site where staging of the embryo is

performed. The rapid transfer system (RTS) allows fast loading of the specimen into a

pre-loaded high-pressure freezer under standardized conditions (McDonald et al.,

2006; Verkade, 2006). In preparation for freezing, the RTS was pre-loaded with a

freezing ‘pod’ (Fig. 5). In addition, a specimen carrier, in which the sample has to be

placed at an appropriate time point, was pre-mounted in the so-called rapid loader (for

details see McDonald et al., 2006; Verkade, 2006). Routinely, 100 µm-deep

‘membrane carriers’ were used, designed to separate the compartment holding the

capillary tube from the pressure by a thin ‘membrane’ of copper. Shortly before

freezing, the membrane carrier was filled with M-9 buffer containing 20% BSA.

Fig. 5. Loading devices for the rapid transfer system (RTS) of the EMPACT2 high-pressure freezer.
(A) The freezing “pod”. (B) “Rapid loader” with pre-mounted specimen carrier (arrow). A “membrane
carrier” is shown at higher magnification. (C) Closed freezing “pod” with specimen carrier (Müller-
Reichert et al., 2006).

Excess buffer was sucked away with strips of filter paper. At an appropriate

developmental stage, the embryo-containing capillary tube was quickly transferred

from the microscope slide to the BSA-filled specimen carrier using tweezers. As soon

as the capillary tube was loaded in the membrane carrier, the rapid loader was

transferred to the RTS. Sliding the rapid loader into the RTS triggered the pod to

close automatically and start the ultrarapid freezing procedure. The isolated embryo

was transferred from the light microscope to the high-pressure freezer within about 5
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seconds. After freezing the membrane carriers were released from the pod and stored

in liquid nitrogen until further use.

Freeze-substitution of isolated embryos was carried out essentially as described for

whole worms (see section 2.2). The samples were maintained at –90 °C for a

minimum of 8 h and a maximum of 24 h. Freeze-substituted samples were then

allowed to warm to room temperature at a rate of 5 °C h-1. Specimens were washed in

anhydrous acetone and gradually infiltrated with Epon/Araldite resin. Throughout all

these steps, the capillary tubes remained in the BSA-filled membrane carriers and

were not removed prior to the final flat-embedding step to avoid the loss of the small

capillary tubes during rinsing and resin infiltration.

For thin-layer embedding, Teflon-coated slides were polished to get a clean

transparent surface and Epon/Araldite (200 – 300 µl) was placed on the microscope

slide and allowed to disperse. Subsequently, the membrane carrier containing the

capillary tube was placed in the resin droplet and held tightly with appropriate

tweezers. The capillary tube was then removed from the specimen carrier with a

sharpened tungsten needle and oriented on the glass slide. After polymerization of the

resin, samples were observed with a light microscope to re-locate the capillary tubes

on the microscope slide. An objective marker with a diamond tip was used to mark a

circle around the tube. Using a scalpel, small quadrates of 1 $ 1 mm resin containing

the capillary tube were cut out under a stereo microscope. An Epoxy glue was used to

remount the samples on ‘dummy’ blocks with the early embryos facing up.

After polymerization, the remounted samples were trimmed for serial sectioning.

Semi-thick (300-400 nm) sections were then collected on Formvar-coated copper slot

grids and routinely post-stained with uranyl acetate followed by Reynold’s lead citrate

(see section 2.1). Stained specimens were then viewed by low-voltage electron

microscopy (100 kV) to identify centrosomes in the serial sections.

In preparation for electron tomography, 15-nm colloidal gold particles were affixed to

both surfaces of the semi-thick sections. Samples were placed in a high-tilt,

tomography stage and imaged with an intermediate-voltage electron microscope
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operated at 300 kV. Serial, tilted views were collected over a ±60° range at 1°

increments about two orthogonal axes and images were acquired using a Gatan 2k $

2k CCD camera at a pixel size of 1.01 nm using software for automated image

capture (SerialEM; Boulder Laboratory for 3-D Fine Structure, CO, USA). Multiple

frames, or montages, were collected to reconstruct an area larger than could be seen

as a single CCD frame (Marsh et al., 2001). Image processing and 3-D modeling was

carried out essentially as described above (section 2.2).
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3 RESULTS

Using C. elegans as a model system, this chapter describes the regulation of

centrosome size, the 3-D organization of the mitotic spindle and the interaction of

microtubules with centrosomal components, and the structure and distribution of

microtubules in the acentrosomal female meiotic spindle. Each project is briefly

summarized and then presented as an original publication (except for section 3.4,

manuscript submitted). Other related projects are documented in the “Appendix”

(section 6.2).

First, the role of the centriolar protein SAS-4 in the control of centrosome size was

analyzed (section 3.1; Kirkham et al., 2003). In summary, spindle assembly during the

first mitotic division of fully depleted sas-4(RNAi) embryos was indistinguishable

from that of wild-type cells. However, each pole of the bipolar sas-4(RNAi) spindle

contained only a single centriole. In the second mitotic division each of the sas-

4(RNAi) daughter cells then failed to establish a bipolar spindle, but instead

assembled monopolar spindles around the sperm-derived centrioles. This situation in

the two-cell embryo changed upon partial depletion of SAS-4. Decreased levels of

SAS-4 caused bipolar spindle assembly with an asymmetry in spindle architecture and

centrosome size. The asymmetric spindle was organized from single centrioles at each

pole. One pole showed an “old” sperm-derived centriole the other pole showed a

“new” partially assembled centriole. This partially assembled centriole most likely

was composed of a “naked” central tube. Importantly, the partially assembled

centrosome accumulated less than wild-type amounts of PCM and it was shown that

centrosomal #-tubulin levels were proportional to the amount of centriolar SAS-4. As

a result, a defect in centriole structure caused differences in centrosome size due to a

difference in PCM accumulation.

Second, microtubule ends in the mitotic centrosome of C. elegans were analyzed by

electron tomography (section 3.2; O’Toole et al., 2003b). Briefly, microtubule minus

ends were mostly closed but a small population of microtubule ends at the mitotic

spindle pole were open. Closed microtubule ends were pointed (or cone-shaped) and

uniformly distributed around the centrosome. In contrast, open microtubule ends were
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slightly flared and found preferentially on kinetochore-attached microtubules. The

“slightly flared” morphology is thought to represent a dynamic state of a microtubule

and the closed morphology end a more static state. One hint for a potential source of

these open microtubule ends came from an additional study of tpxl-1(RNAi) embryos

(section 3.3; Özlü et al., 2005). TPXL-1 is the C. elegans orthologue of the vertebrate

TPX2, a microtubule-associated protein implicated in spindle assembly. Strikingly, in

tpxl-1(RNAi) embryos, the assembling mitotic spindle collapsed soon after nuclear

envelope break-down because the centrosomes were pulled towards the chromatin.

Using electron tomography to analyze the collapsed spindle phenotype, a drastic

shortening of the kinetochore microtubules was observed. Compared to wild-type

spindles, these microtubules exhibited more open minus ends near the chromosome

(unpublished observation). Therefore, the tpxl-1(RNAi) embryos provided support for

the idea that microtubule instability manifests as an open-end morphology.

Third, the 3-D organization of the meiotic spindle and the role of C. elegans katanin

(MEI-1) in acentrosomal spindle assembly were investigated (section 3.4). In brief,

microtubule pole-proximal ends were not focused at a distinct pole in the wild-type

female meiosis but were distributed throughout the volume of the spindle. Numerous

pole-distal ends were seen at the chromosomes but also at the ends of short

microtubules within the spindle. About 30% of the spindle microtubules showed

evidence of lateral fragmentation and perforation of the polymer lattice, the later most

likely providing a glimpse of the early stages of complete microtubule severing.

Importantly, these defects of the microtubule lattice were absent in the mei-1(null)

mutant.
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3.1 SAS-4 is a C. elegans centriolar protein that controls centrosome size

M. Kirkham*, T. Müller-Reichert*, K. Oegema*, S. Grill, and A. A. Hyman. 2003.

Cell. 112, 575-587. (*These authors contributed equally to this work.)
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SAS-4 Is a C. elegans Centriolar Protein
that Controls Centrosome Size

electron dense matrix of PCM. Structural studies in
which centrosomes were extracted with chaotropic
agents suggest that the PCM contains a matrix of 12–15

Matthew Kirkham,1 Thomas Müller-Reichert,1

Karen Oegema,1,2,* Stephan Grill,
and Anthony A. Hyman*

nm fibers termed the “centromatrix” (Schnackenberg etMax Planck Institute of Molecular Cell Biology
al., 1998). The “centromatrix” is tightly associated withand Genetics
the centrioles and directs the recruitment of otherPfotenhauerstrasse 108
centrosomal components including ring-shaped com-01307 Dresden
plexes containing !-tubulin (Moritz et al., 1998; Schnack-Germany
enberg et al., 1998), a specialized tubulin isoform re-
sponsible for the microtubule-nucleating capacity of the
PCM (reviewed in Oakley, 2000). Although these studiesSummary
suggest a mechanism for the targeting of nucleating
complexes to centrosomes, the mechanism that linksCentrosomes consist of a centriole pair surrounded
the “centromatrix” to the centrioles remains completelyby pericentriolar material (PCM). Previous work sug-
unknown.gested that centrioles are required to organize PCM

In a series of classic experiments, Mazia et al. (1960)to form a structurally stable organelle. Here, we char-
demonstrated that a complete centrosome behaves asacterize SAS-4, a centriole component in Caenorhab-
a pair of “polar organizers”. If experimentally divided,ditis elegans. Like tubulin, SAS-4 is incorporated into
each resulting half centrosome organizes a single spin-centrioles during their duplication and remains stably
dle pole that cannot be divided further. Subsequentassociated thereafter. In the absence of SAS-4, centri-
electron microscopy by Sluder and Rieder (1985)ole duplication fails. Partial depletion of SAS-4 results
showed that the number of “polar organizers” correlatesin structurally defective centrioles that contain re-
with the number of centrioles present. Compelling evi-duced levels of SAS-4 and organize proportionally less
dence for the idea that centrioles act as centrosomalPCM. Thus, SAS-4 is a centriole-associated compo-
organizers was obtained in a recent experiment in whichnent whose amount dictates centrosome size. These
centrioles were dissolved by injection of an antibodyresults provide novel insight into the poorly under-
directed against a specific tubulin modification. Dissolu-stood role of centrioles as centrosomal organizers.
tion of centrioles resulted in dispersion of the PCM,
confirming that centrioles organize PCM to form struc-

Introduction turally stable centrosomes (Bobinnec et al., 1998).
The cycles of centriole and centrosome duplication

Centrioles consist of a polarized central tube sur- are intimately coupled. Centrioles initiate duplication at
rounded by a 9-fold symmetric array of singlet, doublet, the onset of S phase in a process that requires Cdk2
or triplet microtubules (reviewed in Lange et al., 2000; (reviewed in Fry et al., 2000; Lange et al., 2000; Sluder
Marshall, 2001; Preble et al., 2000). Centrioles and re- and Hinchcliffe, 1999). At this time a generative disc, a
lated structures, referred to as basal bodies or kineto- precursor of the daughter centriole, forms at right angles
somes, are found in most extant eukaryotic lineages, to the proximal end of each mother centriole. Daughter
including protists, animals, and plants (fungi and higher centrioles elongate as the cell cycle progresses, reach-
plants are notable exceptions). Centrioles/basal bodies ing full-length by G2/M. During the G2/M transition the
likely originated in a common ancestor of most eukary- centrosomes also mature, accumulating !-tubulin and
otic lineages where they were components of larger other PCM components, and increasing in size and nu-
organelles involved in both nuclear division and cell mo- cleating capacity (reviewed in Palazzo et al., 2000). Thus,
tility (Cavalier-Smith, 2002; Chapman et al., 2000; Mig- one centrosome containing a pair of centrioles is found
not, 1996). For their role in nuclear division, the ancestral at each spindle pole during mitosis. The timing of centro-

some splitting and the number of centrioles per centro-centriole-containing organelles are thought to have
some at other cell cycle stages varies between cell typesfunctioned as microtubule organizing centers (MTOCs).
(see Discussion). The cycle of centrosome inheritanceThe involvement of centrioles in MTOC function by asso-
and duplication has long fascinated cell biologists, butciation with pericentriolar material (PCM) that nucleates
the mechanisms regulating it are for the most part poorlyand organizes microtubules (Gould and Borisy, 1977)
understood.and has been retained in one of the most well-studied

The C. elegans embryo is uniquely suited for studiescentriole-containing structures, the animal centrosome
of centriole function because of the ease with which(reviewed in Bornens, 2002; Rieder et al., 2001).
powerful functional genomic approaches for gene iden-In animal cells, mitotic centrosomes consist of a pair
tification can be combined with high-resolution singleof orthogonally connected centrioles surrounded by an
cell microscopy-based functional assays. In C. elegans,
RNA-mediated interference (RNAi) can be used to ana-

*Correspondence: hyman@mpi-cbg.de (A.A.H.); koegema@ucsd. lyze the first mitotic division that occurs in embryosedu (K.O.)
that have been essentially completely depleted of any1These authors contributed equally to this work.
targeted gene product (Montgomery and Fire, 1998).2 Present address: CMM-East 3080, 9500 Gilman Drive, La Jolla,

California 92093 Combined with the sequenced genome, this has stimu-
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lated large-scale RNAi-based approaches that will iden- in centrosome duplication following the first mitotic di-
vision.tify many of the important genes required for cell division

(Gönczy et al., 2000; Zipperlen et al., 2001). To date, Database searches revealed a cDNA, yk425b11, cor-
responding to F10E9.8. PCR with the trans-spliced SL2only one C. elegans protein required for centriole func-

tion, the atypical protein kinase ZYG-1, has been charac- leader sequence confirmed that this cDNA contains the
full-length coding sequence. F10E9.8 codes for a 92 kDaterized (O’Connell et al., 2001). Depletion of ZYG-1 by

RNAi prevents centriole duplication in the embryo, re- protein with no obvious homologies or motifs except a
central coiled-coil domain (Figure 1D). Because inhibi-sulting in a very characteristic phenotype in which a

normal first division is followed by assembly of monopo- tion of F10E9.8 function by RNAi results in failure of
spindle assembly at the second mitotic division, thislar spindles during the second division (O’Connell et al.,

2001; Figure 2A). By looking for this phenotype in an gene has been named sas-4 for spindle assembly de-
fective.RNAi-based functional genomic screen we identified

SAS-4, a novel stably associated centriolar protein.
Functional analysis of SAS-4 suggests that it is a centrio- SAS-4 Is Required for Centriole Duplication
lar component whose amount dictates centrosome size, How might the sas-4(RNAi) phenotype arise and why
providing molecular insight into the role of centrioles as does it affect centrosome function during the second
centrosomal organizers. but not the first cell division? A previous study of the

atypical protein kinase ZYG-1 showed that a normal first
division followed by monopolar spindle assembly in theResults
second division is a characteristic phenotype resulting
from the inability of RNAi-depleted embryonic cyto-Centrosome Duplication Fails Prior to the Second
plasm to support centriole function (Figure 2A; O’Con-Mitotic Division in sas-4(RNAi) Embryos
nell et al., 2001). In zyg-1(RNAi) embryos, centriole dupli-During an RNAi-based screen for genes required for cell
cation fails. However, other centriole defects, such asdivision we identified a gene, F10E9.8, whose inhibition
the inability of the daughter centriole to recruit or retainresults in defects in the second embryonic division (Gön-
PCM or failure of the daughter centriole to separate fromczy et al., 2000). To analyze the nature of the division
the mother centriole, could also result in a similar defect.defect, we performed RNAi of F10E9.8 in a strain ex-
To distinguish between these possibilities, we examinedpressing GFP-"-tubulin and filmed the embryos using
wild-type and sas-4(RNAi) embryos by correlative differ-spinning disk confocal microscopy. In all F10E9.8(RNAi)
ential interference contrast (DIC) microscopy/serial sec-embryos filmed (n # 15), microtubule dynamics and
tion transmission electron microscopy (TEM; Figuresspindle assembly were identical to wild-type during the
2B and 2C). Fertilized embryos were filmed using DICfirst mitotic division (Figure 1A, top images; see also
microscopy until metaphase of the first embryonic mito-Supplemental Movies S1 and S2 available at http://
sis. At this stage, embryos were rapidly fixed by laserwww.cell.com/cgi/content/full/112/4/575/DC1). How-
permeabilization in the presence of glutaraldehydeever, as F10E9.8(RNAi) embryos entered their second
(Priess and Hirsh, 1986). To count the number of centri-division, each daughter cell assembled only a single
oles at each spindle pole, fixed embryos were seriallycentrosomal microtubule aster. These single asters in-
sectioned and analyzed by TEM. Previous work hascreased normally in size as the cells entered mitosis,
shown that in wild-type, a pair of centrioles is presentand monopolar spindles were formed (Figure 1A, lower
at each metaphase spindle pole (Albertson, 1984;right image, and Supplemental Movies S1 and S2 avail-
O’Connell et al., 2001). We confirmed this in the twoable at above website).
wild-type embryos that we sectioned (Figure 2B). Signifi-Assembly of monopolar spindles during the second
cantly, in the four sas-4(RNAi) embryos that we seriallymitotic division suggested that F10E9.8(RNAi) embryos
sectioned, only one centriole was found at each spindlemight be defective in centrosome function. We therefore
pole (Figure 2C). From these results, we conclude thatexamined centrosome dynamics using a strain co-
SAS-4 is required for centriole duplication in the C. ele-expressing GFP-!-tubulin, a centrosomal marker, and
gans embryo.GFP-histone (Figure 1B, see also Supplemental Movies

S3 and S4 available at above website). In all F10E9.8
(RNAi) embryos filmed (n # 10), bipolar spindles with SAS-4 Localizes to Centrioles Throughout

the Cell Cyclewild-type levels of !-tubulin fluorescence at the spindle
poles formed during the first mitotic division (Figure 1B, Our phenotypic analysis indicated that SAS-4 is required

for centriole duplication, raising the possibility thattop images). However, only a single focus of !-tubulin
fluorescence was observed in each daughter cell during SAS-4 is a centriolar component. To examine the local-

ization of SAS-4 in vivo, we generated an affinity-purifiedthe second mitotic division. These single centrosomes
accumulated !-tubulin normally and organized monopo- polyclonal antibody and used it for immunofluorescence

of whole worms and fixed embryos. In worms, SAS-4lar spindles (Figure 1B, lower right image, and Supple-
mental Movies S3 and S4 available at above website). colocalized with !-tubulin to centrosomes both in sperm

and in the syncytial part of the gonad (Figure 3A). Inter-Identical results were obtained in fixed F10E9.8(RNAi)
embryos stained for three additional centrosomal mark- estingly, SAS-4 staining in the gonad disappeared as

the meiotic nuclei cellularized to form oocytes (Figureers ZYG-9 (Figure 1C; Matthews et al., 1998), AIR-1, and
SPD-5 (data not shown; Hamill et al., 2002; Hannak et 3A), presumably marking the point at which the centri-

oles are lost during oogenesis. At fertilization, a centrioleal., 2001; Schumacher et al., 1998). From these results,
we conclude that F10E9.8(RNAi) embryos are defective pair enters the oocyte with the sperm (see Figure 2A). In
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Figure 1. Centrosome Duplication Fails in F10E9.8(RNAi) Embryos

Selected frames from recordings of wild-type and F10E9.8(RNAi) embryos expressing GFP-"-tubulin (A, see also Supplemental Movies
S1 and S2 available at http://www.cell.com/cgi/content/full/112/4/575/DC1) or co-expressing GFP-!-tubulin and GFP-histone (B, see also
Supplemental Movies S3 and S4 available at above website). In both strains, F10E9.8(RNAi) embryos assemble normal spindles during the
first mitotic division (upper right images in A and B) and monopolar spindles during the second mitotic division (lower right images in A and
B). The numbers in the lower right corners of each image show time elapsed from metaphase of the first embryonic mitosis. The arrows in
the upper left image of (B) point to the two foci of centrosomal !-tubulin fluorescence, located on either side of the aligned chromosomes
(arrowhead). The arrow and arrowhead in lower right image of (B) point to the single focus of !-tubulin fluorescence and chromosomes,
respectively, in a monopolar spindle.
(C) Two-cell stage wild-type and F10E9.8(RNAi) embryos were fixed and stained for microtubules (MTs) and DNA (green and red in upper
images) and the centrosomal protein ZYG-9 (lower images). Only one focus of ZYG-9 staining is seen at the pole of the monopolar spindles
in F10E9.8(RNAi) embryos.
(D) F10E9.8 codes for a novel 92 kDa protein with a region predicted to form a coiled coil (underlined). Scale bars are 10 $m.

newly fertilized embryos, SAS-4 is localized to a discrete To examine SAS-4 localization at an ultrastructural
level, we performed immunoelectron microscopy on em-spot near the sperm-derived pronucleus (Figure 3C, top

images). At a slightly later stage, !-tubulin is recruited bryos from wild-type hermaphrodites subjected to high-
pressure freezing/freeze substitution. In the majority ofto the sperm centrioles forming a focus that colocalizes

with SAS-4 (not shown). As the embryo proceeds into sections containing centrioles, the secondary antibody
conjugated 10 nm colloidal gold particles were observedmitosis, the amount of !-tubulin at centrosomes dramat-

ically increases (Hannak et al., 2001; Figure 3C, bottom specifically associated with centriole walls (Figure 3F). In
many images, gold particles were detected associatedimages). In contrast, the SAS-4 staining remains un-

changed as a small dot in the center of the centrosome with both mother and daughter centrioles. Cumulatively,
the results of the immunofluorescence and immunoelec-(Figures 3C and 3E). To confirm the antibody localiza-

tion, we generated a GFP-SAS-4 expressing strain using tron microscopy indicate that SAS-4 localizes to centri-
oles throughout the cell cycle.microparticle bombardment (Praitis et al., 2001). In living

embryos, GFP-SAS-4 fluorescence was observed at a
fine focus within centrosomes throughout the cell cycle, SAS-4 Is a Stably Associated Centriole

Component that Is Incorporatedsimilar to the antibody staining (Figures 3B and 3D).
From these results, we conclude that SAS-4 localizes During Centriole Duplication

To determine if SAS-4 is a stably associated structuralto core centrosomal structures, most likely centrioles,
throughout the cell cycle. component of centrioles, like centriolar tubulin (Kochan-
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Figure 2. Centriole Duplication Fails in sas-4(RNAi) Embryos

(A, top row) Schematic of the centrosome and centriole cycles that follow fertilization in a wild-type C. elegans embryo. (Fertilization) During
fertilization, the sperm brings a centriole pair into the oocyte, which lacks centrioles (Albertson, 1984; Wolf et al., 1978). (Metaphase) The
sperm-derived centriole pair separates and duplicates so that by metaphase of the first mitotic division both spindle poles have a centrosome
containing a pair of centrioles (Albertson, 1984; O’Connell et al., 2001). One of the centrioles in each pair was derived from the sperm (black)
and the other was formed in the embryonic cytoplasm (white). (Telophase) The centrosomes split (gray arrow) during telophase so that each
newly formed daughter cell inherits two centrosomes each containing a single centriole. (Second Metaphase) These centrioles subsequently
duplicate (black arrow), so that by metaphase of the second embryonic division each centrosome again contains a pair of centrioles.
(A, bottom row) Schematic of the centrosome and centriole cycles that follow fertilization in an RNAi-depleted embryo that cannot support
centriole duplication. Since sperm formation occurs at a developmental stage prior to injection of the interfering dsRNA, a normal centriole
pair still enters the oocyte with the sperm during fertilization. These centrioles separate and organize two centrosomes that form the poles
of a normal-looking bipolar spindle. However, each metaphase centrosome has only a single sperm-derived centriole. As a consequence of
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ski and Borisy, 1990), or whether it is in a dynamic equi- the embryo (see schematic to the right of Figure 4).
Thus, SAS-4 is a stably associated centriolar componentlibrium with a cytoplasmic pool, we performed a marked

mating experiment in which wild-type N2 males were that, like centriolar tubulin, is incorporated during their
duplication.mated to hermaphrodites expressing GFP-SAS-4 (Fig-

ure 4). Since male sperm is utilized preferentially over
hermaphrodite sperm, this allowed us to introduce cen-
trioles containing exclusively unlabeled SAS-4 into oo- Partial Depletion of SAS-4 Results in Assembly

of Centrosomes That Have Less Thancyte cytoplasm containing GFP-SAS-4. Embryos were
fixed at various times after fertilization and double-label Wild-Type Amounts of PCM

Depletion of either ZYG-1 or SAS-4 leads to failure ofimmunofluorescence was performed with the anti-
SAS-4 antibody, which detects both the unlabeled centriole duplication. To analyze the relationship be-

tween the zyg-1(RNAi) and sas-4(RNAi) phenotypes, weSAS-4 and GFP-SAS-4 (Figure 4, total SAS-4), and with
an anti-GFP antibody, which selectively detects the first performed partial RNAi of sas-4 by varying the time

between injection of dsRNA into hermaphrodites andGFP-SAS-4 derived from the oocyte cytoplasm (Figure
4, GFP-SAS-4). analysis of newly fertilized embryos. Surprisingly, we

found that partial sas-4(RNAi) led to intermediate pheno-In recently fertilized embryos, in which the oocyte
pronucleus was still undergoing meiosis, SAS-4 was types not previously observed in zyg-1(RNAi) embryos.

Following partial RNAi of sas-4, asymmetric spindlespresent as a spot associated with the sperm pronucleus
(Figure 4A, total SAS-4). No GFP-SAS-4 was detected, were observed at the two-cell stage in approximately

half of the analyzed embryos (Figure 5A; n # 30 embryos;suggesting that SAS-4 associated with the sperm-
derived centrioles does not exchange with the cyto- see also Supplemental Movies S5–S7 available at http://

www.cell .com/cgi /content/ full /112/4/575/DC1) . Inplasmic pool (Figure 4A, GFP-SAS-4). By prophase of
the first mitotic division, GFP-SAS-4 was detected in these spindles, one centrosome had wild-type levels of

!-tubulin whereas the second centrosome had signifi-the centers of both centrosomes (Figure 4B). The ap-
pearance of GFP-SAS-4 coincided with the timing of cantly less !-tubulin and was located closer to the chro-

mosomes. By varying the time of dissection after dsRNAcentriole duplication, presumably reflecting the incorpo-
ration of GFP-SAS-4 into daughter centrioles synthe- injection, we obtained a continuous range of asymmetric

spindles all of which had one normal-looking centro-sized in the embryo cytoplasm. At metaphase, GFP-
SAS-4 continued to be present as a single focus in the some and a second centrosome with !-tubulin levels

that varied between normal and barely detectable.center of each centrosome (Figure 4C).
Centrosomes split during telophase, resulting in two These observations suggest that SAS-4 levels dictate

the amount of PCM at centrosomes.centrosomes each of which contains one centriole (see
schematic in Figure 4D). This stage is particularly infor- To quantitatively compare partial RNAi of zyg-1 and

sas-4, we injected hermaphrodites with dsRNA directedmative because it makes it possible to assay the SAS-4
associated with each centriole independently. Signifi- against either gene and dissected them after incubation

at 16%C for 18, 24, and 28 hr. As a control, we alsocantly, while both centrosomes contain SAS-4, only one
of the centrosomes, most likely the one containing the dissected hermaphrodites injected with sas-4 RNA that

were incubated for 36 hr at 20%C, the conditions useddaughter centriole synthesized in the embryo cyto-
plasm, contains GFP-SAS-4 (Figure 4D). By prophase above for stringent RNAi of sas-4 (Figures 1 and 2).

Centrosomes in fixed mitotic two-cell stage embryosof the second mitosis, the centrioles have duplicated
again. Both centrosomes now contain at least one cen- were analyzed by staining for !-tubulin (Figure 5B) and

ZYG-9 (not shown). The asymmetry of the centrosometriole that was synthesized in the oocyte cytoplasm and
GFP-SAS-4 is detected in the center of both centro- pair in each cell was assessed and classified as either

wild-type, asymmetric or, if only one centrosome wassomes (Figure 4E). Interestingly, although the intensity
of total SAS-4 staining was equivalent between the two present, mono-centrosomal. This analysis revealed that

asymmetric spindles are never observed in zyg-1(RNAi)centrosomes in each prophase cell of two-cell embryos,
the GFP-SAS-4 staining was asymmetric (Figure 4E). embryos. Rather, a threshold level of ZYG-1 is required

for centriole duplication to occur (Figure 5C). In contrast,This asymmetry is consistent with one centrosome con-
taining two centrioles formed in the embryo, and the varying SAS-4 levels result in centrosomes of intermedi-

ate size (Figures 5B and 5C), suggesting that SAS-4other centrosome containing one unlabeled centriole
inherited from the sperm and one centriole formed in levels control the amount of PCM at centrosomes.

the failure of centriole duplication, centrosomes fail to split during telophase. Thus, each daughter cell inherits only one centrosome and
monopolar spindles form during the second mitotic division.
(B and C) Embryos at the boxed stage in (A) were examined using correlative DIC imaging and serial section TEM. The central images show
a single section to give a low-magnification perspective of the analyzed embryo. In wild-type (B), two centrioles were observed at each spindle
pole. In the example shown, both centrioles of the right spindle pole were present in the same section (arrow; B, right image); for the left
spindle pole, the two centrioles were found in different sections (B, left images).
(C) Two examples of sas-4(RNAi) embryos are shown. Only one centriole was found at each spindle pole in all serial sections (shown to the
left and right of central images). Note that the nuclear envelopes surrounding the two pronuclei do not completely break down till later in
mitosis (the edge of one pronucleus is indicated by an arrowhead in B) and that centrioles in C. elegans consist of 9-fold symmetric array of singlet
microtubules (Wolf et al., 1978). Scale bars for central overview images are 2.5 $m; scale bars for higher magnification images are 100 nm.
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Figure 3. SAS-4 Localizes to Centrioles Throughout the Cell Cycle

(A) Wild-type hermaphrodites were fixed and stained for DNA, !-tubulin, and SAS-4. SAS-4 colocalized with !-tubulin to centrosomes in sperm
(arrow on left side of all images and insets) and to centrosomes associated with nuclei in meiotic prophase in the gonad arm (small arrows),
but disappeared in oocytes (arrowheads). Insets were magnified 3&.
(B) Hermaphrodites expressing GFP-SAS-4 were examined by DIC (a, b) and for GFP fluorescence (a', b'). As was the case for the SAS-4
antibody staining, single punctate fluorescent foci were found in sperm and associated with meiotic nuclei in the gonad arm. Arrows in (a)
and (a') indicate the location of a cluster of GFP-SAS-4 foci.
(C) Wild-type embryos were fixed and stained to visualize microtubules (MTs) and DNA (green and red in left images), !-tubulin (middle
images), and SAS-4 (right images). In recently fertilized embryos in which the oocyte nucleus was still completing meiosis (top images), SAS-4
was observed in a single punctate focus associated with the sperm pronucleus (arrows). No colocalizing !-tubulin staining was observed at
these early time points. (C) At metaphase, two small foci of SAS-4 staining are seen in the center of the !-tubulin staining at each spindle
pole.
(D) Stills taken from a time-lapse recording of an embryo expressing GFP-SAS-4. Both DIC (a) and GFP fluorescence (a') are shown. In the
DIC image, the mitotic spindle is visible as a region that excludes yolk granules. Punctate foci of GFP-SAS-4 are observed in the center of
each spindle pole.
(E) Higher magnification (6.4&) view of the right centrosome in the metaphase image in (C). Scale bars in (A–D) are 10 $m.
(F) Localization of SAS-4 by immunoelectron microscopy. Immunolabeling was found associated with centriole walls. Labeling was detected
on both mother and daughter centrioles. Scale bar is 250 nm. Images in the right column show selected centrioles from the images on the
left magnified 2.5&.

29



Centrioles as Centrosomal Organizers
581

Figure 4. SAS-4 Is Incorporated during Centriole Duplication and Remains Stably Associated Thereafter

Wild-type (N2) males were mated with hermaphrodites expressing GFP-SAS-4. Embryos were fixed at various times after fertilization and
stained for microtubules (MTs) and DNA (red and blue in left images) and with antibodies to SAS-4 to detect both the labeled and unlabeled
protein (total SAS-4) and to GFP to detect only the GFP-SAS-4 fusion (GFP-SAS-4). Centrosomes are shown in the insets (magnified 3&). A
schematic of our interpretation of the results is shown on the right.
(A) In recently fertilized embryos, SAS-4 localizes to the centriole pair associated with the sperm nucleus. There is no staining in the GFP
channel.
(B) By prophase of the first mitotic division, GFP-SAS-4 has been incorporated into both centrosomes.
(C) GFP-SAS-4 is also detected in a single focus in the center of each centrosome at metaphase.
(D) When the centrosomes split in telophase, each daughter centrosome inherits one centriole. Both centrosomes have a focus of SAS-4
staining. However, only one of the centrosomes, likely the one containing the daughter centriole synthesized in the embryo, contains GFP-
SAS-4.
(E) By prophase of the two-cell stage the centrioles have duplicated again. All of the centrosomes contain at least one centriole that was
synthesized in the oocyte cytoplasm and all contain the GFP-SAS-4 fusion protein. Scale bar is 10 $m.

Centriolar SAS-4 Levels Correlate centrosome pairs (Figure 6A). To quantify this relation-
ship, we measured total 3D centrosomal SAS-4 andwith Centrosome Size

Why does partial RNAi of sas-4 result in centrosomes !-tubulin fluorescence for 14 wild-type and 13 partial
sas-4(RNAi) centrosome pairs in mitotic two-cell em-of intermediate sizes? A simple hypothesis to explain

this observation is that the amount of PCM at a centro- bryos. This analysis confirmed the qualitative observa-
tion that the centrosomal fluorescence of both SAS-4some is proportional to the amount of centriolar SAS-4.

To see if this is the case, we performed quantitative and !-tubulin at the dim centrosome in sas-4(RNAi) em-
bryos was significantly reduced relative to wild-typeimmunofluorescence of embryos partially depleted of

SAS-4 using directly labeled antibodies against SAS-4 (Figure 6B, P ( .001); in contrast, the amount of SAS-4
and !-tubulin at the bright centrosome of the asymmet-and !-tubulin. In projections of 3D deconvolved images

of mitotic two-cell stage embryos, weaker SAS-4 fluo- ric pair in sas-4(RNAi) embryos was not significantly
different from wild-type (Figure 6B).rescence appeared to correlate with weaker !-tubulin

fluorescence at the dim centrosome of the asymmetric To examine the relationship between the amount of
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Figure 5. Partial Depletion of SAS-4 Leads to Intermediate Phenotypes Characterized by the Presence of Centrosomes with Less Than Normal
Amounts of PCM

(A) Selected frames from two recordings of partial sas-4(RNAi) embryos co-expressing GFP-!-tubulin and GFP-histone (see also Supplemental
Movies S5 and S6 available at http://www.cell.com/cgi/content/full/112/4/575/DC1). Numbers in the lower right hand corners are elapsed
time. Centrosomes that appear smaller than wild-type (arrows) and a single centrosome in a cell with a monopolar spindle (arrowhead) are
indicated.
(B) Partially depleted sas-4(RNAi) embryos were fixed and stained to visualize microtubules (MTs) and DNA (green and red in upper images)
and !-tubulin (lower images). A wild-type embryo (left images) and two partially depleted sas-4(RNAi) embryos (middle and right images) are
shown. Centrosomes that appear smaller than wild-type (arrows) and a single centrosome in a cell with a monopolar spindle (arrowhead) are
indicated.
(C) Hermaphrodites were injected with sas-4 or zyg-1 dsRNA at the L4 larval stage and allowed to develop for 18, 24, or 28 hr at 16%C. As a
positive control, L4 hermaphrodites injected with sas-4 RNA were incubated for 36 hr at 20%C. Embryos were fixed and stained to visualize
microtubules (MTs), DNA, !-tubulin, and ZYG-9. The fluorescence intensity of the pair of centrosomes in each cell of embryos at the two-cell
stage was compared and judged to be wild-type, asymmetric or, if only one centrosome was present, mono-centrosomal. Histograms show
the percentage of cells in each phenotypic class for each time point. (Left graph) The number of zyg-1(RNAi) cells scored in two-cell stage
embryos was 44, 70, and 101 at 18, 24, and 28 hr, respectively. At 18 hr, approximately 50% of cells at the second division in zyg-1(RNAi)
embryos were wild-type and 50% were mono-centrosomal. After 24 and 28 hr, the percentage of mono-centrosomal cells increased to !75
and 95%, respectively. At all time points, only wild-type or monopolar spindles were observed in zyg-1(RNAi) embryos. (Right graph) The
number of sas-4(RNAi) cells in two-cell stage embryos scored was 36, 42, 46, and 24 at 18, 24, 28, and 36 hr, respectively. After 18 hr, about
40% of cells in sas-4(RNAi) embryos contained spindles with asymmetric centrosomes at their poles. After 24 hr, this percentage increased
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Figure 6. Centrosomal !-Tubulin Levels Are
Proportional to the Amount of Centriolar
SAS-4

(A–C) L4 hermaphrodites were injected with
sas-4 RNA and incubated at 20%C for 21–24
hr to produce embryos partially depleted of
SAS-4. Embryos were fixed and stained with
DAPI to visualize DNA, and with antibodies
directly labeled with fluorescent dyes to visu-
alize microtubules, SAS-4, and !-tubulin. 3D
data sets of mitotic embryos at the two-cell
stage were collected with an Olympus 100&,
1.35 NA lens using 0.15 $m z steps on a Del-
taVision microscope. The centrosomal fluo-
rescence of SAS-4 and !-tubulin was quanti-
tated in 3D in the deconvolved images (see
Experimental Procedures).
(A) Projections of the SAS-4 and !-tubulin at
both centrosomes are shown for one wild-
type (left column) and three partial sas-
4(RNAi) spindles at the two-cell stage. In each
case, the centrosome that stained more in-
tensely for SAS-4 (bright) is shown in the top
pair of images and the centrosome with
weaker SAS-4 staining is shown in the bottom
pair of images (dim). As the amount of SAS-4
fluorescence at the dim centrosome de-
creases, the amount of !-tubulin fluores-
cence also decreases.
(B) The average centrosomal !-tubulin and
SAS-4 fluorescence for wild-type and “bright”
and “dim” centrosomes in sas-4(RNAi) em-
bryos at metaphase is plotted. Error bars are
the standard deviation.
(C) For the centrosome pairs in all mitotic
wild-type or partial sas-4(RNAi) embryos, the
ratio of the !-tubulin fluorescence at the dim
centrosome to the fluorescence at the bright
centrosome is plotted versus the same ratio
for SAS-4.
(D) Centrosomes in partially depleted sas-
4(RNAi) embryos contain defective centrioles.
RNAi was performed by feeding to generate
large numbers of worms containing embryos
in which SAS-4 was partially depleted. Worms
were prepared for TEM by high pressure
freezing followed by freeze substitution. (a)
Overview showing an anaphase spindle in a
two-cell stage embryo. The arrows indicate
the approximate positions of the two spindle
poles. Scale bar is 2.5 $m. (b) Enlargement
of the spindle half on the right side of the
image in (a). (c) Enlargement of the spindle
half on the left side of the image in (a). The
centrioles in (b) and (c) are indicated with
arrows. Higher magnification views of both
centrioles are shown in the insets. Each pole
has only a single centriole and the two centri

oles appear to differ in size. Scale bars are 1 $m. (d and e) A similar example from a second embryo. The single centrioles observed at the
two poles of a spindle at the two-cell stage are shown, illustrating an apparent difference in the size of the two centrioles. Scale bar is 250 nm.

centriolar SAS-4 and the amount of centrosomal that the bright centrosomes in the asymmetric centro-
some pairs in sas-4(RNAi) embryos are not significantly!-tubulin, we plotted the ratio of total !-tubulin fluores-

cence at the dim centrosome to that at the bright centro- different from wild-type (Figure 6B), this strategy simpli-
fies the analysis by internally controlling for experimen-some versus the same ratio for SAS-4 for all of the wild-

type and partial sas-4(RNAi) centrosome pairs. Given tal variations and slight differences in cell cycle state

to just over 50% and cells with monopolar spindles were also observed (!20%). After 28 hr, the number of cells with asymmetric spindles
began to decrease (!40%) as the number of cells with monopolar spindles increased to !60%. After 36 hr at 20%C (the stringent RNAi
condition used for sas-4 in previous experiments), all two-cell embryos had monopolar spindles. Scale bars are 10 $m.
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between embryos (Figure 6C). As expected, for centro- Our results suggest that SAS-4, like centriolar tubulin,
is a stably associated structural component of centriolessome pairs in wild-type embryos the ratio of !-tubulin

(dim/bright) and the ratio of SAS-4 (dim/bright) were that is incorporated during their duplication.
always close to one, suggesting that the two centro-
somes in each cell contain similar amounts of SAS-4 SAS-4 Is Required for Centriole Duplication
and similar amounts of !-tubulin (the ratio of SAS-4 Using correlative DIC/TEM microscopy, we have shown
dim/bright is always slightly less than one because we that metaphase centrosomes in stringent sas-4(RNAi)
defined the dim centrosome as the one that contains embryos contain only one instead of the normal two
less SAS-4). Interestingly, in the partial sas-4(RNAi) em- centrioles, demonstrating that SAS-4 is required for cen-
bryos, the ratio of !-tubulin fluorescence at the two triole duplication. Nevertheless, normal-looking spin-
asymmetric centrosomes was proportional to the ratio dles with wild-type levels of !-tubulin fluorescence at
of the SAS-4 fluorescence over a 10-fold range (Figure their poles form during the first mitosis in sas-4(RNAi)
6C). This remarkable proportionality strongly suggests embryos. The lack of a significant difference between
that centriolar SAS-4 levels determine centrosome size. centrosomes containing only one centriole and wild-

type centrosomes containing two centrioles is consis-
tent with previous work in vertebrate somatic cellsPartial Depletion of SAS-4 Leads to Assembly

of Structurally Defective Centrioles demonstrating association of mitotic PCM with only the
parent centriole of each pair (reviewed in Vorobjev andThe fact that SAS-4 is a stably associated centriole com-

ponent required for centriole duplication suggests that Nadezhdina, 1987). In vertebrate somatic cells, daughter
centrioles acquire a cloud of fibrillar PCM and the abilitythe effect of partial SAS-4 depletion on centrosome size

could be the result of an alteration in centriole structure. to anchor astral microtubules, during prophase of the
cell cycle after they are born (Piel et al., 2000; RiederTo test this idea, we prepared large numbers of her-

maphrodites containing partially depleted embryos by and Borisy, 1982; Vorobjev and Chentsov, 1982). While
our analysis of sas-4(RNAi) embryos is consistent withfeeding with bacteria expressing dsRNA directed

against sas-4. Treated hermaphrodites were high pres- the idea that daughter centrioles do not mature until the
cell cycle after their birth, detailed EM analysis of thesure frozen, freeze substituted and selected two-cell

stage embryos were serially sectioned for TEM analysis. centriole cycle will be needed to determine the exact
timing of daughter centriole maturation in the C. elegansTwo of the four serially sectioned embryos that we ana-

lyzed had asymmetric centriolar structures at the two embryo.
Our analysis of GFP-SAS-4 in the mating experimentspindle poles (Figure 6D). In these embryos, each spin-

dle pole contained a single centriole, suggesting that suggests that centriole duplication occurs after centro-
some splitting in telophase (Figures 4D and 4E). Theone round of centriole duplication occurred but the sec-

ond round, which normally occurs prior to metaphase centrosome cycle inferred from this result for the C.
elegans embryo is very similar to the one reported forof the second division, failed. Interestingly, whereas one

of the centrioles in each cell had a normal appearance, Drosophila embryos (Callaini and Riparbelli, 1990). In
both of these embryonic systems, centrosomes containthe second centriole had a smaller, defective, structural

appearance (Figure 6Db and 6De). Although 3D EM to- between 1 and 2 centrioles depending on cell cycle
state. The situation is somewhat different in vertebratemography will be needed to assess the exact nature of

the structural alteration in these defective centrioles, somatic cells, where centrosomes contain between 2
and 4 centrioles. In these cells, the mother and daughterthese results suggest that reduction of centriolar SAS-4

leads to the formation of structurally compromised centrioles lose their orthogonal orientation in anaphase/
telophase (Kuriyama and Borisy, 1981; Rieder and Bo-daughter centrioles that organize less than wild-type

amounts of PCM. risy, 1982; Vorobjev and Chentsov, 1982), but the centro-
some does not split because the centrioles are held
together until the G2/M transition by a specialized struc-Discussion
ture that requires the protein C-Nap1 (Fry et al., 1998;
Mayor et al., 2000). The similarity of the C. elegans andSAS-4 Is A Novel C. elegans Centriole Component
Drosophila centrosomal cycles suggests that the centri-SAS-4 localizes to core centrosomal structures at all
ole-linking structure found in vertebrate somatic cellscell cycle stages in the early C. elegans embryo. Unlike
is not present during embryonic divisions in thesethe PCM components !-tubulin and ZYG-9, whose
systems.amounts at centrosomes increase dramatically as cells

enter mitosis (Hannak et al., 2001), centrosomal SAS-4
fluorescence remains constant. Consistent with this, SAS-4 Sheds Light on the Role of Centrioles

as Centrosomal Organizerselectron microscopy of sections labeled with immuno-
gold localized SAS-4 to the walls of both mother and The amount of SAS-4 at centrioles proportionally dic-

tates the amount of centrosomal PCM. Since stringentdaughter centrioles. To investigate the timing and dy-
namic nature of SAS-4 recruitment, we used mating to RNAi of sas-4 results in failure of centriole duplication

and defective centriolar structures are observed in par-introduce unlabeled centrioles into oocytes expressing
GFP-SAS-4. This experiment is conceptually analogous tial sas-4(RNAi) embryos, the effect on centrosome size

may be either a direct consequence of depleting SAS-4to a classic experiment in which biotinylated tubulin was
microinjected into tissue culture cells to show that the or an indirect consequence of perturbing centriole struc-

ture. In either case, this work leads to the interestingincorporation of tubulin heterodimers into centriolar mi-
crotubules is conservative (Kochanski and Borisy, 1990). conclusion that the amount of centrosomal PCM is pro-
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Figure 7. Centriolar SAS-4 Levels Deter-
mines Centrosome Size

Decreasing levels of centriolar SAS-4 result
in structurally defective daughter centrioles
that organize progressively smaller quantities
of PCM. In stringent sas-4(RNAi) embryos,
daughter centrioles fail to form and centro-
some duplication fails. These results suggest
that an element of centriole structure (blue
ovals) is proportionally required to organize
PCM (orange). This centriolar element could
be SAS-4 itself, or may simply be present
at a fixed density on centrioles and hence
regulated by SAS-4 levels.

Experimental Proceduresportional to the amount of an element of centriolar struc-
ture. In support of a direct role for SAS-4, partial RNAi

Definition of sas-4 Coding Sequenceof other genes involved in centriole function does not
The cDNA, yk425b11, corresponding to F10E9.8 was identified from

lead to a SAS-4-like effect on PCM levels. To date, ge- Yuji Kohara’s EST database. Sequencing both strands of this cDNA
netic and functional genomic strategies have identified confirmed the predicted coding sequence but did not reveal an

inframe stop codon upstream of the first ATG. To unambiguouslyfour C. elegans genes including zyg-1 (O’Connell et al.,
assign the start codon, we performed PCR with primers directed2001), sas-4 (this study), and two novel genes (M.K.,
against the trans-spliced SL2 leader (GGTTTTAACCCAGTTACTCK.O. and A.A.H., unpublished data), whose inhibition
AAG) and an internal region of F10E9.8 (CGCGCGGCGGCCGCCresults in the selective failure of spindle assembly at
TATTCGGCAGCTGCATTTTTA) using C. elegans cDNA as template

the second mitotic division characteristic of defects in (gift of Martin Srayko, Max Planck Institute of Molecular Cell Biology
centriole function. Of these, only SAS-4 results in vari- and Genetics, Dresden, Germany). AT cloning (Promega) and se-

quencing of the PCR product confirmed that the ATG present inably sized centrosomes when partially depleted (Figure
yk425b11 is the start codon.5; M.K., K.O., and A.A.H., unpublished data). Testing the

hypothesis that SAS-4 has a direct role in regulating
PCM levels will be feasible once the entire genomic RNA-Mediated Interference

For production of dsRNA directed against sas-4 (TTCCAATGGATcomplement of genes required for centriole function is
CAACCATCA and TTCCTTTCTCCCGTTCCTTT) and zyg-1 (TTTTTGidentified in C. elegans.
TGATCTGCTGGAACA TTTTTGTGATCTGCTGGAACA), the primersHow does SAS-4 contribute to centriole-directed cen-
in parentheses with tails containing T3 and T7 promoters were used

trosome assembly? Our results lead us to conclude that to amplify regions of genomic N2 DNA. PCR products were tran-
there is an element of centriole structure that is propor- scribed and double-stranded RNA prepared as described (Oegema

et al., 2001). For all experiments, except the one presented in Figuretionally required to organize PCM. SAS-4 could itself
6D, dsRNA was injected into L4 hermaphrodites. For stringent RNAi,constitute this structural element or be proportionally
injected worms were incubated for 28 hr at 25%C (Figures 1A andrequired for its existence (Figure 7). How does this pro-
1B) or 36 hr at 20%C (Figure 1C and Figure 2). For partial RNAi,posed centriolar element control centrosome size? One
injected worms were incubated for 20–26 hr at 25%C (Figure 3A) or

possibility is that it directly organizes a defined amount for 18–36 hr at 16/20%C, as indicated (Figures 5B and 5C and Figures
of PCM. Therefore, its centriolar stoichiometry would 6A–6C). To produce large quantities of partially depleted sas-4

(RNAi) worms for high pressure freezing (Figure 6D), RNAi was per-dictate the extent of PCM recruitment. Alternatively, the
formed by feeding bacteria producing dsRNA to the region ofcentriolar stoichiometry of the proposed element may
F10E9.8 described above (Timmons et al., 2001).affect the rate of PCM recruitment or the retention of

PCM at centrosomes by activating components for as-
Generation of GFP-Fusion Expressing Strainssembly or by affecting their turnover. In addition to con-
and Live Imagingtrol by a centriolar structural element, limiting levels of
Strains expressing GFP-"-tubulin and co-expressing GFP-!-tubulinPCM components also influence centrosome size. An
and GFP-histone H2B were described previously (Oegema et al.,

effect of PCM component limitation is expected be- 2001). The strain expressing GFP-SAS-4 was constructed by using
cause centrosomes get smaller when the ratio of cyto- the primers in parentheses (GCTTCCGCTAGCGCTTCCGATGAA

AATATCGGTG, CGCTTCCGCTAGCTCATTTTTTCCACTGGAACAAAplasmic volume to centriole number is reduced during
GTT) to PCR amplify the genomic F10E9.8 locus. The PCR productembryonic development.
was digested with NheI, cloned into the plasmid pAZ132 (gift fromIn summary, our work provides evidence for the exis-
Judith Austin, University of Chicago, Chicago, Illinois), and bom-tence of a centriolar structural element that proportion-
barded into unc-119(ed3) worms as described (Praitis et al., 2001).

ally dictates centrosome size. Determining the relation- Live widefield and spinning disk confocal imaging of embryos ex-
ship between SAS-4 and this structural element is an pressing GFP fusion proteins was performed as described (Oegema

et al., 2001).important future goal.
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Antibody Production 100 kV. For the experiment in Figure 6, partially depleted sas-4(RNAi)
hermaphrodites prepared by feeding were cryoimmobilized using6xHis tagged full-length SAS-4 was prepared by amplifying the

cDNA, yk425b11, using the following primers: CGCGCGGGATCCG an HPM 010 high pressure freezer (BAL-TEC). Samples were pro-
cessed for freeze substitution as described (Rappleye et al., 1999).CTTCCGATGAAAATATCGGTG and CGCGCGCTCGAGTCATTTTT

TCCACTGGAACAAAGTT, digesting the product with BamHI/XhoI For immunolabeling experiments, cryoimmobilized wild-type her-
maphrodites were freeze substituted at )90%C for 3 days in acetoneand cloning into pRSET-A (Invitrogen). Antibodies to the fusion pro-

tein were generated in rabbits and affinity purified as described containing 0.2% glutaraldehyde and 0.1% uranyl acetate. Dehy-
drated specimens were thin layer embedded in LR White (Lonsdale(Oegema et al., 2001). The column for the affinity purification was

prepared by coupling a mixture of three GST fusion proteins corre- et al., 2001). Thin sections (50–70 nm) were labeled using anti-SAS-4
diluted in blocking buffer containing 0.8% bovine serum albumin,sponding to three separate 120 amino acid regions of F10E9.8 to a

NHS HiTrap column (Amersham Pharmacia). The following 3 sets 0.01% Tween 20, and 0.1% fish scale gelatin (Nycomed, Amersham)
in PBS. The secondary goat anti-rabbit IgG antibody was coupledof primers: GCGCGCGGATCCATGGCTTCCGATGAAAATATC and

GCGCGCCTCGAGTCCACTGTGGCCATGCTCT; GCGCGCGGATCC to 10 nm colloidal gold (British BioCell, UK). The antibody complex
was stabilized with 1% glutaraldehyde in PBS and the labeled sec-ATGGCTTCCGATGAAAATATC and GCGCGCCTCGAGTCCACTGT

GGCCATGCTCT; GCGCGCGGATCCTCAGCTTCAACAATCACAACA tions were poststained as described.
and GCGCGCCTCGAGCTCGGGTCGATTTTCATCTT were used to
amplify regions of the cDNA yk425b11. Products were digested with Acknowledgments
BamHI/XhoI and cloned into pGEX-6P-1 (Amersham Pharmacia).
GST fusion proteins were purified and coupled as described The authors thank Jana Müntler for excellent technical assistance
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uring mitosis, the connections of microtubules (MTs)
to centrosomes and kinetochores are dynamic.
From in vitro studies, it is known that the dynamic

behavior of MTs is related to the structure of their ends, but
we know little about the structure of MT ends in spindles.
Here, we use high-voltage electron tomography to study
the centrosome- and kinetochore-associated ends of spindle

D MTs in embryonic cells of the nematode, Caenorhabditis
elegans. Centrosome-associated MT ends are either closed
or open. Closed MT ends are more numerous and are
uniformly distributed around the centrosome, but open
ends are found preferentially on kinetochore-attached
MTs. These results have structural implications for models
of MT interactions with centrosomes.

Introduction
In animal cells, microtubules (MTs) commonly grow from
centrosomes (for a review see Doxsey, 2001). Following
polymer nucleation, each MT minus end generally remains
attached to the centrosome, whereas the plus ends extend
out into the cytoplasm (reviewed in Wittmann et al., 2001).
In interphase, the minus ends tend to be stable; they do not
lose or gain tubulin subunits, and most tubulin turnover
takes place at the plus ends. In mitosis, much of the MT
turnover is still at the plus ends, but the dynamics of minus
ends becomes more complex. At least some of the minus
ends lose subunits while remaining attached to the spindle
pole, which results in MT movement that has been called
flux (for a review see Wittmann et al., 2001). Work in vitro
and in vivo has shown that changes in the dynamic proper-
ties of MTs are associated with changes in the structure of
the ends (for a review see Howard and Hyman, 2003). For
instance when MT plus ends are viewed in vitreous ice,
growing ends appear as a curved sheet of protofilaments;
shrinking ends contain bent or “peeling” protofilaments,
known as “rams horns” (Mandelkow et al., 1991; Chrétien
et al., 1995). Less work has been done on the structure of

minus ends. MTs nucleated in vitro from !-tubulin, the key
regulator of MT nucleation, contain a cone-shaped cap at
their minus ends (Keating and Borisy, 2000; Moritz et al.,
2000; Wiese and Zheng, 2000). Similar capped structures
were previously seen at the minus ends of MTs nucleated
from isolated spindle pole bodies of budding yeast (Byers et
al., 1978; Rout and Kilmartin, 1990; Bullitt et al., 1997)
and centrosomes from Drosophila cells (Moritz et al., 1995),
suggesting that these polymers too are nucleated and capped
by the !-tubulin complex. It is plausible that MTs nucleated
from !-tubulin complexes are stabilized by this minus-end
cap. However, we know little about the distribution of
minus-end structures at mitotic spindle poles in vivo. The
only study to date was in budding yeast cells where all minus
ends were found to be capped by structures that resemble
the !-tubulin nucleated ends seen in vitro (O’Toole et al.,
1999). No data are currently available for MT minus ends in
mitotic animal cells. Are there morphologically distinct
structures, which could potentially account for the dynamic
properties of minus ends attached to a mitotic animal
spindle pole? Here, we use high-pressure freezing and
electron tomography to examine the end structure of MTs
in mitotic spindles of cells from Caenorhabditis elegans
embryos. We have found variation in centrosome-proximal
MT end morphology that is systematically related to the
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position of the MT plus end and may reflect different mech-
anisms by which a minus end can be bound to a centrosome.

Results and discussion
Distribution of MT ends in the centrosome
The centrioles in C. elegans are morphologically simple
(Wolf et al., 1978; Albertson, 1984; O’Connell et al., 2001;
Kirkham et al., 2003), but they appear to duplicate and
function in a conventional manner (for review see O’Con-
nell, 2000). To characterize the structure of centrosome-
proximal MT ends and their distribution to the C. elegans
centrioles we have examined the overall distribution of MT
ends in the vicinity of spindle poles in metaphase and ana-

phase (Fig. 1). A typical array of MTs can be detected in the
pericentriolar material (PCM), but MTs do not physically
touch the centriole pair. To analyze the MT arrangement,
we marked the pole-proximal end of each MT in the recon-
structed volumes (Fig. 1, B and E). From these models, it is
clear that MTs are centered predominantly around one cen-
triole, which we have designated the “mother” (marked in
light blue in Fig. 1).

We then characterized the structure of the centrosome-
associated MT ends at higher resolution and found two types
embedded in the PCM: the majority of the ends were closed
by a cap, but many MT ends were open. Galleries of pole-
proximal MT ends are shown in Fig. 2, A and B. The closed
ends typically were conical, whereas the open ends were

Figure 1. MT ends at the centrosome 
are either closed or open. Distribution 
of MT minus ends around centrioles in 
metaphase (A–C) and anaphase (D–F). 
(A and D) Selected tomographic slices 
showing MTs (arrows), the centrosome 
(c), and the condensed DNA (d, DNA 
surface outlined in green). (B and E) 
Corresponding 3-D models showing 
the centrioles (blue and purple), the MTs 
(red) and the surface of the chromatin 
(green). MT minus ends are marked by 
spheres. (C and F) Models showing the 
distribution of closed (green) and open 
(purple) MT minus ends. Bar, 200 nm. 
Also, see Videos 1–4, available at
http://www.jcb.org/cgi/content/full/
jcb.200304035/DC1.
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blunt or flared. At some open ends, we observed single or
double sheet-like extensions whose curvature varied. None
of these open-end morphologies suggested the presence of a
protein complex distinct from tubulin subunits. The capped
cone-shaped ends, on the other hand, are reminiscent of mi-
nus ends observed at yeast spindle pole bodies (Byers et al.,
1978; Rout and Kilmartin, 1990; Bullitt et al., 1997;
O’Toole et al., 1999) and at isolated Drosophila centrosomes
(Moritz et al., 1995).

To determine if there was a correlation between MT end
structure and position within the centrosome, we marked
the closed and open ends in our tomographic volumes with
green and purple spheres, respectively (Fig. 1, C and F). The
capped MT ends were distributed evenly around the mother
centrioles, whereas the open ends were concentrated on one
side (the left side in these images). A low magnification view
of these cells showed that the chromosomes were also placed
to the left of the centrosomes (data not shown). Thus, open
MT ends are found preferentially on MTs that point toward
the chromosomes.

Fine structure of kinetochore MT (KMT) plus ends
We have used electron tomography to ask whether different
minus end structures are associated with specific subpopula-
tions of spindle MTs. First, we identified chromatin-associ-
ated ends of spindle MTs. In C. elegans this interaction
occurs in a ribosome-free zone that surrounds each chromo-

some (Howe et al., 2001). When chromatin is aligned on
the metaphase plate, the two pole-facing regions are pep-
pered with MT ends (Fig. 3 A). In the corresponding three-
dimensional (3-D) model, 118 MTs were identified (Fig. 3
B). 85 of these MTs terminated in the ribosome-free zone at
the face of the condensed chromatin and were considered to
be kinetochore MTs (KMTs). At 6–10 nm resolution we
have found no distinct electron-dense protein complex phys-
ically linking chromatin to the MTs. Instead, there was a
gap between the MT plus ends and the apparent surface of
the chromatin. This gap contained a loose mat of fine fila-
ments. KMT ends lay at a mean ("SD) distance from the
chromatin surface of 115 ("52) nm. The mean width of the
ribosome-free zone was 194 ("45) nm. Interestingly, the ki-
netochores of PtK1 cells prepared by high-pressure freezing/
freeze-substitution have been reported to contain a “ribo-
some-excluded” zone 100–150-nm wide (McEwen et al.,
1998), which is similar in appearance and dimension to the
zone described here.

The morphological distinctions at the MT minus ends
prompted us to investigate the chromosome-associated end
morphologies. Fig. 4 A shows a higher magnification to-
mographic slice from the kinetochore region shown in Fig.
3. Several KMTs can be seen; their ends immersed in the
ribosome-free zone. A 3-D model of this region is dis-
played in Fig. 4 B, and galleries of KMT-proximal ends are
shown in Fig. 4, C and D. Of 83 plus ends analyzed in this

Figure 2. Closed MT minus ends are pointed, open ends are blunt 
or slightly flared. (A) Capped minus ends. The ends of the MTs are 
marked by arrowheads. Capped MTs are often pointed and flattened 
on one side. (B) Open minus ends. Some MT ends show an open, 
blunt morphology, whereas a few are flared (arrows). Single or 
double sheet-like extensions can be observed. Bar, 50 nm.

Figure 3. KMTs do not end directly on the condensed chromatin.
(A) Selected 2.7-nm thick tomographic slice showing a region at the 
metaphase plate. MTs (arrows) and the kinetochore regions (k) are 
indicated. The surface of the DNA (d) is outlined in green. (B) Corre-
sponding 3-D model showing MTs (red) and the surface of the 
chromatin (green). MT plus ends are marked by blue spheres. 
Bar, 500 nm. Also, see Videos 5 and 6, available at http://www.jcb.org/
cgi/content/full/jcb.200304035/DC1.
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tomographic volume, all were open, and 78% were flared
to some extent. Flared ends often showed an electron-
dense extension from one or both sides of the MT end. A
flared morphology was also observed in late anaphase cells
(data not shown). Some KMT plus ends (22%) appeared
blunt, but there were no capped MT ends in the kineto-
chore region.

Connecting KMT plus and minus ends in 3-D
We next looked at the minus end structures of KMTs.
KMTs were tracked through tomographic reconstructions
from their plus ends at the chromosomes to their minus
ends in the PCM. 3-D models generated from two serial, to-
mographic volumes are shown in Fig. 5. The complete
model with presumptive KMTs (white, n # 48) and non-
KMTs (red, n # 520) illustrates the density of MTs forming
the mitotic spindle and the arrangement of the spindle fibers
by which chromatin is connected to the centrosome (Fig. 5
A). Non-KMTs were defined as those MTs whose pole-dis-
tal ends lay outside the ribosome-free zone or were not
within the volume of the tomogram (though some of the lat-
ter may, of course, be KMTs). This partial metaphase recon-
struction was first used to perform a neighbor density analy-
sis (Mastronarde et al., 1993) to determine if there were
preferred interfiber distances between any of the spindle
MTs. A peak in the distribution of interfiber distance has
been considered indicative of interactions between those fi-
ber classes, as has been observed in the non-KMT–KMT in-
terfiber distances in PtK1 spindles (McDonald et al., 1992).
We also found no evidence for a preferred spacing between
the MTs in a C. elegans spindle (data not shown), suggesting
that KMTs do not form bundles, as seen in cells of more
complex animals. This is presumably because the kineto-
chores of C. elegans are holocentric and the plus-end binding
sites are distributed along the chromosomes. In support of
this idea, no bundling was seen in the hemipteran insect

Figure 4. KMT plus ends have an open, flared, or blunt morphology.
(A) Detail of a kinetochore region as obtained by high-voltage electron 
tomography. KMTs terminate in the ribosome-free zone (outlined in 
light blue). The chromatin surface is indicated by a green line. (B) 3-D 
model of the kinetochore region showing MTs (red), the position of 
their plus ends (yellow spheres), the outer boundary of the ribosome-
free zone (blue), and the surface of the DNA (green). The mean 
width of the ribosome-free zone is 194 nm ("45 nm), and the mean 
distance of the MT plus end to the chromatin is 115 nm ("52 nm). 
Also, see Video 7, available at http://www.jcb.org/cgi/content/full/
jcb.200304035/DC1. (C) KMT plus ends with an open, flared 
morphology. Electron tomography revealed double or single extensions 
(arrows) at the plus ends. (D) Plus ends with an open, blunt 
morphology. The ends of the open tubes are marked by arrows. 
Bars: (A) 100 nm; (C) 50 nm. Figure 5. Half of the KMT minus ends are open. (A) Partial recon-

struction of a metaphase spindle. The surface of the DNA is outlined 
in green, and MTs that end in the ribosome-free zone are identified 
in white. Other spindle MTs are shown in red. The centriole pair is 
shown as blue cylinders. The mean distance from the mother centriole 
to the open MT minus end (558 " 139 nm) was not significantly 
different from the mean distance of closed MT minus ends (530 "
137) from the mother centriole. (B) KMTs with closed (green) and 
open (magenta) minus ends. KMTs with minus ends “outside” the 
volume of the reconstruction are shown in yellow. Bar, 500 nm. 
Also, see Video 8, available at http://www.jcb.org/cgi/content/full/
jcb.200304035/DC1.
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Agallia constricta, which also has holocentric kinetochores
(Rieder et al., 1990).

We then examined the minus-end structure for those
KMTs that could be traced unambiguously from the chro-
matin to the centrosome (Fig. 5 B). 50% of these KMTs had
a closed minus end (n # 19), whereas 50% were open (n #
18). In contrast, only 20% of all the MTs show open pole-
proximal ends. Open minus ends are therefore preferentially
associated with kinetochore-attached MTs. Since we are un-
able to trace the final termination of all centrosomes/MTs in
this reconstruction, it is possible that all MTs with open mi-
nus ends are KMTs. More complete structural data will be
needed to test this possibility.

What is the functional consequence of these different mi-
nus-end structures? It seems likely that the capped ends are
stable minus ends, nucleated from the centrosome. !-tubu-
lin appears to be the kinetically dominant nucleator of mi-
totic centrosomes in C. elegans (Hannak et al., 2002), sug-
gesting that these minus ends are capped by !-tubulin
during nucleation. Interestingly, the capped ends make up
the majority (!80%) of the minus ends. Open ends, on the
other side, are likely to be dynamic, perhaps accounting for
the dynamic properties of minus ends at spindle poles. The
open minus-end structure could be a structural consequence
of MT severing where release of the !-tubulin cap could
then lead to more dynamic behavior of the MT minus ends.
MT severing by katanin-like proteins has been documented
in meiotic spindles of C. elegans, to serve a possible role in
limiting the size of MTs in these smaller spindles (Srayko et
al., 2000), as well as in mitotic spindles from other systems
(McNally et al., 1996; McNally and Thomas, 1998). Possi-
bly, open MTs do not associate with nucleating sites but
rather with structures capable of force generation and MT
disassembly activity in the PCM. Such ends could be gener-
ated by release and anchoring of centrosome-nucleated MTs
(for reviews see Bornens, 2002; McIntosh et al., 2002). Dy-
namic MT minus ends could also participate in poleward
MT flux of mitotic spindles (for review see Wittmann et al.,
2001). Future experiments combining RNA-mediated inter-
ference (RNAi) and tomographic reconstruction of different
spindles should distinguish these different possibilities.

Materials and methods
Specimen preparation for electron microscopy
Wild-type C. elegans hermaphrodites were cryoimmobilized using a BAL-
TEC HPM 010 high-pressure freezer (BAL-TEC). Fixation was performed by
freeze substitution over 3 d at $90%C in anhydrous acetone containing 1%
OsO4 and 0.1% uranyl acetate (EM AFS; Leica) (McDonald and Müller-
Reichert, 2002). Epon/Araldite infiltrated samples were flat embedded in a
thin layer of resin and polymerized for 3 d at 60%C (Rappleye et al., 1999).
Worms containing &5 early embryos were selected by light microscopy
before remounting. Serial semithick sections (300–400 nm) were cut using
a Leica Ultracut UCT Microtome. Sections were collected on Formvar-
coated copper slot grids and poststained with 2% uranyl acetate in 70%
methanol and Reynold’s lead citrate.

High-voltage electron tomography
Electron tomography was performed essentially as described in O’Toole et
al. (1999). Briefly, 15-nm colloidal gold particles (Sigma-Aldrich) were at-
tached to both surfaces of the semi-thick sections to serve as fiducial mark-
ers for subsequent image alignment. The specimens were placed in a tilt-
rotate specimen holder (Model 650; Gatan, Pleasanton, CA) and tomo-
graphic datasets recorded using a JEM-1000 high-voltage electron micro-

scope (JEOL, USA) operated at 750 kV. Images were captured every 1.5%
over a " 60% range using a Gatan 1K ' 1K CCD camera at a pixel size of
1.4 nm. In some instances, montages of 2 ' 1 or 3 ' 1 frames were col-
lected and used to image larger areas (Marsh et al., 2001). For dual axis to-
mography, the grids were imaged in one tilt series then rotated 90%, and a
similar tilt series was acquired. For image processing, images were trans-
ferred to a Silicon Graphics workstation, and the tilted views were aligned
using the positions of the colloidal gold particles as fiducial points. Tomo-
grams were computed for each tilt axis using the R-weighted back-projec-
tion algorithm (Gilbert, 1972). We used the ratio of the section thickness,
as defined by the microtome’s setting, to the section’s thickness measured
after microscopy to calculate a “thinning factor,” which was then used to
correct the tomogram’s dimension along the beam axis (O’Toole et al.,
1999). For double tilt data sets, the two tomograms were aligned to each
other and combined (Mastronarde, 1997). In addition, tomograms com-
puted from adjacent serial sections were aligned and joined to increase the
reconstructed volume (Ladinsky et al., 1999; Marsh et al., 2001). We re-
corded 11 double tilt series of mitotic spindles. In total, we analyzed 5 mi-
totic centrosomes.

Modeling and analysis of tomographic data
Tomograms were displayed and analyzed using the IMOD software pack-
age (Kremer et al., 1996). Features of interest were modeled in the serial
slices extracted from the tomogram. An “image slicer” window in IMOD
was used to display a slice extracted from the 3-D volume in any position
or orientation; this feature was useful for unambiguous tracking of MTs in
3-D (O’Toole et al., 1999). With the slicer window, we analyzed the mor-
phology of MT ends near the centrosomes and kinetochores by extracting
a slice of image data 1-voxel thick and adjusting its orientation to contain
the axis of the MT in a single view (O’Toole et al., 1999). A projection of
the 3-D model was displayed and rotated to study its 3-D geometry. For
this display in 3-D, MTs were shown as tubular graphic objects.

A program was written to compute the distance between the points on a
selected object and a chosen reference location. The centroid of each cen-
triole was located and used as the reference for positions within the spin-
dle. A single model point was located at the pole-proximal end of each
MT, and the 3-D distance of those points from the reference was calcu-
lated. A neighbor density analysis was performed to determine if there
were preferred inter-fiber distances. These have been seen as indicative of
interactions between different classes of MTs in two (McDonald et al.,
1992) and three dimensions (Mastronarde et al., 1993, Marsh et al., 2001).
MT ends were classified as described (Müller-Reichert et al., 1998).

Online supplemental material
Supplemental videos are available at http://www.jcb.org/cgi/content/full/
jcb.200304035/DC1. Videos 1 and 2 show the complete tomographic vol-
ume of centrosomes in metaphase and anaphase corresponding to Fig. 1,
A and D, respectively. Videos 3 and 4 are the projected 3-D models corre-
sponding to Fig. 1, B and C, and E and F, respectively. Video 5 corre-
sponds to Fig. 3 A and shows the tomographic reconstruction of a kineto-
chore region in metaphase, and Video 6 shows the projected 3-D model
displayed in Fig. 3 B. The video sequence associated with Fig. 4 B (Video
7) shows a movie through a tomographic reconstruction of a kinetochore
region in greater detail. Video 8, corresponding to Fig. 5, A and B, illus-
trates the tracing of KMTs in a partially reconstructed metaphase spindle.
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An Essential Function of the C. elegans Ortholog
of TPX2 Is to Localize Activated Aurora A Kinase
to Mitotic Spindles

Nurhan Özlü,1,* Martin Srayko,1 Kazuhisa Kinoshita,1 microtubules self-organize into two spindle poles through
the action of microtubule-based motors. The relativeBianca Habermann,2 Eileen T. O’Toole,4

contributions of these two different pathways vary inThomas Müller-Reichert,1 Natalie Schmalz,1
different systems (reviewed in Gadde and Heald, 2004).Arshad Desai,1,3 and Anthony A. Hyman1,*

Mitotic spindles assemble with a characteristic length1Max Planck Institute of Molecular Cell Biology and
and shape, which differs in various cell types and or-Genetics
ganisms. Spindle length can be influenced by the dy-Pfotenhauerstrasse 108
namic balance between microtubule stabilization andDresden 01307
destabilization within the spindle (Karsenti and Vernos,Germany
2001; Mitchison et al., 2005; Tournebize et al., 2000);2Scionics Computer Innovation
changing the global parameters of microtubule dy-Pfotenhauerstrasse 110
namics alters the length of spindles (Scholey et al.,Dresden 01307
2003). In addition, motor proteins acting on microtu-Germany
bules can regulate the length and shape of spindles3Ludwig Institute for Cancer Research
(Sharp et al., 2000). To date, we understand little aboutDepartment of Cellular and Molecular Medicine
the integration of these different mechanisms in theUniversity of California, San Diego
regulation of spindle length and size.9500 Gillman Drive

TPX2, a microtubule-associated protein, is requiredLa Jolla, California 92093
for mitotic spindle assembly in human cells and Xeno-4Boulder Laboratory for 3D Electron Microscopy of
pus egg extracts (reviewed in Gruss and Vernos, 2004).Cells
In Xenopus meiotic egg extracts, TPX2 stimulates theUniversity of Colorado
formation of microtubules around chromosomes (GroenBoulder, Colorado 80309
et al., 2004; Gruss et al., 2001; Schatz et al., 2003).
However, we do not know what the role of TPX2 is in
mitosis.Summary

A clue as to the possible function of TPX2 came with
the discovery that TPX2 binds to the mitotic kinase Au-In vertebrates, the microtubule binding protein TPX2
rora A and stimulates its activity (Eyers et al., 2003; Trie-is required for meiotic and mitotic spindle assembly.
selmann et al., 2003; Tsai et al., 2003). In human cells,TPX2 is also known to bind to and activate Aurora
TPX2 is required for localization of Aurora A to spindlesA kinase and target it to the spindle. However, the
(Kufer et al., 2002). However, the cell cycle arrest phe-relationship between the TPX2-Aurora A interaction
notype of Aurora A has made it difficult to determineand the role of TPX2 in spindle assembly is unclear.
whether an essential function of TPX2 is to localize Au-Here, we identify TPXL-1, a C. elegans protein that is
rora A or whether it has other roles (Hirota et al., 2003;the first characterized invertebrate ortholog of TPX2.
Prigent and Giet, 2003). Further complicating the rela-We demonstrate that an essential role of TPXL-1 dur-
tionship between TPX2’s function in spindle assemblying mitosis is to activate and target Aurora A to micro-
and its binding to Aurora A is recent work in Xenopustubules. Our data suggest that this targeting stabi-
extracts suggesting that the non-Aurora A targeting do-lizes microtubules connecting kinetochores to the main is able to rescue extracts depleted of TPX2 (Bru-spindle poles. Thus, activation and targeting of Au- net et al., 2004).

rora A appears to be an ancient and conserved func- Although the analysis of TPX2 in mitotic cells indi-
tion of TPX2 that plays a central role in mitotic spin- cates a role in spindle function or integrity, it is unclear
dle assembly. how these spindle defects manifest over the course of

the assembly process. In principle, studying TPX2 in a
Introduction genetically tractable organism such as yeast, C. ele-

gans, or Drosophila could help to answer some of these
Chromosome segregation takes place on a bipolar, questions. However, to date no TPX2 homolog has
microtubule-based mitotic spindle. During interphase, been identified in invertebrates. C. elegans is an ideal
microtubules radiate from the centrosome, a microtu- system to identify and study the potential function of
bule-nucleating center. As cells enter mitosis, microtu- Aurora A activators, because Aurora A has a very se-
bules reorganize to build a mitotic spindle (reviewed in vere defect in spindle assembly and apparently gives
Wittmann et al., 2001). Microtubules in a mitotic spindle no cell cycle arrest. Here, we use C. elegans early em-
come from two different sources. One source is micro- bryos to identify TPXL-1, the first known invertebrate
tubules nucleated by the centrosome; these grow out ortholog of TPX2. Our results show that the function of
from the centrosomes and associate with chromo- TPXL-1 is to activate and localize Aurora A to the mi-
somes, where they are stabilized. Another source is totic spindle. Comparison of TPXL-1 and Aurora A
microtubules nucleated around chromosomes. These function further indicates that TPXL-1-mediated activa-

tion and localization of Aurora A is necessary to stabi-
lize microtubules connecting kinetochores to spindle*Correspondence: ozlu@mpi-cbg.de (N.O.); hyman@mpi-cbg.de

(A.A.H.) poles. These results provide mechanistic insight into
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how the conserved TPX2 protein family contributes to
spindle assembly.

Results

TPXL-1 Is a TPX2 Ortholog in C. elegans Embryos
To find a C. elegans ortholog for TPX2, we screened
through genes required for spindle assembly. We iden-
tified an uncharacterized gene ORF (Y39G10AR.12) re-
quired for spindle assembly, which was initially re-
ported in a Chromosome I RNA interference (RNAi)
screen (Fraser et al., 2000). After RNAi of this gene, the
separated centrosomes collapse together shortly after
nuclear envelope break down (NEBD) and fail to form a
robust spindle (Figures 1A and 1B). We name this gene
tpxl-1 (TPX2-like, for reasons stated below).

Sequence alignment with TPX2 showed homology
within the N terminus (residues 1–60) (Figures 2A and
2B). This short region of homology was significant be-
cause the N-terminal 43 residues of TPX2 have been
shown to be sufficient for binding and activating Aurora
A kinase (Bayliss et al., 2003). We also determined that
the N terminus of TPXL-1 similarly binds C. elegans Au-
rora A, AIR-1. AIR-1 specifically bound to and eluted
from a wild-type GST::N-terminal-TPXL-1 (aa 1–63) col-
umn but did not bind to mutated TPXL-1 constructs,
which should block the interaction between TPXL-1
and AIR-1, based on comparisons to TPX2 (Bayliss et
al., 2004, 2003; Eyers and Maller, 2004) (Figure 2C; con-
firmed by mass spectrometry). In agreement with the
results shown above, a genome-wide Yeast Two-Hybrid
screen of C. elegans proteins also identified an interac-
tion between TPXL-1 and AIR-1 (Li et al., 2004).

If TPXL-1 is an ortholog of TPX2, then it should also
stimulate the kinase activity of AIR-1. We found that
addition of TPXL-1(1–63) dramatically increased the
phoshorylation of Histone H3 by AIR-1 kinase, whereas
the TPXL-1(1–63) mutant proteins had no effect (Figure
2D). Therefore, we conclude that TPXL-1 binds to and
activates Aurora A kinase and that TPXL-1 is an or-
tholog of vertebrate TPX2.

Interaction of TPXL-1 with AIR-1 Is Required
for Spindle Assembly
In human cells, TPX2 is required to localize Aurora A to
spindles (Kufer et al., 2002). To test whether C. elegans
TPX2 is also required to localize C. elegans Aurora A,
we raised and affinity-purified antibodies to TPXL-1. On
Western blots, Anti-TPXL-1 antibodies recognized a
single band of approximately 75 kDa that disappeared
in tpxl-1(RNAi) worm lysate (see Figure S1A in the Sup-

Figure 1. Spindle Poles Collapse in Embryos Depleted of TPXL-1plemental Data available with this article online). Both
(A) Summarization of spinning disk confocal time-lapse moviesTPXL-1 immunostaining and live imaging of embryos
taken from wild-type (left) and tpxl-1(RNAi) (right) embryos ex-expressing TPXL-1::GFP showed that TPXL-1 colocal-
pressing GFP::β-tubulin. Times are in seconds relative to NEBD. Inizes with AIR-1 (Figure 3A, see also Movies S3 and S4).
the TPXL-1-depleted embryos, centrosomes separate as in wild-

We tested for interdependency of their respective intra- type (−234 s). Upon NEBD (0 s), separated centrosomes collapse
cellular-localization patterns. In tpxl-1(RNAi) embryos, together (80 s and 200 s). After wild-type embryos initiate ana-
AIR-1 was no longer detected on astral microtubules phase, the spindle in tpxl-1(RNAi) embryos elongates but reaches

a shorter total spindle length (512 s). See also Movies S1 and S2.but instead colocalized with γ-tubulin (Figure 3A, see
(B) Pole-to-pole distances were measured in five wild-type (dia-also Movie S5). In contrast, in air-1(RNAi) embryos,
monds) and five tpxl-1(RNAi) (circles) embryos. Bars: 5 !m.TPXL-1 was still detected on microtubules (Figure 3B).

Is the main function of TPX2 in spindle assembly to
interact with Aurora A? The consequences of depleting
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Figure 2. TPXL-1 Binds to and Stimulates
AIR-1 Kinase

(A) Common features of C. elegans (Ce),
Homo sapiens (Hs), and Xenopus laevis (Xl)
TPX2 proteins. TPXL-1 and TPX2 share ho-
mology in the minimum Aurora A binding site
(green box, aa 1–43; Bayliss et al., 2003).
TPX2 contains two coiled-coil domains (Hs
aa 213–247 and 664–729; Xl aa 171–216 and
637–696). TPXL-1 possesses one N-terminal
coiled-coil domain (aa 150–173). Consensus
Aurora A phosphorylation sites (consensus
sequence: (RX[S/T]); Cheeseman et al.,
2002) in the N termini of TPX2 and TPXL-1
are shown by black circles (aa positions in
TPXL-1 are 30, 68, 149, and 154). A func-
tional nuclear-localization signal in verte-
brates (Schatz et al., 2003) is indicated by
blue circles.
(B) Multiple sequence alignment of Aurora A
binding domain and the N-terminal regions
of TPXL-1 from C. elegans (Ce) with TPX2
from human (Hs) and Xenopus (Xl). The con-
served residues are boxed in yellow. Resi-
dues that are mutated in (C) and (D) are indi-
cated with bold lettering.
(C) GST-pulldown assay shows that AIR-1
binds to GST::TPXL-1 (1–63). GST fusions
were expressed in E. coli, bound to glutathi-
one resin, incubated in worm extract, and
eluted with glutathione. Elutions were frac-
tionated by SDS-PAGE and analyzed via
Western blotting with anti-AIR-1 (top) and
anti-GST (bottom) antibodies. AIR-1 can be
detected as a single band (40 kDa) in worm
extracts and in the GST::TPXL-1 (1–63) pull-
down, but not in the pulldowns performed
with the TPXL-1 (1–63) mutants.
(D) TPXL-1 (1–63) stimulates AIR-1 kinase
activity. In vitro phosphorylation of histone
H3 (determined by γ[32P]-ATP levels) in the
presence of AIR-1 and either TPXL-1 (1–63)
or the indicated TPXL-1 (1–63) mutants.
Coomassie blue stain and autoradiograph of
the SDS-PAGE gel are shown. For quantifi-
cation of histone H3 phosphorylation (bot-
tom), the value of 100% was assigned to the
phosphorylation of Histone H3 in the pres-
ence of only AIR-1.

TPXL-1 on spindle assembly may reflect both AIR-1- lapsed with a similar profile as TPXL-1-depleted em-
bryos (Figures 4B and 4C). Furthermore, depletion ofdependent and AIR-1-independent functions. To speci-

fically analyze AIR-1-dependent functions, we gener- TPXL-1 prevents AIR-1 localization on spindle and
astral microtubules and leads to AIR-1 collapse into theated transgenes expressing either wild-type TPXL-1 or

the N-terminal mutant that does not interact with AIR-1 same domain of the centrosome as γ-tubulin (Figure
3A). Similarly, in the presence of the mutated transgene,(see Figures 2C and 2D). To specifically remove endog-

enous TPXL-1 function, the introduced transgenes after RNAi of the endogenous tpxl-1 gene, AIR was no
longer detected on microtubules or the peripheralwere engineered to be resistant to RNAi by insertion of

silent mutations in the N terminus (Figure 4A). Indeed, centrosomal region but was collapsed to the inner
centrosomal region (Figure 4D). Thus, the interaction be-immunoblotting of wild-type and mutant transgenic

worms showed that tpxl-1(RNAi) specifically depleted tween TPXL-1 and AIR-1 targets AIR-1 to the microtu-
bules. The specificity of this experiment suggests thatthe endogenous TPXL-1 without affecting RNAi-resis-

tant forms (Figure S1B). In the presence of the wild- an essential function of TPXL-1 is to target AIR-1 to the
spindle microtubules.type transgene, RNAi of the endogenous tpxl-1 gene

did not affect expression of the transgene and the spin- To confirm this idea, we compared the phenotypes
of TPXL-1 and AIR-1 depletion by RNA interference.dle collapsed only slightly (Figures 4B and 4C). In the

presence of the mutated transgene, RNAi of the endog- AIR-1 is required for cell polarity, centrosome matura-
tion, maintenance of separated centrosomes afterenous tpxl-1 gene did not affect expression of the

transgene (Figure 4B) but the spindle completely col- NEBD, formation of a robust microtubule aster, spindle
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Figure 3. TPXL-1 Is Required for Targeting C. elegans Aurora A (AIR-1) to the Spindle

(A) TPXL-1 and AIR-1 colocalize at the centrosome, and TPXL-1 is required for AIR-1 to extend outward from the core centrosome along
microtubules. The top row shows a high-magnification view of one centrosome from a wild-type metaphase embryo stained for γ-tubulin,
AIR-1, and TPXL-1. AIR-1 and TPXL-1 colocalize on the outer centrosomal layer and extend along centrosomal microtubules. The bottom
row shows both mitotic centrosomes in a tpxl-1(RNAi) embryo. AIR-1 collapses to colocalize with γ-tubulin after depletion of TPXL-1 and
does not extend along centrosomal microtubules.
(B) TPXL-1 still extends onto microtubules in AIR-1-depleted embryos. High-magnification view of one centrosome from a wild-type embryo
at the onset of anaphase (top) and an air-1(RNAi) embryo (bottom) stained for microtubules (green) and DNA (red) (left), AIR-1 (green), and
TPXL-1 (red) (right). All images are single z sections of deconvolved wide-field data sets. Bars: 1 !m.

assembly, and anaphase spindle elongation (Hannak et ity rather than complete loss of a subset of AIR-1 func-
tions. However, we never observe the characteristical., 2001, 2002; Schumacher et al., 1998). Table 1 sum-

marizes the phenotypic comparison of AIR-1- and tpxl-1(RNAi) phenotype with even partial loss of AIR-1
function (data not shown). Therefore, it seems likelyTPXL-1-depleted embryos. Formation of the PAR do-

mains (data not shown), anaphase spindle elongation that TPXL-1 is required for a subset of AIR-1 activities,
namely formation of a robust mitotic aster and assem-(Figures 1A and 1B), and centrosome maturation (Fig-

ures S2A and S2B) were normal after depletion of bly of a mitotic spindle.
TPXL-1. In both wild-type and tpxl-1(RNAi) embryos,
γ-tubulin accumulated with similar rates (Figure S2A The Role of TPXL-1 in Spindle Assembly

Is Independent of Chromatin-Stimulatedand S2B). Although this result suggested that centro-
some maturation was normal, formation of a robust as- Microtubule Assembly

Why do spindles collapse after depletion of TPXL-1?ter was defective after depletion of TPXL-1 (Figure
S2C). The phenotypic differences between tpxl-1(RNAi) In Xenopus egg extracts, TPX2 stimulates chromatin-

dependent microtubule nucleation in a Ran-GTP-depen-and air-1(RNAi) could represent weakened AIR-1 activ-
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Figure 4. Interaction of TPXL-1 with AIR-1 Is Required for Its Activity In Vivo

(A) Schematic of transgenes: RNAi-resistant wild-type TPXL-1 (blue box) was fused to GFP (dark green box) (top). The Aurora A binding site
is indicated in the light green box. The RNAi-resistance tag was created by insertion of silent mutations into the N terminus (gray box). To
specifically deplete the endogenous TPXL-1, dsRNA was raised against this region. The RNAi-resistant mutant TPXL-1::GFP transgene
(bottom) is as described in the wild-type transgene. F15D and F18D mutations are indicated by red lines in the Aurora A binding site.
(B) Selected panels from time-lapse recordings of wt TPXL-1::GFP(r) and FD TPXL-1::GFP(r)-expressing embryos after tpxl-1(RNAi) to remove
endogenous TPXL-1. Centrosomal fluorescence intensities are similar in both embryos (Figure S1C). The poles were completely collapsed in
the FD TPXL-1::GFP(r)-expressing embryo, but not in the wt TPXL-1::GFP(r)-expressing embryo. Times are in seconds relative to NEBD. See
also Movies S6 and S7.
(C) Spindle-pole separation relative to NEBD was tracked for transgenic embryos: wt TPXL-1::GFP(r) (n = 2) and FD TPXL-1::GFP(r) (n = 2)
(plotted together; blue diamonds); tpxl-1(RNAi) in wt TPXL-1::GFP(r) (n = 7) (pink squares), and tpxl-1(RNAi) in FD TPXL-1::GFP(r) (n = 6) (red
triangles). Average pole-to-pole distance at NEBD was set to zero. Error bars are standard error of the mean (SEM) with a confidence interval
of 0.95.
(D) High-magnification view of centrosomes from a metaphase wt TPXL-1::GFP(r)-expressing embryo after RNAi-mediated depletion of en-
dogenous TPXL-1 (top) and from a FD TPXL-1::GFP(r)-expressing embryo after RNAi-mediated depletion of endogenous TPXL-1 (bottom).
Embryos were stained for TPXL-1 (red) and AIR-1 (green). In tpxl-1(RNAi) wt TPXL-1::GFP(r), AIR-1 localizes to the peripheral centrosomal
region. In the tpxl-1(RNAi) FD TPXL-1::GFP(r) embryo, AIR-1 localizes to the inner centrosomal region. All images are single z sections of
deconvolved wide-field data sets. Abbreviation: r, RNAi resistant. Bars: B, 5 !m; D, 3 !m.
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Kinetochore Microtubules FormTable 1. Comparison of AIR-1- and TPXL-1-Depletion Phenotypes
after RNAi of TPXL-1(The Cellular Process in the Left Column Is Affected [+] or Not
The results so far suggest an intrinsic problem in spin-Affected [−] upon Protein Depletion).
dle stability in the absence of TPXL-1. Kinetochore

AIR-1 TPXL-1
function is required for the formation of a stable spindle

Cell Polarity +a,c − by providing a mechanical connection between repli-
Centrosomal γ-Tubulin Recruitment +b − cated chromosomes and both spindle poles (Oegema
Robust Aster Formation +b +

et al., 2001). To resolve the morphology of the collapsedSpindle Assembly +a,b +
spindles, we performed electron tomography on tpxl-Spindle Elongation at Anaphase +b −
1(RNAi) embryos after spindle collapse (Figure 6A). EM-a Schumacher et al., 1998
tomography revealed that a spindle is formed and cen-b Hannak et al., 2001
trosomes are connected to kinetochore microtubulesc C. Cowan and A.A.H., unpublished data.
but that these kinetochore microtubules are extremely
short.

dent manner (Gruss and Vernos, 2004). By using two
Spindle Collapse in tpxl-1(RNAi) Embryosdifferent tests, we showed that TPXL-1 is not required
Depends on Intact Kinetochores,for chromatin-dependent microtubule nucleation. First,
but Not Antiparallel Microtubulesin spd-5 mutant embryos, which lack functional cen-
Could kinetochore microtubule instability be causingtrosomes, microtubules assemble around mitotic chro-
the spindle collapse? In CeCENP-A-depleted embryos,mosomes and are unable to form a spindle-like structure
kinetochore assembly fails and poles separate prema-(Figure S3A; Hamill et al., 2002). In spd-5(RNAi);tpxl-1
turely before forming a metaphase spindle (Oegema et(RNAi) embryos, we still observed these chromatin-
al., 2001; Figure 6B, compare wild-type and CeCENP-associated microtubules (Figure S3A). Subsequent im-
A-depleted 160 s; Figure 6C). In double RNAi, TPXL-1-munofluorescence assays revealed the efficient deple-
and CeCENP-A- (Figure 6B) or TPXL-1- and CeCENP-tion of both proteins (Figure S4A). Thus, at the level
C- (data not shown) depleted embryos, pole separationof depletion in tpxl-1(RNAi) embryos in which spindles
occurs as in CeCENP-A-depleted embryos, with spin-collapse, noncentrosomal microtubules are still pre-
dle poles prematurely elongating (Figure 6B, 90 s andsent. Second, during C. elegans female meiosis, micro-
160 s; Figure 6C). Subsequent immunofluorescence as-tubules nucleate around the chromosomes and subse-
says confirmed that in double RNAi embryos, TPXL-1quently organize into bipolar spindles that lack astral
was depleted as efficiently as in single tpxl-1(RNAi) em-microtubules (Albertson and Thomson, 1993). tpxl-1
bryos (Figure S4B). Thus, the spindle collapse in tpxl-(RNAi) resulted in loss of all meiotic spindle TPXL-1
1(RNAi) embryos is mediated by kinetochores pullingstaining, but meiotic spindle morphology was indistin-
the poles toward the chromosomes.guishable from wild-type embryos (Figure S3B). There-

To check that the spindle collapse in TPXL-1-depletedfore, we conclude that inhibition of chromatin-stim-
embryos occurs by destabilization of kinetochore-ulated microtubule nucleation is unlikely to be the origin
attached microtubules and not by overlapping anti-of the spindle collapse observed in TPXL-1-depleted
parallel microtubules emanating from opposite spindleembryos. This suggests that the mechanism of spindle
poles, we analyzed spindle formation in tpxl-1(RNAi)stabilization by TPXL-1 is different from that of TPX2 in
monopolar spindles. To generate monopolar spindles,Xenopus extracts.
we used a zyg-1(b1) mutant in which centrosome dupli-
cation fails (O’Connell et al., 2001). These mutantsTPXL-1 Is Not Required for Generation
make half spindles and therefore have no overlappingof Astral Forces
antiparallel microtubules. However, spindles still col-Because TPXL-1 is not required for microtubule assem-
lapse in tpxl-1(RNAi);zyg-1 double mutants (Figure 6D).bly around chromatin, we searched for an alternate ex-

planation for the observed spindle-collapse phenotype.
During spindle assembly, a balance of outward and in- Abnormal Microtubule Behavior at Spindle Poles

in tpxl-1(RNAi) Embryosward forces exerted on spindle poles controls spindle
length. One possibility is that TPXL-1 contributes to Why are kinetochore microtubules unstable in tpxl-

1(RNAi)? Aurora A is localized at spindle poles, sug-cortical pulling forces, transmitted by astral microtu-
bules. In this idea, kinetochore-mediated pulling forces gesting that defects in spindle-pole organization could

contribute to a lack of kinetochore microtubule stability.would dominate over weakened astral pulling forces,
resulting in spindle collapse. To test if the astral pulling To investigate microtubule behavior at spindle poles,

we utilized EBP-2::GFP (an EB1 homolog that specific-forces are active in tpxl-1(RNAi) embryos, we per-
formed spindle-severing experiments with a UV laser ally decorates growing microtubule ends; Srayko et al.,

2005). We first examined microtubule nucleation rates.(Grill et al., 2001). In wild-type embryos, astral forces
pull spindle poles apart after laser-mediated spindle Surprisingly, we found that the microtubule nucleation

rate in tpxl-1(RNAi) embryos was not significantly dif-severing (Figures 5A–5C). In TPXL-1-depleted embryos,
the spindle poles separated from each other with peak ferent from wild-type embryos (90 ± 12% of wild-type

metaphase nucleation rates; p = 0.25; Figure 7A) de-velocities comparable to wild-type (Figure 5C) and the
final positions of the centrosomes postablation were spite a reduced microtubule intensity at spindle poles

(Figure S2C). This suggested that the decrease insimilar to wild-type (Figures 5A and 5B). From these
results, we conclude that astral forces are not affected microtubule levels at centrosomes in tpxl-1(RNAi) re-

sults from a lack of persistence and/or stability of nu-by the depletion of TPXL-1.
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Figure 5. TPXL-1 Is Not Required for Genera-
tion of Astral Forces

(A) Laser cutting of spindles to monitor astral
pulling forces. Summarization of differential
interference contrast (DIC) time-lapse mov-
ies of uncut wild-type (left column), laser-cut
wild-type (middle column), and laser-cut
tpxl-1(RNAi) (right column) embryos. The la-
ser-cut was performed at 0 s at the midline
between the spindle poles. See also Movies
S12 and S13.
(B) Spindle-pole tracking of embryos shown
in (A). Position is relative to the embryo
length: 0 represents anterior cortex, 1 repre-
sents posterior cortex.
(C) Average peak velocities of anterior and
posterior spindle poles. Error bars are SEM
with a confidence interval of 0.95. Average
peak velocities were measured for eight
wild-type uncut, 15 wild-type cut, and 23
tpxl-1(RNAi) cut. Bar: 10 !m.

cleated microtubules rather than a defect in microtu- grade EBP-2::GFP movements in bipolar spindles (Fig-
ure 7C, yellow dot) and monopolar spindles (see Moviebule nucleation.

We also noticed an increase in the frequency of EBP- S21) of tpxl-1(RNAi) embryos, although it was not feasi-
ble to quantify the number due to a high density of2::GFP dots exhibiting a switch from anterograde

movement (growth away from centrosomes) to retro- EBP-2 dots in the spindle. The increased frequency of
these movements in tpxl-1(RNAi) embryos suggestsgrade movement (movement toward centrosomes) (see

Movie S20). The switch occurs at low frequency in wild- that the spindle-collapse phenotype observed may
arise from a loss of microtubule minus-end stabilitytype (see Movie S19). Because EBP-2::GFP only asso-

ciates with growing microtubule plus ends, retrograde near the centrosomes.
movements are thought to be a consequence of de-
tached microtubule minus ends (Srayko et al., 2005). In Discussion
tpxl-1(RNAi) embryos, we observed a 6-fold increase in
retrograde movements in astral microtubules com- The data presented here provide two key pieces of evi-

dence that identify the first ortholog of TPX2 in inverte-pared to wild-type (Figure 7B). We also observed retro-
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Figure 6. Spindle Collapse in tpxl-1(RNAi) Embryos Depends on Intact Kinetochores, but Not Antiparallel Microtubules

(A) Kinetochore microtubules still form in the absence of TPXL-1. Electron tomography of a collapsed tpxl-1(RNAi) spindle. The 3D model
superimposed on a selected tomographic slice is shown in the left panel. The partial reconstruction was computed from a 2 × 1 montage.
The 3D model (right) shows the boundaries of a chromosome (green) and the position of spindle microtubules (red, yellow lines). Microtubules
that ended on the chromosome were defined as kinetochore microtubules (yellow).
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rora A to the spindle pole (Kufer et al., 2002). However,
we have not been able to find any evidence that TPXL-1
is regulated through the Ran pathway, as is the case
for TPX2. Although TPXL-1 contains a putative nuclear
localization sequence, we do not see prominent nuclear
localization. The phenotype of Ran depletion is the fail-
ure to form a mitotic spindle, reminiscent of the loss of
kinetochore function and unlike the phenotype of
TPXL-1 depletion (Askjaer et al., 2002; Bamba et al.,
2002). More work is required to characterize the contri-
bution of this pathway to spindle assembly in C. elegans.

The identification of a TPX2 ortholog has allowed us
to resolve an important question: is a TPX2-Aurora A
interaction required for TPX2 function during spindle
assembly? In Xenopus extracts, the C terminus of TPX2
lacking the Aurora A binding site can complement TPX2
function (Brunet et al., 2004). In human cells, the mitotic
arrest induced by Aurora A RNAi has made it difficult
to compare the phenotype of Aurora A RNAi and TPX2
RNAi. Our results show that mutated TPXL-1, which
cannot bind to Aurora A, does not rescue the spindle-
collapse defect. Therefore, in C. elegans mitosis, an
essential function of the TPX2 ortholog is to target Au-
rora A to spindles.

Why do spindles collapse in the absence of TPXL-1?
In Xenopus egg extract, TPX2 is required for chromatin-
dependent microtubule nucleation. However, in C. ele-
gans, under RNAi conditions in which spindles col-

Figure 7. Abnormal Microtubule Behavior at Spindle Poles in tpxl- lapse, microtubule nucleation around chromosomes is
1(RNAi) Embryos unaffected. Thus, TPX2 appears to function differently
(A) Quantification of astral microtubule nucleation rates in wild-type in Xenopus and C. elegans. We do not know the reason
and tpxl-1(RNAi) embryos expressing EBP-2::GFP (an EB1 homo- for this difference. Perhaps TPX2 can activate different
log that specifically decorates growing MT ends). Kymographs kinases in different systems. Alternatively, the C termi-
from 1 min stream-acquisition movies were used to quantify the

nus of TPX2 may have functions unrelated to Aurora Anumber of EBP-2::GFP dots emanating from metaphase centro-
activity, and these functions may be more essential insomes (Srayko et al., 2005). Nucleation rates are relative to wild-
Xenopus extracts.type metaphase (% wt MTs/min). Standard error at 95% confidence

is shown; wild-type, n = 16; tpxl-1(RNAi), n = 10. Our data suggest that the most likely reason that
(B) Frequency of retrograde movements (events/min) of EBP- spindles collapse in the absence of TPXL-1 is destabili-
2::GFP dots in wild-type and tpxl-1(RNAi) embryos is shown. Stan- zation of kinetochore microtubules. One possibility is
dard error at 0.95 confidence is shown; wild-type, n = 16; tpxl-

that the kinetochore-attached plus ends are unstable in1(RNAi), n = 12.
the absence of TPXL-1. Unfortunately, the high-turn-(C) A series of images from a stream-acquisition movie of a EBP-
over rate of microtubules in C. elegans prophase pre-2::GFP dot exhibiting retrograde movement (colored yellow) and

a separate dot exhibiting normal anterograde growth movement cludes testing this model by FRAP (A.D., unpublished
(colored red) within the mitotic spindle of a tpxl-1(RNAi) embryo is observations; Srayko et al., 2005). The fact that TPXL-1
shown. Centrosome is on the left (white circle). See also Movie S20, operates together with Aurora A and Aurora A is local-
for astral retrograde movements and Movie S21, for retrograde

ized to spindle poles suggests that the primary defectmovements in a monopolar spindle. Bar: 5 !m.
of tpxl-1(RNAi) could be in organization of the spindle
pole. Supporting evidence for this is that the number of

brates. First, both proteins interact with Aurora A and microtubules at centrosomes is quite reduced, whereas
stimulate its kinase activity in vitro (Bayliss et al., 2004; the nucleation rate seems to be the same as wild-type,
Eyers et al., 2003; Tsai et al., 2003). Second, both pro- and that a substantial number of polymerizing microtu-
teins are required for the localization of Aurora A to bules exhibit freedom of movement (visible as retro-

grade plus-end movement) inconsistent with a stablespindle microtubules, but not for the localization of Au-

(B) Summarization of time-lapse sequences of wild-type (first column), CeCENP-A-depleted (second column), TPXL-1-depleted (third column),
and CeCENP-A- and TPXL-1-depleted (fourth column) embryos expressing GFP::β-tubulin and GFP::histone. Times are in seconds relative to
NEBD (left). See also Movies S15–S18.
(C) Spindle pole separation relative to NEBD. The graph shows the average pole-to pole-distance of wild-type (blue), CeCENP-A-depleted
(pink), TPXL-1-depleted (red), and CeCENP-A- and TPXL-1-depleted (yellow) embryos. Error bars are SEM with a confidence interval of 0.95
(n = 4).
(D) Chromosomes in monopolar spindles collapse into the centrosomes after TPXL-1 depletion. Half spindles from a zyg-1 mutant (top) and
a tpxl-1(RNAi);zyg-1 mutant embryo (bottom) stained for microtubules and DNA (left) and TPXL-1 (right) are shown. The white line indicates
chromosome-pole distance. Images are single z sections of deconvolved, wide-field data sets. Bars: A, 500 nm; B, 5 !m; D, 1 !m.
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integrated array of the rescuing plasmid due to 100% rescue ofattachment to centrosomes. Perhaps the minus ends
progeny for unc-119, and all progeny examined express GFP.of microtubules are unstable, and this allows the cen-

RNAi-resistant wild-type and FD TPXL-1::GFP transgenes weretrosomes to be pulled toward the chromosomes.
made as follows: The first 500 bp of the tpxl-1 sequence were syn-

Therefore, we propose that in C. elegans mitosis, the thesized by Geneart GmbH (Regensburg, Germany). This sequence
homolog of TPX2— TPXL-1— targets Aurora A to the contained silent mutations such that the synthetic gene diverged

from the original gene at the DNA level (28% divergent), but not atspindle, where it phosphorylates downstream targets
the protein-coding level. Wherever possible, the codon usage wasrequired for kinetochore microtubule stabilization. These
adapted to the codon bias of Caenorhabditis elegans genes. A sec-could be centrosome, spindle, or kinetochore compo-
ond tpxl-1(RNAi)-resistant gene was synthesized containing F15D,nents. One possible candidate is TAC-1, a protein impli-
F18D mutations. The first 500 bp of the tpxl-1 sequence in the

cated in microtubule stability (Bellanger and Gonczy, TPXL-1::GFP construct were then excised by using a unique re-
2003; Le Bot et al., 2003; Lee et al., 2001; Srayko et al., striction site and were replaced with newly synthesized genes. The

transgenic worms were generated as explained above. To specific-2003) whose homologs are known to be an Aurora A
ally silence the endogenous gene in these transgenic worms,substrate (Giet et al., 2002). TPX2 itself is a microtubule
dsRNA was synthesized against 3–393 bp of tpxl-1.binding protein (Wittmann et al., 2000), so it is possible

that phosphorylation of TPXL-1 by Aurora A may also
Electron Tomography and 3D modelingcontribute to the stabilization activity. The other known
Sample preparation for electron tomography was carried outsubstrate of Aurora A, the motor protein Eg5 (Giet et al.,
essentially as published (O’Toole et al., 2003). Briefly, RNAi worms

1999), is not required for C. elegans spindle assembly were high-pressure frozen (BAL-TEC HPM 010), freeze substituted
(Bishop et al., 2005). Identification of other Aurora A (Leica EM AFS), and thin-layer embedded in Epon and Araldite for
substrates would provide important insights into the serial sectioning. Electron tomography was performed on 300 nm

plastic sections of tpxl-1(RNAi) embryos with a TECNAI F30 inter-mechanisms of spindle assembly.
mediate-voltage electron microscope operated at 300 kV. Tomo-C. elegans Aurora A has a number of different roles
grams were computed and analyzed by using the IMOD softwarein the first embryonic cell division: (1) cell polarity, (2)
package as published (O’Toole et al., 2003).

centrosome maturation, (3) spindle assembly, and (4)
spindle elongation at anaphase. In contrast, TPXL-1 is

Time-Lapse Microscopy and Quantificationrequired only for spindle assembly, and the rescue ex-
TPXL-1::GFP-, GFP::β-tubulin-, and GFP::β-tubulin;GFP::histone-

periments with wild-type or mutant TPXL-1 indicate expressing embryos were imaged with a spinning disk confocal
that all of the functions of TPXL-1 are contained within microscope controlled by the Metamorph Imaging software.

Images were acquired every 8 or 10 s with an ORCA 100 (Hama-a subset of Aurora A functions (Table 1). Thus, it seems
matsu) camera and 63×, 1.4 NA PlanApochromat objective withthat a key role for Aurora A in spindle assembly is to
500–1,000 msec exposure time. GFP::γ-tubulin-expressing em-stabilize microtubules nucleated from centrosomes
bryos were imaged with a wide-field microscope (Zeiss Axioplan II)that are bound to kinetochores. Because RNAi is a run-
equipped as described above. Images were acquired every 10 s

down technique, it is possible that the difference be- with 550 msec exposure time and 2× binning. Quantification of
tween Aurora A phenotypes and TPX2 phenotypes rep- centrosomal β-tubulin and γ-tubulin was performed as previously

described (Pelletier et al., 2004).resents a difference in sensitivity of different Aurora A
functions to TPX2 levels. However, we think it is more
likely that other Aurora A activation and targeting sub- Spindle Severing

Spindle severing was performed as described previously (Grill etunits exist that are responsible for the various functions
al., 2001) with a pulsed, third-harmonic, solid-state UV laser (λ =of Aurora A. In this way, the cell can ensure that Aurora
354 nm, 4 ns, 12 !J/Pulse, PowerChip, JDS Uniphase). DIC imagesA is targeted at the correct time and to the correct
were acquired every 0.5 s with an inverted microscope (Axiovert

place during the cell cycle to perform its various roles. 200M, Zeiss) with a water-immersion lens (C-Apochromat 63×, NA
1.2, Zeiss) (Grill et al., 2003). Spindle pole tracking and analysis
were performed as described (Grill et al., 2001).Experimental Procedures

RNA-Mediated Interference Protein and Antibody Production
For production of tpxl-1 dsRNA, the gene was amplified from either For generating antibodies against TPXL-1, the GST::TPXL-1 (aa
N2 genomic DNA or the cDNA yk1152d5. RNA synthesis and an- 1–210) was affinity purified after expression of the appropriate
nealing were performed by using standard procedures (Oegema et cDNA fragment cloned into pGEX6P-1 (Amersham). Antibodies to
al., 2001). Primer sequences are listed in Table S1. L4 hermaphro- the N-terminal TPXL-1 (aa 1–210), the C-terminal 17 amino acids of
dites were injected with dsRNA and incubated for 45–48 hr at 16°C, TPXL-1, and the C-terminal 12 amino acids of AIR-1 were raised,
30–36 hr at 20°C, or 24 hr at 24.5°C before being examined. affinity purified, and directly labeled as described (Oegema et al.,

2001).
For GST pull-down assays, GST::TPXL-1 (aa 1–63) was affinityGFP Strains and RNAi Resistance Transgenes

The following GFP strains used were as previously described: purified after expression of the specified cDNA fragment cloned
into pGEX-M8 (a gift from Mike Tipsword; MPI-CBG, Dresden, Ger-AZ244, GFP::β-tubulin, (Praitis et al., 2001); XA3501, GFP::tubulin;

GFP::Histone, (Askjaer et al., 2002); and TH24, GFP::γ-tubulin, (Han- many). F15D, F18D GST::TPXL-1 (aa 1–63), and V23D,Y26D
GST::TPXL-1 (aa 1–63) site-directed mutants were generated bynak et al., 2002). TH41 (GFP::AIR-1) was a gift from Carrie Cowan

(MPI-CBG, Dresden, Germany). The strain spd-5(or213ts) (Hamill et using the QuikChange protocol (Stratagene). For double mutants,
residues were substituted in two steps, and the resulting con-al., 2002) was crossed to the strain AZ244 to obtain spd-5 mutant

embryos expressing GFP::β-tubulin. structs were confirmed by DNA sequencing (DNA Sequencing Fa-
cility, MPI-CBG, Dresden, Germany). GST fusions were expressedThe strain TH53 expressing TPXL-1::GFP was constructed by

high-pressure particle bombardment (Bio-Rad) of DP38 [unc- in BL21 or BL21 CodonPlus RP E. Coli (Stratagene) and purified
under native conditions with glutathione agarose beads (Sigma).119(ed3)] worms with a plasmid (a gift from Andrei Pozniakovski,

MPI-CBG, Dresden, Germany) containing a C-teminal TPXL-1::GFP Full-length AIR-1 was amplified from first-strand cDNA. The am-
plified product was subcloned into pGEM-T (Promega) and clonedfusion gene under the control of the pie-1 promoter and unc-119(+)

as a selection marker (Praitis et al., 2001). TH53 likely contains an into pHAT to generate His-tagged AIR-1. His-tagged AIR-1 was ex-
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pressed in BL21 E. Coli (Stratagene) and purified by using TALON National Center for Research Resources of the National Institutes
of Health to J.R.M.resin (Clontech).

Western Blotting for RNAi and Fixed Imaging Received: April 29, 2005
For Western blotting, 20–35 tpxl-1(RNAi)-injected worms and an Revised: June 10, 2005
equal number of control worms were washed three times with M9. Accepted: July 8, 2005
To 10 !l of total volume, an equal volume of 2× sodium dodecyl Published: August 1, 2005
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample
buffer was added, and tubes were sonicated for 5 min at 80°C in a
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INTRODUCTION

Katanin is a heterodimer that exhibits ATP-dependent microtubule-severing activity

(1, 2).  In Xenopus egg extracts, severing activity of katanin is highest during the

transition from interphase to mitosis, suggesting that it might be required for the rapid

disassembly of interphase microtubules at the onset of mitosis (3).  Other possibilities

include mediation of microtubule poleward flux at centrosomes (4) and the release of

microtubules from the centrosome during outgrowth of neuronal processes (5).  To

date we do not completely understand how katanin severs microtubules.  Katanin

could target the outer surface of the microtubule lattice, the microtubule lumen, or the

lateral sides of protofilaments exposed by holes in the lattice (6, 7).  Importantly, a

detailed description of katanin’s effect on the microtubule lattice in vivo has not been

reported.

Despite the suggested roles for katanin in mitotic systems, the well-characterized

katanin complex MEI-1/MEI-2 in C. elegans is required specifically for the assembly

of the acentrosomal female meiotic spindle (8-10) and is degraded prior to mitosis

(11).  During meiotic spindle assembly, microtubules initially form around chromatin,

and are subsequently organized into a bipolar array (Fig. 1A; 12).  In the absence of

the catalytic subunit MEI-1 (mei-1(null)) microtubules form around chromatin but fail

to assemble into a bipolar spindle (Fig. 1B; 10).  Furthermore, mutations that prevent

MEI-1/MEI-2 degradation after meiosis result in short mitotic spindles that are mis-

positioned in the posterior of the cell (10).  Therefore, the C. elegans model provides

a unique system to study the effect of katanin on microtubules in both meiotic and

mitotic environments.

RESULTS AND DISCUSSION

To examine the effect of katanin on microtubule morphology in meiosis, we applied

electron tomography and 3-D modeling of female meiotic spindles in wild-type and

mei-1(null) mutants lacking katanin activity.  We tracked microtubules and identified

their ends within a half spindle, built from serial 400 nm thick sections.  Surprisingly,

pole-facing microtubule ends were not found exclusively at the spindle pole, but were
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distributed throughout the volume of the spindle (Fig. 1C, white spheres). Similarly,

chromatin-facing microtubule ends were not concentrated at the chromosome

surfaces, but were also observed throughout the spindle (Fig. 1C, blue spheres).  Both

types of microtubule ends were usually open, and were often flared.  These

observations suggest that the meiotic spindle contains many short microtubules, most

of which are aligned and oriented along the spindle axis.  The presence of microtubule

ends throughout the spindle indicated that many individual microtubules within the

reconstructed volume terminate before reaching the pole or chromatin surface.

Figure 1. MEI-1 generates numerous microtubules in meiotic spindles. Images of wild-type (A), and
mei-1(null) (B), embryos fixed and immunostained with anti-!-tubulin (red) are shown. DNA (blue) is
visualized with DAPI. The inserts show microtubule organization at higher magnification.
Tomographic reconstruction and 3-D modeling of meiotic microtubules in wild-type (C), and the mei-

1(null) mutant (D). Both tomographic data sets are of equivalent volumes, built from 2 serial 400 nm
sections. The wild-type model shows a portion of one half of the spindle (microtubules in red, pole-
proximal ends as white spheres, pole-distal ends as blue spheres, chromatin in green). Both types of
ends appear throughout the spindle. Tomographic reconstruction of the mei-1(null) mutant reveals a
disorganized array of long microtubules. Bar is 10 µm (B), and 500 nm (D).

Next, we looked at microtubules surrounding meiotic chromatin in a mei-1(null)

mutant. Indirect immunofluorescence of a-tubulin showed a disorganized array of

microtubules around meiotic chromatin (Fig. 1B; 8, 10). In contrast to wild type,
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meiotic mei-1(null) embryos displayed disorganized microtubules in a radial array

around chromatin (Fig. 1D).  Strikingly, relatively few microtubules were found

around the chromatin compared to the wild-type spindle (Fig. 1D, n=73; Fig. 1C,

n=348).  This suggested that katanin contributes to the increase in microtubule

number observed in wild-type meiotic spindles.

In order to determine the effect of katanin on microtubule morphology, we examined

individual microtubules in wild-type meiotic spindles and compared these to the mei-

1(null) mutant.  By stepping through serial, 1.6 nm tomographic slices, two

morphological differences in microtubules were obvious between the data sets: lateral

defects of varying sizes and closely-opposed open microtubule ends.  Lateral defects

in the protofilament lattice were evident throughout the spindle on 20-30% of the

wild-type microtubules (Fig. 2A).  In addition, numerous microtubules showed more

than one lateral defect along their length. Unlike the curled protofilaments found on

microtubules with lateral defects, the closely-opposed microtubule ends usually

displayed a blunt morphology (Fig. 2B-D).  It is possible that these closely-opposed

microtubule ends represent two unrelated microtubules, however, many such paired

microtubules were in identical orientations, despite being relatively isolated from

neighboring microtubules that might contribute to their alignment.  Therefore,

Figure 2. MEI-1 induces lateral defects in spindle microtubules. (A) Deconstruction of the 3-D model
given in Fig. 1 C to selectively show spindle microtubules with structural defects. The sites of
fragmentation on individual microtubules (blue) are indicated by spheres (red). Numerous microtubules
had multiple points of fragmentation along their length. (B-D) Evidence of microtubule fragmentation.
Tomographic slices show lateral disruption of the microtubule lattice (B, C), and closely-opposed
microtubule ends (D). Points of fragmentation are indicated by arrows. Bar is 500 nm (A), and 50 nm
(D).
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our interpretation of these structural features is that the lateral defects represent the

initiation of katanin-mediated severing, and the closely-opposed ends represent

completely severed microtubules.  Significantly, we did not observe any of these

structures in the mei-1(null) mutant. These data provide structural evidence for

meiotic katanin activity in vivo and suggest a molecular mechanism that involves an

initial lateral attack on the microtubule lattice.

The tomographic reconstructions support the notion that microtubule severing during

meiosis increases the number of microtubules available for spindle assembly; the

wild-type reconstruction contained >300 microtubules, whereas a similar volume

reconstructed from the mei-1(null) mutant contained only 73 microtubules.  Due to

the different morphologies of the meiotic microtubule arrays in wild-type and mei-

1(null) embryos, a direct comparison of microtubule lengths in the meiotic

environment was not possible.  To quantify katanin’s contribution to the

fragmentation of spindle microtubules, the total polymer length within the

reconstructed volume was divided by the number of lateral defects and closely-

opposed ends.  In the wild-type reconstruction katanin resulted in an average of 1

lateral defect per 3.01 µm.  In contrast, we did not observe any lateral defects or

closely-opposed ends in the mei-1(null) embryo.

In order to further quantify katanin’s effect on microtubule length distribution, we

used the gain-of-function mutant mei-1(gf), whereby katanin activity persists into

mitosis (Fig. 3; 10) and examined the effect of ectopic katanin on microtubules in a

mitotic context.  We also tested whether ectopic katanin causes similar defects to

those observed on meiotic spindle microtubules.  By indirect immunofluorescence of

tubulin, the wild-type spindle pole showed a characteristic radial arrangement of

microtubules around the pair of centrioles (Fig. 3A). Electron tomography of the

spindle pole showed that the majority of microtubules had their pole-distal ends

extending beyond the volume of the reconstruction (n=173). The majority of the pole-

proximal ends in the centrosome showed capped-end morphologies (n= 166; Fig. 3C;

13).  Similar capped-end structures were not detected in the meiotic spindle.  As

observed previously (13), a smaller population of pole-proximal ends were open and

clustered on the chromosome-facing side of the centrosome (n= 61; Fig. 3C). Creation
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Figure 3. Ectopic MEI-1 activity leads to microtubule fragmentation in mitotic centrosomes. Images of
mitotic wild-type (A), and mei-1(gf) (B), embryos fixed and immunostained with anti-!-tubulin (red)
are shown. DNA (blue) is visualized with DAPI. The mei-1(gf) spindle is shorter and mis-positioned,
relative to wild type. (C and D) Tomographic reconstruction and 3-D modeling of mitotic spindle
poles. Wild-type mitotic centrosome (C), and mitotic mei-1(gf) spindle pole (D), are shown
(microtubules: red, pole-proximal ends: white spheres, pole-distal ends: blue spheres, centrioles: blue
cylinders). (E) A histogram showing the lengths of microtubules contained within the reconstructed
volume is shown. Ectopic MEI-1 (mei-1(gf)) causes an increase in the number of short (<300 nm)
fragments compared to wild type. Bar is 10 µm (B), and 500 nm (D).

of the open pole-proximal microtubule ends was not dependent on MEI-1 as

microtubules with this end-morphology were detected in poles from a MEI-1 loss-of-

function mutant.  In contrast to meiotic spindles, relatively few pole-distal ends
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(likely representing microtubule plus ends) were found within the volume of the

mitotic pole reconstruction (n=42; Fig. 3C).

Tomographic reconstruction of the mei-1(gf) mitotic spindle pole (Fig. 3B) revealed

numerous microtubules (n= 630) surrounding the centrioles (Fig. 3D).  Most of these

short microtubules were randomly oriented, and had their pole-distal ends contained

within the reconstruction, accounting for >3-fold increase in the number of pole-distal

ends detected in the mei-1(gf) centrosome (n=149; Fig. 3D). In addition, a small

population of microtubules (n=22) showed lateral defects. Quantification of

microtubule length distributions from microtubules, contained completely within the

volume of the reconstruction (n=68), revealed that the majority of microtubules in the

mei-1(gf) mutant were between 200 and 300 nm in length (Fig. 3E). Wild-type mitotic

centrosomes contained fewer microtubules completely contained within the volume of

the reconstruction (n=26) and their lengths were more broadly distributed (Fig. 3E).

In addition, the vast majority of microtubules emanating from the wild-type pole

extended beyond the volume of the reconstruction (Fig. 3B).

In summary, we propose a mechanism of katanin severing that involves microtubule

lattice perforation (Fig. 4A). The major consequence of this meiosis-specific katanin

activity in C. elegans is the conversion of long polymers into two or more smaller

polymers, thus contributing to an increase in the total number of microtubules in the

meiotic spindle (Fig. 4B; for detailed discussion see section 4.3).

Figure 4. Proposed model of katanin’s action and its role in meiotic spindle assembly. (A) Lateral
fragmentation leads to protofilament disruption and eventual complete severing of spindle
microtubules. (B) Severing of spindle microtubules results in an increase in the total number of fibers
during spindle assembly.
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MATERIALS AND METHODS

MEI-1 loss-of-function and gain-of-function mutant

To analyze the mei-1(null) mutant embryos, Unc segregants from HR311 [mei-

1(ct46ct101) unc-29(e1072)/hT2[bli-4(e937) let(h661)] (I); +/hT2 (III)] were used

(8). mei-1 gain-of-function mutant embryos were obtained by up-shifting BW729

[mei-1(ct46ts) unc-29(e1072) (I)] worms to 25ºC (8). mei-1(ct46ts) adult worms were

maintained at the restrictive temperature until the high-pressure freezing procedure.

Specimen preparation

For wild-type and mei-1(null) experiments, whole worms were cryoimmobilized

using a HPM 010 high-pressure freezer (BAL-TEC) as previously published (13, 14).

For the analysis of wild-type mei-1(gf) mitotic poles, hermaphrodites were cut open in

M-9 buffer containing 20% BSA. Isolated embryos were collected into capillary

tubing and early developmental events were observed using DIC microscopy. At

appropriate stages capillary tubes containing single embryos were transferred to

specimen carriers and rapidly frozen using an EMPACT2+RTS (15). Both whole

worms and isolated embryos were freeze-substituted over 2 days at -90°C in

anhydrous acetone containing 1% OsO4 and 0.1% uranyl acetate (EM AFS, Leica).

Specimens were subsequently infiltrated and thin-layer embedded in Epon/Araldite.

Serial semi-thick sections (300-400 nm) were cut using a Leica Ultracut UCT

Microtome. Sections were collected on Formvar-coated copper slot grids and

poststained with 2% uranyl acetate in 70% methanol followed by Reynold’s lead

citrate.

Intermediate-voltage electron tomography

For electron tomography, 15-nm colloidal gold particles (Sigma-Aldrich) were

attached to both surfaces of the semi-thick sections to serve as fiducial markers for

subsequent image alignment. The specimens were placed in a tilt-rotate specimen

holder (Gatan, Pleasanton, CA) and tomographic data sets recorded using a TECNAI
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F30 intermediate-voltage electron microscope (FEI, The Netherlands) operated at 300

kV. Images were captured every 1° over a ± 60° range using a Gatan 2K $ 2K CCD

camera at a pixel size of 1 nm. For the collection of double tilt data sets the grids were

then rotated 90°, and a similar tilt series was acquired. For image processing, images

were transferred to a Dell Linux workstation, and the tilted views were aligned using

the positions of the colloidal gold particles as fiducial points. Tomograms were

computed for each tilt axis using the R-weighted back-projection algorithm (16). For

double tilt data sets, the two tomograms were aligned to each other and combined

(17). Tomograms were displayed and analyzed using the IMOD software package

(18). This program allows the operator to step through serial slices extracted from the

tomogram and to track or model objects of interest in 3-D. The ratio of the section

thickness, as defined by the microtome’s setting to the section’s thickness measured

after microscopy, was used to calculate a “thinning factor”, which was then applied to

correct the tomogram’s dimension along the beam axis (13). The lengths of

microtubules were then extracted from the model contour data using a companion

program, IMODINFO.

Modeling and analysis of tomographic data

Using the IMOD software package (18), features, like chromosomes, spindle

microtubules, and centrioles were modeled in the serial, tomographic slices. An

“image slicer” window in IMOD was used to display a slice extracted from the 3-D

volume in any position or orientation, a tool useful for unambiguous tracking of

microtubules (13). Structural defects of spindle microtubules were analyzed by

extracting a slice of image data 1-voxel thick and adjusting its orientation to contain

the axis of the microtubule in a single view (13). A projection of the model was

displayed and rotated to study its 3-D geometry. For this display in 3-D, microtubules

were shown as tubular graphic objects.
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4 DISCUSSION AND PERSPECTIVES

The following aspects will be discussed in this section: (i) the methodological aspects

of the described techniques for electron microscopy, (ii) the implications of distinct

morphologies of microtubule minus ends for mitotic spindle assembly, and (iii) the

mechanisms of acentrosomal spindle formation and the specific role of C. elegans

katanin in this process. This discussion will talk about those aspects that have not

been discussed in detail in the original publications and suggest further experiments

which might help to answer some of the open questions of spindle assembly.

4.1 Application of electron microscopy to study C. elegans ultrastructure

C. elegans is an organism that is considered to be difficult to fix. Strikingly, this

nematode worm is able to survive up to 7 h in a solution containing 10%

glutaraldehyde (Shepard and Clark, 1976). The C. elegans embryo is even more

difficult to fix (Müller-Reichert et al. 2003). Here, three different methods were

applied to prepare C. elegans for electron microscopy. The relevance of each method

is briefly discussed below.

To stop the developing C. elegans embryo at specific stages of early mitosis, laser-

induced chemical fixation has been applied to investigate the role of SAS-4 (Kirkham

et al., 2003), SAS-5 and SAS-6 (Dammermann et al., 2004), and SPD-2 (Pelletier et

al., 2004b) in centriole duplication. In addition, this technique has been applied to

determine the time point of centriole duplication during the first embryonic cell

division (data not shown). In general, laser-induced chemical fixation achieves a rapid

cessation of the embryonic development and permits a staging of the embryo prior to

conventional electron microscopy (Priess and Hirsh, 1986). The major disadvantage

of this method, however, is its poor rate of fixation and its insufficient structural

preservation of the early embryo; both these issues must be solved for a valuable,

high-resolution, 3-D study (for a general discussion on the disadvantages of chemical

fixation on cellular fine structure, the reader is referred to Murk et al., 2003).
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To achieve excellent ultrastructural preservation, high-pressure freezing has, in the

past, been applied to cryoimmobilize the fine structure of the C. elegans embryo for

both thin-section electron microscopy (Rappleye et al., 1999) and electron

tomography (Müller-Reichert et al., 2003). Whole worms have been placed in sample

holders for freezing, which can produce a thin layer of embedded nematodes. High-

pressure frozen embryos at the desired stages can be identified in serial sections of

these longitudinally oriented worms for tomographic analysis. Such prepared samples

revealed both open and closed morphologies of centrosome-associated microtubule

ends (O’Toole et al., 2003b). However, a disadvantage of this procedure is that whole

worms contain populations of embryos at many phases of development, so the stage

of mitosis had to be determined later.

A correlative light and electron microscopy (LM/EM) approach has been developed

which allows one to combine fixation of selected and staged embryos and high-

pressure freezing (Müller-Reichert et al., 2006). Correlative approaches in

microscopy are used to obtain complementary information about a given system

(Rieder and Cassels, 1999). For example, light microscopy in combination with GFP-

tagging, on the one hand, offers the advantage of studying centrosome dynamics in

living systems, but with obvious limitations in the obtained resolution. Electron

microscopy, on the other hand, delivers high-resolution “snapshot” images of

centrosomes, purified (Chrétien et al., 1997), in vitro (Schnackenberg et al., 1998), or

in vivo (O’Toole et al., 2003b), but the yield of information about the dynamics of the

process under study is restricted. Based only on “snapshot” images, it is not always

possible to unambiguously reconstruct a complex process like the assembly of a

cellular structure. The correlative approach described here has been developed to

observe spindle dynamics by live-cell imaging and stop the observed process

immediately at a specific stage of development by rapid cryofixation, allowing high-

resolution analysis by electron tomography.

A prerequisite for this correlative LM/EM technique is that the time between staging

by LM and fixation for EM is as short as possible. The ‘standard’ loading procedure

for high-pressure freezing (i.e. when using the Leica EMPACT high-pressure freezer)

involves loading of the capillary tube into the sample holder, manually closing the
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sample holder after insertion into the ‘pod’, insertion of the sample holder into the

high-pressure freezer, and starting the freezing process (Verkade, 2006). To minimize

the time required for specimen loading, the use of the newly developed RTS

associated with the EMPACT2 high-pressure freezer (Leica) is advantageous

(McDonald et al., 2006; Verkade, 2006). When the rapid loader is used for automatic

insertion of the sample holder into the pre-loaded pod, the RTS reduces the time

between observation and freezing to about 5 seconds. Moreover, the automatic

closure of the pod allows standardization of the loading/freezing procedure, thereby

contributing to the high reproducibility of the method. It should be noted here that

freezing of the isolated embryos is by no means restricted to the EMPACT2+RTS.

The question, however, is, whether very fast loading times can be achieved with the

other commercially available high-pressure freezers. In summary, the freezing method

described here gives excellent and reproducible results for isolated and staged early C.

elegans embryos. In this study, correlative LM/EM has been applied for the analysis

of ectopic katanin in wild-type and mutant mitotic embryos (section 3.4). In addition,

this method is currently used for a detailed tomography study of intermediate

products of centriole assembly (see below).

4.2 Role of SAS-4 in centriole assembly

The embryonic centrioles in C. elegans possess a rather simple morphology and the

process of their assembly is largely unknown. These centrioles are composed of nine

singlet microtubules surrounding a central tube (Wolf et al., 1978; Albertson, 1984;

Kirkham et al., 2003). Several lines of evidence suggest that SAS-4 is a structural

component of this ‘simple’ centriole (Kirkham et al., 2003). (1) SAS-4 appears to be

associated with the centriole throughout the cell cycle. (2) Immuno-electron

microscopy has shown a ring-like pattern of gold staining on centrioles imaged in

cross-section. (3) Centrioles of sas-4(RNAi) embryos in thin section EM images

appear to be defective in the assembly of the centriole microtubules. How could the

study of SAS-4 function in C. elegans contribute to a deeper understanding of

centriole formation? High-pressure freezing and electron microscopy has shown that

centrioles in partially depleted two-cell sas-4(RNAi) embryos show an apparent

difference in the size (Fig. 6D in Kirkham et al., 2003). The structurally defective
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centrioles of the small poles are obviously composed of the central tube only. This

suggests that assembly of the C. elegans centriole is initiated from the central tube

onto which nine singlet microtubules are attached. To decipher this assembly process,

it will be important to analyze centriole structure in asymmetric metaphase spindles of

partially depleted two-cell sas-4(RNAi) embryos by electron tomography. It is very

likely that intermediate centrioles indeed fail to assemble the full number of nine

singlet microtubules. Such a tomographic analysis of sas-4(RNAi) intermediate

phenotypes is currently under investigation and here it is important to apply the newly

developed correlative LM/EM approach for the analysis of staged embryos.

4.3 Closed microtubule minus ends in the mitotic centrosome

Electron tomography has revealed closed and open microtubule ends in the mitotic

centrosome of C. elegans. Are closed (capped) minus end more stable and open

(flared) ends more dynamic? In this section, the implications of minus end capping

are discussed. The origin and function of the open minus ends will be discussed in the

next section (4.4).

Closed microtubule ends in the mitotic centrosome of C. elegans are pointed (or cone-

shaped). This “pointed” morphology is likely due to #-tubulin in a complex with other

proteins, as indicated by cone-shaped structures at closed minus ends of microtubules

nucleated from #-tubulin in vitro (Keating and Borisy, 2000; Moritz et al., 2000;

Wiese and Zheng, 2000).  Closed, cone-shaped structures have also been observed at

the minus ends of microtubules nucleated from isolated spindle pole bodies of

budding yeast (Byers et al., 1978; Rout and Kilmartin, 1990; Bullitt et al., 1997) and

centrosomes from Drosophila cells (Moritz et al., 1995a).  In addition, capped minus-

end structures were observed in situ in budding yeast (O’Toole et al., 1999; Yoder et

al., 2005). The crucial experiment, however, to assess minus end morphology in vivo

after depletion of #-tubulin has not been performed so far. Is #-tubulin required for the

formation of capped microtubule minus ends? It would be interesting to directly

visualize the distribution and structure of microtubule minus ends in isolated and

staged tbg-1(RNAi) embryos (see section 2.3). Upon #-tubulin depletion, one would
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expect that most of the capped minus-end structures would disappear. In other words,

minus-end morphology should significantly shift from closed (wild-type) to open (#-

tubulin-depletion). This would provide direct evidence for the hypothesis that closure

of microtubule minus ends by a pointed cap most likely represents #-TuRC-mediated

blocking of minus end polymerization and depolymerization.

The situation, however, might be more complicated. Although the kinetically

dominant assembly pathway for centrosomal asters in C. elegans  is #-tubulin

dependent, other mechanisms that nucleate microtubules obviously exist (Hannak et

al., 2002). Therefore, the possibility can’t be excluded that closed microtubule minus

ends are still present in #-tubulin-depleted embryos. In this case, where alternative

nucleating mechanisms lead to the presence of capped ends, one key might be to look

at severely versus moderately affected tbg-1(RNAi) embryos (Strome et al., 2001).

Interestingly, #-tubulin depletion does not prevent the nucleation of astral

microtubules. Using light microscopic resolution, however, severe RNAi embryos

display a collapsed diastral array of microtubules with little or no evidence of

kinetochore or interpolar microtubules. In contrast, moderate RNAi embryos show

bipolar but stunted spindles with disorganized microtubules between the poles. At

higher resolution it appears plausible to analyze the minus end morphologies of a

microtubule subpopulation only, i.e. those microtubules positioned between the

centrosomal asters. Again, such experiments can be performed using the described

correlative approach (section 2.3). Under severe conditions it is expected that those

microtubules display open minus ends exclusively. In any case, such experiments

would provide useful structural information about #-tubulin-dependent and –indepen-

dent nucleating mechanisms.

Another interesting aspect is that #-tubulin can interact with "-tubulin (Leguy et al.,

2000), the exposed subunit of the tubulin heterodimer at microtubule plus ends

(Nogales et al., 1999). Depletion of #-tubulin might also affect microtubule plus end

dynamics and structure. Interestingly, a failure of appropriate kinetochore attachments

has been attributed to an increase in microtubule stability (Paluh et al., 2000). When
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assessing minus end morphology in tbg-1(RNAi) embryos, it would, therefore, also be

interesting to analyze plus end morphology, preferably of kinetochore microtubules.

In summary, depletion of #-tubulin will likely provide an explanation for the

morphological difference of closed versus open microtubule minus ends, but will not

address the issue of how the open ends arise preferentially on kinetochore

microtubules during spindle assembly. This issue will be discussed in the next

section.

4.4 Functional importance of open microtubule minus ends

Open minus ends in the mitotic centrosome of C. elegans are preferentially associated

with kinetochore microtubules (O’Toole et al., 2003b). In addition, a drastic

shortening of the kinetochore microtubules was observed in collapsed tpxl-1(RNAi)

embryos (Özlü et al., 2005). Compared to wild-type spindles, these microtubules

exhibited more open minus ends near the chromosome (unpublished observations).

What is the functional significance of open microtubule minus ends? The open

morphology could be a consequence of microtubule-kinetochore attachment on

chromatin, and possibly the pulling forces that later ensue. Alternatively, the open

ends may arise by a mechanism at the centrosome that is independent of the

kinetochore attachment. The possible involvement of key components in the

generation of these open minus ends is discussed below.

4.4.1 Factors that could contribute to open minus ends, dependent on

kinetochore-microtubule attachment

Do open minus ends form in the absence of functional kinetochores? During spindle

assembly, microtubules grow towards chromatin, make contact with kinetochores,

and are selectively stabilized. Pulling forces on the centrosomes provide the

mechanism by which sister chromatids segregate via their attachment to these

kinetochore microtubules. The open-end morphology observed on kinetochore

microtubules could be a consequence of the microtubules-kinetochore attachment.

This could be tested directly by removing kinetochore function with CENP-C(RNAi).
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As reported previously, CENP-C(RNAi)  results in a kinetochore-null phenotype

(Oegema et al., 2001). Depletion of CENP-C could, therefore, result in a loss of open

end morphology during early spindle assembly, because the kinetochore microtubules

are no longer attached to chromosomes. A reduction or loss of open minus ends

would suggest a role for kinetochore attachment in the generation of the open ends,

but would not rule out a causal role for pulling forces by kinetochore microtubules.

Do pulling forces acting on the spindle contribute to the formation of open ends? One

possible explanation for the open microtubule ends is that forces exerted on

kinetochore microtubules during spindle assembly pull microtubules away from the

centrosome. gpr-1/2(RNAi) results in a severe reduction in astral pulling force on the

spindle (Afshar et al., 2004; Grill et al., 2003). Using gpr-1/2(RNAi) the contribution

of astral forces to the creation of open microtubule ends could be tested. In addition,

mutations in the zyg-1 gene result in failed centriole duplication and lead to the

formation of a monopolar spindle (O’Connell et al., 2001). This mutation could also

be used to test for the contribution of pulling forces in the generation of open

microtubule minus ends. In addition, this assay would independently test whether a

bipolar spindle is required for the open microtubule ends. If pulling forces would be

required to generate the open ends, this would provide a novel explanation to account

for the diversity of microtubule end morphologies observed during spindle assembly.

4.4.2 Factors that could contribute to open minus ends, independent of

kinetochore-microtubule attachment

Is the microtubule depolymerizing kinesin KLP-7 involved in the generation of open

ends? KLP-7 is a member of the kinesin-13 family, which is implicated in

depolymerization of microtubules. Other members of this kinesin family have been

shown to exhibit depolymerizing activity at both plus and minus ends of microtubules

(Desai et al., 1999). Therefore, it is possible that the microtubule ends in the C.

elegans centrosome are potential targets of KLP-7 and that KLP-7 contributes to the

open-end morphology by destabilizing the minus ends. It could be hypothesized that

the minus ends are normally protected from the KLP-7 depolymerizing activity, for

instance #-tubulin may provide a protective role (section 4.3). The open ends observed
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in wild-type embryos might represent unstable microtubule ends that are attacked by

the depolymerizing activity of KLP-7. klp-7(RNAi) could be used to directly test

whether KLP-7 is involved in the creation of these open ends. Importantly, klp-

7(RNAi) embryos assemble a spindle and undergo chromosome segregation during

anaphase, although the chromosomes segregate at a higher velocity than in wild type.

Interestingly, the centrosomes snap apart in anaphase, but chromosomes still

segregate with high fidelity. Contrary to the #-tubulin experiments, klp-7(RNAi)

should result in less open ends. If no open ends would be observed in association with

kinetochore microtubules, this would suggest a role for KLP-7 in the creation of the

open ends, and further suggest that open ends are not required for spindle assembly,

but possibly play a role during anaphase.

Does Ran play a role in the asymmetric distribution of open ends towards the

chromatin? The small GTPase Ran is required for spindle assembly in all systems

studied, although the molecular mechanisms of its action remain obscure (reviewed in

Gruss and Vernos, 2004). In Xenopus egg extracts, Ran is required for chromatin-

mediated microtubule stabilization. In C. elegans, Ran is not required for chromatin-

mediated spindle assembly (Askjaer et al., 2002; Bamba et al., 2002), but it is

required for a microtubule outgrowth bias towards chromosomes during early spindle

formation (Srayko et al., 2005). It is possible that the open-end morphology is related

to this phenomenon; there may be a link between the turnover of microtubules

emanating from the centrosome and the frequency of microtubule open ends near the

centrosome. If fewer open ends are observed in ran-1(RNAi) embryos, it would

suggest that Ran influences the dynamics and morphology of the minus end,

providing a potentially novel explanation for the distribution of open ends during

spindle assembly and a novel role for Ran at the minus ends of microtubules.

However, kinetochore attachment of microtubules is also defective in ran-1(RNAi), so

any conclusions from of the Ran experiments would be weighed against the results

from experiments on the role of kinetochore attachment (see above).

In the future, it will be important to further combine RNAi technology and electron

tomography of staged early embryos to test these different hypotheses for open
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microtubule minus-end origin and function. Importantly, the early C. elegans embryo

allows to do so in a systematic manner.

4.5 Spindle assembly in an acentrosomal context

As in other animal systems the female meiotic spindle forms in the absence of

centrosomes (Sawada & Schatten, 1988; Theurkauf and Hawley, 1992; Gard, 1992;

Albertson and Thomson, 1993). Using chromatin-based pathways, microtubules are

initially formed around the meiotic chromatin (Tournebize et al., 1997).

Subsequently, the microtubules are organized from the ‘inside-out’, most likely by

plus-end directed motor proteins, implicated in pushing microtubule minus ends away

from chromatin (Afshar et al., 1995; Vernos et al., 1995; Wang and Adler, 1995;

Walczak et al., 1998). The resulting radially-symmetric microtubule array is then

focused into two opposing poles, likely by minus end-directed motors with

microtubule tethering properties (Matthies et al., 1996; Walczak et al., 1998).

Importantly, the mechanisms of this acentrosomal spindle assembly and the proteins

involved in this process are largely unknown. To date, the katanin complex MEI-

1/MEI-2 is the only known meiosis-specific factor in C. elegans (Srayko et al., 2000).

How does C. elegans katanin contribute to spindle organization?

Electron tomography has revealed fragmentation of microtubules and perforation of

the polymer lattice in wild-type meiotic spindles. These structural defects on

microtubules were not observed in the mei-1(null) embryo, indicating a role for

katanin in their creation.  Lateral defects likely represent intermediate states of

complete severing.  These data support a mechanism of katanin severing that involves

an early stage of microtubule lattice perforation during meiotic spindle formation.

Breaks in the microtubule lattice could be stress-related because the meiotic spindle in

C. elegans is barrel-shaped and the curvature of its microtubules is suggestive of

internal tension (Albertson and Thomson, 1982).  However, most of the microtubules

having these defects did not exhibit kinking or excessive bending, rather, the

microtubules were relatively straight regardless of the extent of damage to their

lattice.

75



Localization data, based on indirect immunofluorescence of MEI-1-specific

antibodies and in vivo GFP-MEI-1, suggest that katanin is most concentrated at

chromatin and to a lesser degree at the poles (Clark-Maguire and Mains 1994a; Clark-

Maguire and Mains 1994b; Srayko et al., 2000).  The results presented here indicate

that katanin activity is not restricted to these zones, rather katanin severing is evident

throughout the spindle.  Possibly MEI-1/katanin is loaded onto microtubules at

chromatin but severs the microtubules some distance away from chromatin.  In vitro

experiments and computer modeling have suggested that katanin targets relatively

rare defects in the lattice that might arise from changes in protofilament number

(Davis et al., 2002).  Although such protofilament variability cannot directly be

observed by electron tomography, this in vitro finding raises the possibility that

katanin severing activity may not necessarily correlate with its distribution pattern or

concentration.

Female meiotic spindles lack centrosomes, the primary sites of microtubule

nucleation in mitosis.  During meiosis, microtubules initially appear around chromatin

after oocyte nuclear envelope break-down and throughout the cytoplasm in early

meiotic embryos (Yang et al., 2003).  In spd-2 or spd-5 mutant embryos, microtubule

nucleation from centrosomes is drastically reduced (Hamill et al., 2002;

Dammermann et al., 2004; Srayko et al., 2005).  After nuclear envelope break-down,

microtubules will also form around mitotic chromatin, however, the amount observed

around chromatin is significantly lower than the amount generated by wild-type

centrosomes (Hamill et al., 2002; Dammermann et al., 2004; Srayko et al., 2005),

suggesting that microtubule nucleation by chromatin is relatively inefficient in

C. elegans.  Importantly, in meiosis mei-1(null) embryos have fewer microtubules

directly associated with chromatin than the wild-type embryos.  Assuming that

katanin does not have a direct role in nucleation, this result suggests that the

nucleating capacity of chromatin during meiosis is also relatively inefficient

compared to centrosomes.

In conclusion, the presented data suggest that the major consequence of meiosis-

specific katanin activity in C. elegans is the conversion of long polymers into two or

more smaller polymers, thus increasing the total number of microtubules in the
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meiotic spindle.  An alternative method to shorten microtubules is to alter microtubule

end dynamics, for instance, to increase depolymerization and/or decrease growth rate

(Mitchison and Kirschner, 1984).  This end-wise mechanism, however, would not be

expected to change the number of polymers in the system.  In order to account for

increased polymer accumulation during spindle assembly, severed microtubules might

not immediately depolymerize after severing; specific microtubule stabilizing factors

could be involved in preventing depolymerization of the newly-exposed microtubule

ends.
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Centriole Assembly Requires Both Centriolar
and Pericentriolar Material Proteins

array of stabilized microtubules (singlet, doublet, or trip-
let, depending on organism and tissue). New centrioles
usually form adjacent to pre-existing centrioles, which

Alexander Dammermann,1,*
Thomas Müller-Reichert,2 Laurence Pelletier,2

Bianca Habermann,3 Arshad Desai,1

are thought to template their assembly (reviewed in De-and Karen Oegema1,*
lattre and Gonczy, 2004). Electron microscopy has de-1Ludwig Institute for Cancer Research
fined a morphological pathway for centriole assemblyDepartment of Cellular and Molecular Medicine
(Anderson and Brenner, 1971, and references therein).University of California, San Diego
First, a disc of fibrous material forms adjacent to the9500 Gilman Drive
proximal end of the parental centriole. Next, a “cart-La Jolla, California 92093
wheel,” consisting of a set of 9-fold symmetric spokes2 Max Planck Institute for Molecular Cell Biology
connected to a central axis, appears within this material.and Genetics (MPI-CBG)
Centriolar microtubules assemble at the tips of each ofPfotenhauerstrasse 108
the cartwheel spokes, and the structure elongates to01307 Dresden
form the mature centriole. In dividing cells, parental cen-Germany
trioles template the formation of 1 centriole per cell3 Scionics Computer Innovation
cycle. However, in ciliated tissues, up to 8 centriolesPfotenhauerstrasse 110
can form simultaneously, generally in a radial array01307 Dresden
around the base of the parent centriole. New centriolesGermany
can also form in association with other structures, nota-
bly the deuterosome during ciliogenesis in vertebrates
(Anderson and Brenner, 1971) and the blepharoplast

Summary during spermatogenesis in ferns (Mizukami and Gall,
1966).

Centrioles organize pericentriolar material to form In the context of the centrosome, centrioles recruit
centrosomes and also template the formation of cilia. pericentriolar material (PCM) to form a focal body (Bo-
Despite the importance of centrioles in dividing and binnec et al., 1998) that nucleates and anchors microtu-
differentiated cells, their assembly remains poorly un- bules. Centrioles therefore determine centrosome num-
derstood at a molecular level. Here, we develop a fluo- ber (Mazia et al., 1960; Sluder and Rieder, 1985), and
rescence microscopy-based assay for centriole assem- assembly of new centrioles is a prerequisite for centro-
bly in the 1-cell stage C. elegans embryo. We use this some duplication (Delattre et al., 2004). Studies of ex-
assay to characterize SAS-6, a centriolar protein that tracted centrosomes indicate that centrioles are tightly
we identified based on its requirement for centrosome associated with a fibrous matrix that directs the recruit-
duplication. We show that SAS-6, a member of a con- ment of other PCM components including the microtu-
served metazoan protein family, is specifically re- bule nucleator !-tubulin (Moritz et al., 1998; Schnac-
quired for new centriole assembly, a result we confirm kenberg et al., 1998). In addition to its role in nucleating
by electron microscopy. We further use the centriole and organizing microtubules, pericentriolar material
assembly assay to examine the roles of three pericen- may also play a role in centriole assembly. When centro-
triolar material proteins: SPD-5, the kinase aurora-A, somes are destroyed by laser ablation in vertebrate so-
and !-tubulin. Our results suggest that the pericentrio- matic cells, foci of pericentriolar material reform first,
lar material promotes daughter centriole formation by and new centrioles subsequently assemble de novo
concentrating !-tubulin around the parent centriole. within these foci (Khodjakov et al., 2002). Although this

topic has received less attention, PCM proteins mayThus, both centriolar and pericentriolar material pro-
also be involved in centriole assembly during ciliogen-teins contribute to centriole assembly.
esis (Kubo et al., 1999).

The identification of proteins required for centriole
Introduction assembly has been hindered by their essential role in

cell division and their small size, which has necessitated
Centrioles are eukaryotic organelles that have two diver- the use of serial-section EM to confidently score centri-
gent functions: (1) they organize centrosomes, cellular ole number. Nevertheless, a number of proteins have
organelles that nucleate and anchor microtubules been identified that directly function in centriole assem-
(Bornens, 2002; Rieder et al., 2001); and (2) they template bly. These include centrin-2 in vertebrates (Salisbury et
the formation of cilia, microtubule-based projections al., 2002); SAS-4 (Kirkham et al., 2003; Leidel and Gon-
that perform a variety of motile and sensory functions czy, 2003), SPD-2 (Kemp et al., 2004; Pelletier et al.,
(Snell et al., 2004). 2004), and the kinase ZYG-1 (O’Connell et al., 2001) in

Centrioles are cylindrical structures, !100–200 nm in C. elegans; and Bld10p in Chylamydomonas (Matsuura
diameter and !100–400 nm in length (Marshall, 2001; et al., 2004). In organisms whose centrioles have doublet
Preble et al., 2000), composed of a 9-fold symmetric or triplet microtubules, "- and #-tubulin are also required

for centriole assembly (reviewed in Dutcher, 2003). The
PCM protein !-tubulin has also been implicated in basal*Correspondence: adammermann@ucsd.edu (A.D.), koegema@ucsd.

edu (K.O.) body assembly based on studies in Paramecium and
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Tetrahymena (Ruiz et al., 1999; Shang et al., 2002). How- immunofluorescence with antibodies to GFP (to detect
newly formed centrioles) and SAS-4 (to detect all centri-ever, the essential functions of !-tubulin in cell growth
oles, both new and sperm derived). Since C. elegans is aand division have complicated analysis of its role in
hermaphrodite, false positives in this assay could resultcentriole assembly.
from self-fertilization with GFP-containing sperm. ToThe C. elegans embryo is well suited for studies of
avoid this problem, we constructed a strain expressingcentriole function. RNA-mediated interference (RNAi)
GFP:SAS-4 that also carries a temperature-sensitivecan be used to generate oocytes containing cyto-
mutation in fem-1, a gene required for sperm productionplasm $95% depleted of a targeted gene product inde-
(Nelson et al., 1978). Thus, all embryos produced bypendent of intrinsic protein turnover (Montgomery and
hermaphrodites raised at the nonpermissive temper-Fire, 1998). Fertilization introduces a single centriole
ature are derived from fertilization of GFP:SAS-4-pair, whose capacity to duplicate and recruit pericentrio-
expressing oocytes with wild-type unlabeled sperm.lar material in the depleted cytoplasm can be assayed.

We first used this assay to examine the timing of newThe ease of RNAi combined with the sequenced genome
centriole assembly in the C. elegans embryo (Figureshas prompted genome-wide screens (Grant and Wilkin-
1B and 1C). Foci of GFP:SAS-4 first became detectableson, 2003) that have identified !1600 genes required
concomitant with the onset of chromosome condensa-for embryonic viability, which would include proteins
tion during the first mitotic division (Figure 1B). Classify-required for centriole assembly. These screens, as well
ing embryos into early, middle, and late prophase basedas forward genetics and characterization of homologs
on their DNA morphology (see Supplemental Figure S1of proteins identified in other systems, are rapidly gener-
at http://www.developmentalcell.com/cgi/content/full/ating a catalog of proteins required for centriole and
7/6/815/DC1/) revealed that both the number of centri-pericentriolar material function.
oles with a detectable GFP signal (Figure 1C) and theTo study centriole duplication in C. elegans, we devel-
intensity of the signal (Figure 1B) gradually increasedoped a fluorescence microscopy assay for centriole as-
concurrent with chromosome condensation during pro-sembly based on incorporation of a GFP fusion with the
phase. During this time interval, centrosomes also ma-centriolar structural protein SAS-4. Using this assay, we
ture in preparation for mitosis, with both the amount ofshow that SAS-6, a member of a conserved family of centri-
PCM surrounding the centrioles and the number of centro-olar proteins, is specifically required for centriole assembly.
somally organized microtubules increasing !5-fold (Han-We further use our assay to examine the role of the peri-
nak et al., 2001). By late prophase, when the chromo-centriolar material in this process. Our results suggest that
somes were fully condensed, clear foci of GFP:SAS-4the pericentriolar material promotes centriole assembly
were associated with both sperm centrioles in all em-by providing a localized source of !-tubulin. Thus, both
bryos examined (Figures 1B and 1C). In anaphase/telo-centriole components and pericentriolar material con-
phase, when the accumulated mitotic PCM dispersestribute to centriole assembly.
and the paired centrioles separate in preparation for
another round of duplication, GFP:SAS-4 is clearly visi-Results
ble associated with the newly formed centriole at each
spindle pole, while the other, sperm-derived centrioleDevelopment of a Fluorescence-Based Assay remains unlabeled, confirming that centriolar SAS-4

for Centriole Assembly does not exchange with the cytoplasmic pool (Figure
During C. elegans fertilization, the sperm brings a pair 1B). Thus, this assay allows us to use fluorescence mi-
of centrioles into the oocyte, which lacks centrioles. The croscopy to monitor the assembly and fate of new cen-
sperm-derived centrioles separate and a new “daugh- trioles that form in the oocyte cytoplasm. Our analysis
ter” centriole forms adjacent to each of them, so that indicates that centriole assembly occurs concurrent
by metaphase each spindle pole has a centrosome con- with chromosome condensation and centrosome matu-
taining two full-length centrioles (Kirkham et al., 2003). ration, during the last 12 min of the !40 min period be-
Newly formed daughters remain closely associated with tween fertilization and metaphase of the first mitotic di-
their parent and individual centrioles cannot be resolved vision.
by light microscopy until the centriole pair separates
in late anaphase/telophase. Therefore, to specifically Identification of Two Proteins Required
monitor the assembly of new centrioles, we used mating for Centrosome Duplication
to introduce unlabeled sperm centrioles into oocytes Previous work identified two C. elegans proteins specifi-
expressing a GFP fusion with the centriolar structural cally required for centrosome duplication, SAS-4 and the
component, SAS-4 (Figure 1A). Like %/&-tubulin (Ko- kinase ZYG-1 (Kirkham et al., 2003; Leidel and Gonczy,
chanski and Borisy, 1990), SAS-4 is incorporated into 2003; O’Connell et al., 2001). Depletion of either protein
centrioles during their assembly and does not subse- results in an apparently normal first division followed by
quently exchange with the cytoplasmic pool (Kirkham assembly of monopolar spindles in both daughter cells
et al., 2003; Leidel and Gonczy, 2003). Furthermore, during the second division. In a differential interference
SAS-4 is required for formation of the centriolar cylinder, contrast (DIC) microscopy-based RNAi screen for genes
and the amount of centriolar SAS-4 is proportional to required for cell division, we identified two additional
at least one measure of centriole function (the amount genes, F35B12.5 and Y45F10D.9, whose inhibition re-
of PCM that a centriole can recruit; Kirkham et al., 2003), sults in spindle assembly defects first apparent during
suggesting that GFP:SAS-4 incorporation provides a re- the second division. By analogy with sas-4, these genes
liable readout for the extent of centriole assembly. New were named sas-5 and sas-6, respectively (reflecting

their role in bipolar spindle assembly).centriole assembly was assayed in fixed embryos by
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Figure 1. A Fluorescence Assay for Centriole Assembly

(A) Feminized hermaphrodites expressing a GFP fusion with the centriolar structural protein SAS-4 are mated with wild-type males. Fertilization
introduces a pair of unlabeled centrioles (gray) into an oocyte containing GFP:SAS-4. Sperm centrioles separate, and assembly of new GFP-
containing centrioles (green) adjacent to each of the sperm centrioles is scored. To test if specific proteins are required for centriole assembly,
hermaphrodites are injected with dsRNA prior to mating to generate oocytes expressing GFP:SAS-4 that are depleted of the targeted protein.
(B) Centrioles assemble during prophase of the first mitotic division. Embryos resulting from mating feminized hermaphrodites expressing
GFP:SAS-4 to wild-type males were fixed and stained for DNA, microtubules, SAS-4, and GFP. Schematics illustrate the progression of new
centriole assembly suggested by incorporation of GFP:SAS-4. Scale bar equals 10 'm. Insets are magnified 3.5(.
(C) The number of new centrioles (foci staining for both SAS-4 and GFP) was quantified in embryos of the indicated cell cycle states.
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Figure 2. SAS-6 Is Specifically Required for Centriole Assembly

(A) Stills from time-lapse sequences of wild-type and sas-6(RNAi) embryos expressing GFP:histone and GFP:!-tubulin (see also Supplemental
Movies S1–S6). Times are minutes after nuclear envelope breakdown. Scale bar equals 10 'm.
(B) The centrosome duplication failure previously described for ZYG-1 and SAS-4-depleted embryos results from a failure of new centriole
assembly (Kirkham et al., 2003; O’Connell et al., 2001).
(C) Results of centriole assembly assays performed on embryos depleted of SAS-6 or ZYG-1. Embryos were fixed and stained for DNA and
microtubules (left), total SAS-4 (middle), and GFP:SAS-4 (right). Total SAS-4 and GFP:SAS-4 panels are higher magnification views of the
indicated regions. Scale bars equal 10 and 1 'm, respectively.
(D) Correlative DIC/transmission EM confirms that each spindle pole in sas-6(RNAi) embryos contains only a single centriole (n ) 5). Overview
image illustrates the mitotic state of the chromatin. The position of a single centriole present in this section is indicated by an arrow. Insets
are higher magnification views taken from sections containing the single centriole found at each spindle pole. Scale bars equal 2.5 'm and
100 nm, respectively.

To further analyze SAS-5 and SAS-6, we used RNAi during mitotic entry and monopolar spindles were
to deplete them in embryos coexpressing GFP:!-tubulin formed. Depletion of either SAS-5 or SAS-6 therefore
and GFP:histone to simultaneously monitor centro- results in a specific defect in centrosome duplication
somes and chromosomes (Figure 2A; Supplemental Fig- identical to that observed in embryos depleted of ZYG-1
ure S2A and Supplemental Movies S1–S3). In all sas-5 or SAS-4. SAS-5 was independently discovered in a
and sas-6(RNAi) embryos filmed (n ) 6 for each), bipolar mutational screen, and a characterization of this protein
spindles with levels of centrosomal !-tubulin fluores- was recently published (Delattre et al., 2004). In Supple-
cence similar to wild-type formed during the first mitotic mental Figure S2 we present our analysis of this protein,
division. However, during the second division, monopo- which confirms and extends this prior study. Here, we
lar spindles with only a single focus of !-tubulin fluores- focus on the previously uncharacterized SAS-6.
cence were observed in each daughter cell. We also
analyzed depleted embryos coexpressing GFP:histone

SAS-6 Is Specifically Requiredand GFP:&-tubulin to examine the microtubule cytoskel-
for Centriole Assemblyeton (Supplemental Movies S4–S6). Spindle assembly
Serial-section transmission EM of sas-4(RNAi) and zyg-1appeared identical to wild-type during the first mitotic
mutant embryos has shown that their centrosome dupli-division in both sas-5 and sas-6(RNAi) embryos. How-
cation defects result from a failure of centriole assemblyever, as the embryos entered their second division, each
(Kirkham et al., 2003; O’Connell et al., 2001). During thedaughter cell assembled only a single centrosomal mi-

crotubule aster. These asters increased normally in size apparently normal first division in these embryos, each
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pole is organized by a centrosome containing a single localizes to centrioles, we performed immuno-EM on
embryos from wild-type hermaphrodites prepared bysperm-derived centriole instead of the normal centriole

pair (Figure 2B). Since each daughter cell inherits only high-pressure freezing/freeze substitution. In sections
containing centrioles, gold particles were observed as-one centriole, only one centrosome can form, resulting

in monopolar spindles in the second mitotic division. sociated with the centriolar cylinders (Figure 3C). We
also performed immuno-EM for SAS-5 and found thatThe phenotype in sas-6(RNAi) embryos could result from

a similar failure of centriole assembly. However, other it too localizes to the centriolar cylinders (Supplemental
Figure S2D). The combination of light microscopy anddefects could also give rise to this phenotype. For exam-

ple, new centrioles may assemble and separate from EM analysis indicates that SAS-6, like SAS-4 and SAS-5,
is a bona fide centriolar protein.the sperm-derived centrioles normally but fail to recruit

pericentriolar material to organize a new centrosome. Centriole assembly occurs primarily in prophase (Fig-
ure 1C), but ZYG-1, which is required for centriole as-Alternatively, centriole separation may be defective, so

that the sperm-derived and newly assembled centrioles sembly, was previously reported to localize to centrioles
only transiently between metaphase and telophaseremain together, forming a single centrosome during the

second mitotic division. (O’Connell et al., 2001). To resolve this apparent contra-
diction, we re-examined ZYG-1 localization. Using ourTo distinguish between these possibilities, we used

our fluorescence centriole assembly assay. Double- antibodies, we could detect ZYG-1 staining at centrioles
throughout the cell cycle (Figure 3A). This localizationstranded RNA (dsRNA) was injected into feminized her-

maphrodites prior to mating (Figure 1A) to generate oo- was observed with two different antibodies as well as
in a transgenic line expressing GFP:ZYG-1 (data notcytes expressing GFP:SAS-4 that were depleted of SAS-6

or ZYG-1. We examined embryos at stages between shown). However, unlike SAS-4 and SAS-6, no ZYG-1
staining was observed in sperm (Figure 3B). In summary,late prophase and metaphase of the first mitotic division,

when all wild-type embryos have foci of GFP:SAS-4 as- ZYG-1, like SAS-4, SAS-5, and SAS-6, localizes to centri-
oles at a time consistent with its role in centriole as-sociated with both sperm centrioles (Figure 1C; n ) 41).

In ZYG-1-depleted embryos, each centrosomal aster sembly.
contained a focus of SAS-4, corresponding to a single
sperm centriole, but no associated foci of GFP:SAS-4 SAS-6 Is a Member of a Conserved Family
were detected (n ) 22; Figure 2C). SAS-6-depleted em- of Centriolar Proteins
bryos similarly failed to form GFP:SAS-4 foci, either as- SAS-6 is a 56 kDa protein with no obvious sequence
sociated with the sperm centrioles or elsewhere in the motifs other than a centrally located coiled-coil domain.
embryo cytoplasm (n ) 26 embryos; Figure 2C). Database searches using the N-terminal, coiled-coil-

To confirm that no centrioles formed in the absence free region of SAS-6 identified human DKFZp761A078
of detectable SAS-4 incorporation, we performed correl- and Drosophila CG15524 as potential SAS-6 homologs
ative DIC/serial-section transmission EM on sas-6(RNAi) (Figure 4A). Interestingly, the putative human homolog
embryos (Figure 2D). Fertilized embryos were filmed by was present in the proteomic catalog of the mammalian
DIC microscopy until metaphase of the first embryonic centrosome, recently defined using mass spectrometry
mitosis, when they were rapidly fixed by laser permeabil- (Andersen et al., 2003). To test whether HsSAS-6 local-
ization in the presence of glutaraldehyde. Serial-section izes to centrioles, we transiently transfected a construct
transmission EM was used to count the number of cen- directing expression of a YFP fusion. YFP:HsSAS-6 lo-
trioles at each spindle pole. While wild-type embryos calized to small foci in the center of the PCM (defined
contain two centrioles at each spindle pole in metaphase by !-tubulin staining), consistent with centriolar localiza-
(Kirkham et al., 2003), sas-6(RNAi) embryos contained tion (Figure 4B). Thus, SAS-6 is a member of a widely
only a single centriole at each pole (n ) 5). Thus, SAS-6 conserved centriolar protein family.
is specifically required for new centriole assembly, as
is also the case for ZYG-1 (O’Connell et al., 2001), SAS-4 Centrosome Maturation Is Not Required
(Kirkham et al., 2003; Leidel and Gonczy, 2003), and for New Centriole Assembly
SAS-5 (Delattre et al., 2004; see also correlative DIC/ Our analysis of GFP:SAS-4 incorporation (Figures 1B
serial-section transmission EM in Supplemental Figure and 1C) indicates that centrioles assemble concurrent
S2C). Furthermore, the agreement between the results with the recruitment of additional PCM during mitotic
of our fluorescence assay and the analysis of embryos entry (centrosome maturation). SPD-2, a protein that
depleted of ZYG-1, SAS-5, and SAS-6 by serial-section localizes to both centrioles and the PCM, has recently
EM validates the use of our assay for monitoring centri- been shown to be required for both centrosome matura-
ole assembly. tion and centriole assembly (Kemp et al., 2004; Pelletier

et al., 2004), suggesting a link between these two pro-
cesses. To determine if the recruitment of additionalSAS-6 Localizes to Centrioles

To determine if SAS-6 acts at centrioles, we examined PCM during centrosome maturation is required for cen-
triole assembly, we examined embryos depleted of theits localization using affinity-purified antibodies. Em-

bryos were also stained for SAS-4, which was previously aurora-A kinase, AIR-1. Like SPD-2, AIR-1 is required for
centrosome maturation (Hannak et al., 2001). In embryoslocalized to centrioles by immuno-EM (Kirkham et al.,

2003). SAS-6 colocalized with SAS-4 to small focal struc- depleted of either protein, sperm centrioles acquire a
small amount of PCM following fertilization, but the dra-tures in the center of the centrosome throughout the

embryonic cell cycle (Figure 3A). SAS-6 also colocalized matic accumulation of additional PCM that normally ac-
companies mitotic entry fails to occur (Figures 5A andwith SAS-4 in sperm (Figure 3B). To confirm that SAS-6
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Figure 3. SAS-6 and ZYG-1 Colocalize with SAS-4 at Centrioles throughout the Cell Cycle

(A) Fixed embryos were stained for DNA, microtubules, SAS-4, and either SAS-6 or ZYG-1. DNA/microtubule, SAS-4, and SAS-6 images are
from the same embryos. The ZYG-1 panels are from different embryos at similar cell cycle stages. Scale bar equals 10 'm. Insets are
magnified 3.5(.
(B) SAS-6, but not ZYG-1, colocalizes with SAS-4 to a single focus on the nuclear periphery in mature sperm. Scale bar equals 1 'm.
(C) SAS-6 localizes to centrioles by immunoelectron microscopy. Scale bar equals 200 nm, insets 50 nm.

5B; Hannak et al., 2001; Pelletier et al., 2004; Kemp A Role for the Pericentriolar Material
in Centriole Formationet al., 2004). We examined embryos in late prophase/

prometaphase of the first mitotic division, which can be Although PCM levels do not increase during mitotic en-
try in AIR-1-depleted embryos, sperm centrioles do ac-identified following even severe perturbations of centro-

some function (see Experimental Procedures). At this quire a basal level of PCM following fertilization. To
determine whether this basal level contributes to centri-stage, GFP:SAS-4 incorporation is observed associated

with all sperm centrioles in wild-type embryos (Figure ole assembly, we analyzed embryos depleted of the
pericentriolar material protein SPD-5 (Hamill et al., 2002).1C). As expected, no foci of GFP:SAS-4 were detected

in spd-2(RNAi) embryos (n ) 20), either associated with SPD-5 is an essential component of the PCM matrix; in
spd-5(RNAi) embryos, no !-tubulin or other pericentrio-the sperm centrioles or elsewhere in the cytoplasm. In

contrast, GFP:SAS-4 incorporation occurred normally in lar material components accumulate around the centri-
oles at any cell cycle stage (Figure 6A; Hamill et al.,AIR-1-depleted embryos (Figure 5C; n ) 11), despite the

failure of centrosome maturation. From these results, we 2002). In spd-5(RNAi) embryos, new centriole assembly
did occur but was highly abnormal (Figure 6B). In wild-can conclude that the mitosis-specific accumulation of

PCM is not required for centriole assembly. type embryos, both sperm centrioles are associated
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Figure 4. SAS-6 Is a Member of a Conserved Metazoan Centriolar Protein Family

(A) Partial sequence alignment of putative SAS-6 homologs. Conserved residues are highlighted in yellow. Abbreviations and accession numbers
(in parentheses) of protein sequences: Hs, Homo sapiens (NP_919268.1); Dr, Danio rerio (NP_998603.1); Xl, Xenopus laevis (AAH70784.1); Dm,
Drosophila melanogaster (NP_651756.1, CG15524-PA); Ce, Caenorhabditis elegans (NP_502660.1); Cb, Caenorhabditis briggsae (CAE74596.1).
(B) YFP:HsSAS-6 expressed in T98G human cultured cells localizes to two small foci within the larger PCM positive for !-tubulin. Scale bar
equals 10 'm. Insets magnified 4(.

with a focus of GFP:SAS-4 by late prophase/prometa- of SPD-5 detected at centrosomes in depleted mitotic
1-cell stage embryos was reduced by more than 99%phase, indicating that they have initiated the formation

of a daughter centriole (Figure 1C). In contrast, only 29% (0.23% of wild-type levels; n ) 24 wild-type embryos,
30 spd-5(RNAi) embryos). Thus, the partial disruptionof spd-5(RNAi) embryos at this stage contained two

GFP:SAS-4 foci. In 43% of embryos, only a single of new centriole assembly likely reflects the complete
loss-of-function phenotype for SPD-5.GFP:SAS-4 focus was present, and in 29% of embryos

no GFP:SAS-4 foci were detected, indicating that both
new daughter centrioles failed to initiate assembly (Fig- !-Tubulin Promotes the Initiation

of Centriole Assemblyure 6B). Thus, when the assembly of pericentriolar mate-
rial around the sperm centrioles is blocked by depletion SPD-5 could have a direct role in centriole assembly

distinct from its role in PCM formation. Alternatively, theof SPD-5, new daughter centrioles fail to initiate !50%
of the time. centriole assembly defect in spd-5(RNAi) embryos could

result from failure to recruit another PCM componentThe partial failure to initiate new centriole assembly
in spd-5(RNAi) embryos is in contrast to the complete that promotes centriole assembly. An attractive candi-

date for such a component is !-tubulin, a specializedblock observed following depletion of ZYG-1, SAS-5,
SAS-6, and SPD-2. To address whether residual centri- tubulin required for centrosomal microtubule nucleation

(Hannak et al., 2002). To test this idea, we analyzed theole assembly might be due to inadequate depletion, we
performed quantitative Western blotting and immunoflu- role of !-tubulin in centriole assembly. Surprisingly, the

GFP:SAS-4 incorporation assay revealed a defect inorescence. Western blots of injected worms revealed
that total SPD-5 protein levels were reduced to !1.5% !-tubulin-depleted embryos that was remarkably similar

to that in embryos depleted of SPD-5 (Figure 7A). Inof that in wild-type (Figure 6C). Similarly, the amount
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32% of late prophase/prometaphase !-tubulin-depleted
embryos, no foci of GFP:SAS-4 were detected, indicat-
ing that both new daughter centrioles failed to initiate
assembly. In 58% of embryos, only a single GFP:SAS-4
focus was present, and only 11% of embryos contained
two GFP:SAS-4 foci (Figure 7B). These results indicate
that new daughter centrioles failed to initiate assembly
!60% of the time in !-tubulin-depleted embryos. A
quantitative comparison of !-tubulin and SPD-5-depleted
embryos further underscores the similarity of the defect
in the initiation of new centriole assembly (Figure 7B).

No !-tubulin is detected around the sperm centrioles
in SPD-5-depleted embryos (Figure 6A). Western blots
revealed that !-tubulin protein levels are unchanged
following SPD-5 depletion (Figure 6C), indicating that
!-tubulin has not been destabilized, but rather fails to
target to centrosomes. In contrast, depletion of !-tubulin
does not block PCM assembly, and centrosomal SPD-5
accumulates to normal levels in !-tubulin-depleted em-
bryos (Figure 7C). These results lead us to conclude
that !-tubulin is the key component of the PCM that is
required to promote centriole assembly. The role of
SPD-5 in centriole assembly is likely due to its role in
targeting !-tubulin to centrosomes.

Centrioles that Form in !-Tubulin- or SPD-5-Depleted
Embryos Are Aberrant
During our analysis of SPD-5- and !-tubulin-depleted
embryos, we found that when new centrioles did form,
they often failed to remain in close proximity to their
parent sperm-derived centrioles (Figure 7B). Premature
separation of centriole pairs was observed in both
SPD-5- and !-tubulin-depleted embryos as early as late
prophase, prior to nuclear envelope breakdown. By pro-
metaphase/metaphase, 80% of new centrioles (n ) 12/
15) had separated from their parent in spd-5(RNAi) em-
bryos and 60% (n ) 6/10) had separated in !-tubulin
(RNAi) embryos. In contrast, paired centrioles in wild-
type embryos never separate before late anaphase/telo-
phase (n ) 0/48; Figure 8A). The new centrioles (GFP-
positive) in SPD-5- and !-tubulin-depleted embryos also
appeared to contain less total SAS-4 than the parental
sperm-derived centrioles (Figure 8A). To determine if
new centrioles were ultimately able to reach normal size,
we quantified the ratio of total SAS-4 in the new centri-
oles to that in the old centrioles in telophase embryos,
when centriole pairs have separated in wild-type (Figure
1). In control embryos, as well as in embryos depleted
of AIR-1 (which is not required for the initiation of new
centriole assembly; Figure 5B), this ratio is !1, indicating
that the new centrioles have reached full size. In con-

Figure 5. The Mitosis-Specific Accumulation of Pericentriolar Mate- trast, in embryos depleted of SPD-5 or !-tubulin, thisrial Is Not Required for Centriole Assembly
ratio was !0.6, suggesting that the new centrioles that

(A) Wild-type, spd-2(RNAi), and air-1(RNAi) embryos were fixed and
do form fail to reach full size (Figures 8B and 8C).stained for SPD-2 and AIR-1, as indicated. SPD-2 localizes to centri-

oles and weakly to the PCM. In contrast, AIR-1 localizes to the
periphery of the centrosomes and extends out along astral microtu-
bules. Both proteins are depleted beyond the detection limit follow-
ing RNAi. Scale bar equals 10 'm. Insets magnified 2.5(. Supplemental Movies S7–S9). Scale bar equals 10 'm.
(B) Wild-type, spd-2(RNAi), and air-1(RNAi) embryos were fixed and (C) AIR-1 is not required for centriole assembly. Results of centriole
stained for DNA and microtubules (left) and !-tubulin (right). Mitotic assembly assays performed on embryos depleted of SPD-2 or
centrosomes in depleted embryos remain small, reflecting a failure AIR-1. Embryos were fixed and stained for DNA and microtubules
to recruit additional PCM during mitotic entry. Mitotic centrosomal (left), total SAS-4 (middle), and GFP:SAS-4 (right). Total SAS-4 and
microtubule asters also remain small and spindle assembly fails GFP:SAS-4 panels are higher magnification views of the indicated
(Hannak et al., 2001; Kemp et al., 2004; Pelletier et al., 2004; see also regions. Scale bars equal 10 and 1 'm, respectively.
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Figure 6. The Pericentriolar Material Protein
SPD-5 Is Required for Proper Initiation of
Centriole Assembly

(A) Wild-type and spd-5(RNAi) embryos were
fixed and stained for DNA and microtubules
(left), SPD-5 (middle), and !-tubulin (right).
SPD-5 colocalizes with !-tubulin to the PCM
in wild-type embryos. No !-tubulin or other
PCM components accumulate around the
centrioles at any cell cycle stage in spd-
5(RNAi) embryos (Hamill et al., 2002). Al-
though weak microtubule asters form around
the chromatin following nuclear envelope
breakdown, no centrosomal microtubule
asters form and spindle assembly fails (Hamill
et al., 2002; see also Supplemental Movies
S7 and S10).
(B) Results of centriole assembly assays per-
formed on embryos depleted of SPD-5. Em-
bryos were fixed and stained for DNA and
microtubules (left), total SAS-4 (middle), and
GFP:SAS-4 (right). Three classes of embryos,
in which 0, 1, or 2 centrioles had duplicated,
were observed as illustrated in the schemat-
ics to the right. Scale bars equal 10 and 1
'm (insets).
(C) Western blot comparing extract prepared
from spd-5(RNAi) worms with serial dilutions
of extract prepared from wild-type worms
(numbers indicate percentage of amount
loaded in 100% lane). SPD-5 is depleted to
!1.5% of wild-type levels. !-tubulin levels are
not affected by depletion of SPD-5. The same
blot was probed for %-tubulin as a loading
control.
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Figure 7. Depletion of !-Tubulin Recapitu-
lates the Centriole Assembly Defect Ob-
served in spd-5(RNAi) Embryos

(A) Results of centriole assembly assays per-
formed on embryos depleted of !-tubulin.
Embryos were fixed and stained for DNA and
microtubules (left), total SAS-4 (middle), and
GFP:SAS-4 (right). Three classes of embryos,
in which 0, 1, or 2 centrioles had duplicated,
were observed as illustrated in the schemat-
ics to the right. Arrowhead in lower panel
highlights the premature separation of a new
centriole from its parent (see Figure 8). Scale
bars equal 10 and 1 'm (insets).
(B) The percentage of late prophase/pro-
metaphase embryos that had formed 0, 1,
and 2 new centrioles was quantified for wild-
type, spd-5(RNAi), and !-tubulin(RNAi) em-
bryos.
(C) Wild-type and !-tubulin(RNAi) embryos
were fixed and stained for DNA and microtu-
bules (left), !-tubulin (middle), and SPD-5
(right). Normal levels of SPD-5 assemble
around centrioles in !-tubulin(RNAi) em-
bryos. Centrosomal microtubule asters form
but centrosomal microtubule nucleation is
severely compromised and spindle assembly
fails (Hannak et al., 2002; see also Supple-
mental Movies S7 and S11).
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Figure 8. New Centrioles that Form in spd-5 and !-tubulin(RNAi) Embryos Are Aberrant

(A) In embryos depleted of SPD-5, !-tubulin, or AIR-1, new centrioles often prematurely separate from their parent. Embryos were stained for
DNA and microtubules (left), total SAS-4 (middle), and GFP:SAS-4 (right). New centrioles (containing GFP:SAS-4) are indicated with arrows in
the total SAS-4 images. Scale bars equal 10 and 1 'm (insets).
(B) New centrioles that form in spd-5 and !-tubulin(RNAi) embryos fail to reach full size. Embryos in late anaphase/telophase (as assessed
by DNA/microtubule morphology, see Experimental Procedures) were stained for DNA and microtubules (left), total SAS-4 (middle), and
GFP:SAS-4 (right).
(C) Quantification of total centriolar SAS-4 fluorescence in anaphase/telophase-stage embryos. The ratio of total SAS-4 fluorescence on the
new centriole (also positive for GFP) to that on the sperm-derived parental centriole was measured for 32 wild-type, 17 spd-5(RNAi), 9 !-tubu-
lin(RNAi), and 18 air-1(RNAi) centriole pairs. The average is plotted for each condition; error bars represent the SEM with a confidence interval
of 0.95. Insets show representative images of SAS-4 staining (arrows point to the newly formed centrioles). Asterisks indicate statistically
significant differences from wild-type (t test, p * 0.001).

New centrioles formed in !-tubulin- and SPD-5- immature new centrioles from their parent might prevent
completion of their assembly. However, premature sep-depleted embryos exhibit two distinct defects: prema-

ture separation from their parent and failure to reach full aration of centriole pairs was also observed following
depletion of AIR-1 (Figure 8A; n ) 11/14 centriole pairssize. It seemed possible that the premature separation of
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in prometaphase/metaphase embryos) without affecting 3). The previously reported antibody was raised against
a ZYG-1 peptide (O’Connell et al., 2001), raising thethe extent of SAS-4 incorporation (Figures 8B and 8C).
possibility that this discrepancy is due to variations inTherefore, premature separation cannot explain the cen-
epitope accessibility during the cell cycle. Thus, all fourtriole assembly defect observed in SPD-5- or !-tubulin-
proteins specifically required for centriole assembly lo-depleted embryos. In summary, our results indicate that
calize to centrioles at a time consistent with a role indepletion of SPD-5 or !-tubulin results in a severe defect
their formation.in centriole assembly. New centrioles fail to initiate

Partial depletion of SAS-4 results in defective centri-!50%–60% of the time, and the centrioles that do form
oles that contain less SAS-4 and recruit proportionallycontain less SAS-4 than wild-type, suggesting that they
less pericentriolar material (Kirkham et al., 2003). Theare incomplete or structurally defective.
high frequency with which intermediate phenotypes
were observed following SAS-4 depletion is consistentDiscussion
with its proposed role as a structural component that
is gradually incorporated during elongation. SimilarA Light Microscopic Assay for Centriole Assembly
depletions of ZYG-1 were reported to not result in inter-Here we report the development of a fluorescence assay
mediate phenotypes (Kirkham et al., 2003). However, wefor centriole assembly based on incorporation of a GFP
have recently found that assembly of defective centri-fusion with the centriolar protein SAS-4. The use of this
oles that contain less than wild-type levels of SAS-4 andassay is validated by our analysis of embryos depleted
recruit less than wild-type amounts of !-tubulin can alsoof four proteins shown to be required for new centriole
occur following partial depletions of SAS-5 and SAS-6formation by serial-section EM, ZYG-1 (O’Connell et al.,
as well as ZYG-1, albeit at much lower frequencies than2001), SPD-2 (Pelletier et al., 2004), SAS-5 (Supplemen-
with SAS-4 (data not shown; see also Delattre et al.,tal Figure S2), and SAS-6 (Figure 2). In all cases, no
2004). This may suggest that these three proteins playGFP:SAS-4 incorporation was detected in association
fundamentally different roles in centriole assembly (e.g.,with the sperm centrioles or elsewhere in the embryo.
in initiation of centriole assembly rather than elongation)We have used our ability to monitor centriole assem-
or simply reflect their different depletion kinetics.bly at the light microscopic level to define a kinetic

profile for this process during the first mitotic division
Role of the Pericentriolar Materialof the C. elegans embryo. This allowed us to extend
in Centriole Assemblyprior EM analysis, which showed the presence of full-
Our fluorescence assay made it technically feasible tolength new centrioles at metaphase spindle poles (Kirk-
perform a detailed analysis of the role of the PCM inham et al., 2003). We have further used our fluorescence
centriole assembly. The timing of SAS-4 incorporationassay to characterize the role of the pericentriolar mate-
during the first mitotic division indicates that centriolerial in centriole assembly. This analysis relied on our
assembly occurs concurrent with the recruitment of ad-ability to monitor centriole assembly following severe
ditional PCM during mitotic entry (centrosome matura-perturbations of centrosome structure and to find even
tion). However, centrioles form normally in air-1(RNAi)defective centrioles that had prematurely separated
embryos in which centrosome maturation does not oc-from their parent. In addition, the assay allows analysis
cur (Hannak et al., 2001), demonstrating that centrioleof large numbers of embryos, which would be prohibi-
assembly does not require the mitosis-specific recruit-tively difficult using serial-section EM.
ment of PCM. Conversely, centrosome maturation oc-
curs normally in embryos depleted of ZYG-1, SAS-4,

SAS-6 Is an Evolutionarily Conserved Protein SAS-5, and SAS-6, in which centriole assembly fails
Specifically Required for Centriole Assembly (O’Connell et al., 2001; Kirkham et al., 2003; Leidel and
Here, we report the identification of SAS-6, a centriolar Gonczy, 2003; Delattre et al., 2004; and this study). Thus,
component that, like ZYG-1 (O’Connell et al., 2001), centriole assembly and the recruitment of additional
SAS-4 (Kirkham et al., 2003; Leidel and Gonczy, 2003), PCM during centrosome maturation are independent
and SAS-5 (Delattre et al., 2004, and this study), is spe- events.
cifically required for centriole assembly. To date, SAS-6 Although maturation is not required, our data do pro-
is the only member of this class of centriolar proteins vide strong evidence for a role for the PCM in centriole
to have identifiable homologs in other metazoans. We assembly. We show that two proteins that localize to
further show that the human homolog, HsSAS-6, is pres- the PCM, SPD-5 (required for the formation of the PCM;
ent on small foci within the PCM, consistent with local- Hamill et al., 2002) and !-tubulin (required for centroso-
ization to centrioles (Figure 4). Functional characteriza- mal microtubule nucleation; Hannak et al., 2002; Strome
tion of HsSAS-6 will be needed to determine if the et al., 2001), contribute to the formation of new centri-
essential role of SAS-6 in centriole assembly has also oles. A role for !-tubulin in centriole assembly is consis-
been conserved. tent with previous work in Tetrahymena and Parame-

SAS-5 and SAS-6 colocalize with SAS-4 throughout cium, where inhibition of !-tubulin expression caused
the embryonic cell cycle and are associated with centri- defects in basal body duplication (Ruiz et al., 1999;
oles by immuno-EM (Figure 3 and Supplemental Figure Shang et al., 2002). The fact that we observe a defect
S2). Unlike the other three proteins, ZYG-1 was pre- in a rapidly dividing embryonic system in which !-tubulin
viously reported to localize to centrioles only transiently depletion does not halt cell growth or cell cycle progres-
between metaphase and telophase (O’Connell et al., sion (Hannak et al., 2002; Strome et al., 2001) strongly
2001). In contrast, we found ZYG-1 to be localized to supports the idea that !-tubulin has a direct role in cen-

triole assembly.centrioles throughout the embryonic cell cycle (Figure
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(Askjaer et al., 2002; Desai et al., 2003). The centriole assembly assayFollowing depletion of !-tubulin or SPD-5, new daugh-
strain OD19 was obtained by mating BA17 and DP38 to generateter centrioles fail to initiate !50% of the time and the
a fem-1(hc17), unc-119(ed3) strain. Males expressing GFP:SAS-4new centrioles that do form contain less SAS-4 than
(TH26; Kirkham et al., 2003) were mated to this strain, F2 individuals

wild-type centrioles. The fact that centriole assembly is were singled, and a line homozygous for the temperature-sensitive
not completely blocked in our assay is consistent with female-sterile mutation fem-1(hc17) and positive for the GFP:SAS-4

transgene was identified. Strain genotypes are listed in Supplemen-previous work showing that older SPD-5-depleted em-
tal Table S1. Strains were maintained at 16+C (OD19) or 20+C (TH32,bryos often contain multiple centrioles (Kemp et al.,
XA3501). For the SAS-4 incorporation assay, OD19 was shifted to2004; Pelletier et al., 2004). The partial defect in centriole
25+C as L4 larvae. L4 progeny of shifted worms were injected withassembly in SPD-5- and !-tubulin-depleted embryos is dsRNA and mated to wild-type (N2 Bristol) males. OD19 worms

in contrast to the complete block observed following raised to the L4 larval stage at 25+C remain female-sterile even if
depletion of SAS-4, SAS-5, SAS-6, ZYG-1, and SPD-2 returned to the permissive temperature (16+C).
(O’Connell et al., 2001; Kirkham et al., 2003; Leidel and

RNA-Mediated InterferenceGonczy, 2003; Delattre et al., 2004; and this study). Pre-
dsRNA was prepared as described (Oegema et al., 2001). DNA tem-viously, we have shown that our !-tubulin RNAi condi-
plates were prepared by using the primers listed in Supplementaltions reduce the amount of centrosomal !-tubulin to Table S2 to amplify regions of genomic N2 DNA or specific cDNAs,

!2% of wild-type levels (Hannak et al., 2002). Here we as indicated. For depletion of !-tubulin and AIR-1, the RNAi condi-
show that centrosomal SPD-5 is similarly depleted fol- tions described previously that led to penetrant depletion were used

(Hannak et al., 2001, 2002). For all other depletions, L4 larvae werelowing SPD-5 RNAi (0.23% of wild-type levels). Although
incubated at 16+C for 48 hr following dsRNA injection, prior to analy-we cannot exclude the possibility that the residual cen-
sis of their embryos.triole assembly that we observe results from a small

amount of remaining protein, the interpretation we favor Live Imaging
is that the partial defect in centriole assembly in SPD- Live imaging of embryos coexpressing GFP:!-tubulin and GFP:
5- and !-tubulin-depleted embryos represents the com- histone was performed as described (Desai et al., 2003).
plete loss-of-function phenotypes for these proteins.

Immunofluorescence, Fixed Imaging, and QuantificationWhat is the nature of the centriole assembly defect
of Centrosomal Fluorescencein !-tubulin/SPD-5-depleted embryos? Our previous
Antibodies to !-tubulin and AIR-1 were described previously (Han-characterization of SAS-4 demonstrated that partial re- nak et al., 2001). Goat anti-GFP was a gift from David Drechsel

duction of the level of centriolar SAS-4 results in the (MPI-CBG, Dresden, Germany). Polyclonal antibodies against SAS-4
assembly of partial centrioles, as assayed by serial- (residues 181–300), ZYG-1 (201–402), SAS-5 (1–210), SPD-2 (2–200),

and SPD-5 (392–550) as well as peptide antibodies to the C-terminalsection EM and by reduced ability to recruit PCM com-
17 amino acids of SAS-5 and the C-terminal 19 amino acids of SAS-6ponents such as !-tubulin (Kirkham et al., 2003). This
were raised, affinity-purified, and directly labeled as describedanalysis strongly supports the idea that the centrioles
(Oegema et al., 2001). DM1% (Sigma) was used at a dilution of 1:1000.containing reduced levels of SAS-4 that form in !-tubu- All other antibodies were used at a concentration of 1 'g/ml. Em-

lin/SPD-5-depleted embryos are either less than full length bryos were fixed and processed for immunofluorescence as de-
or structurally defective. One possibility is that !-tubu- scribed (Oegema et al., 2001). 3D widefield data sets collected using

a 100( 1.3 NA PlanApochromat lens on a DeltaVision microscopelin/SPD-5 contribute to the generation of a template that
were computationally deconvolved and projected using SoftWorxdirects new centriole assembly. In depleted embryos,
software (Applied Precision). Quantification of centrosomal fluores-some centriole assembly occurs, but the resulting struc-
cence was performed on deconvolved 3D image stacks as de-tures are abnormal. Alternatively, !-tubulin/SPD-5 might scribed (Hannak et al., 2002).

normally function to accelerate the kinetics of centriole
assembly. In this case, new centrioles may be structur- Staging of Fixed Embryos

Embryos were assigned to early, middle, and late prophase basedally normal but fail to elongate to their normal length
on DNA and microtubule morphology (see Supplemental Figure S1).within the time constraints imposed by the rapid cell
AIR-1, SPD-2, !-tubulin, and SPD-5-depleted embryos were consid-cycles of the early C. elegans embryo. Resolving this
ered to be in late prophase of the first mitotic division if they hadissue is an important future direction that will require the expected number of fully condensed chromosomes, but the

structural analysis by 3D EM tomography. nuclear envelope was still intact (as assessed by exclusion of cyto-
One of our most intriguing findings is a role in centriole plasmic GFP and tubulin fluorescence). Prometaphase/metaphase

embryos had a similar DNA morphology to late prophase embryos,formation for SPD-5. In SPD-5-depleted embryos, all of
but the nuclear envelope had broken down. Prometaphase andthe PCM components that have been tested, including
metaphase embryos were grouped together because we could not!-tubulin, fail to concentrate around the centrioles (Ha-
distinguish between these stages in the absence of an intact spindle.

mill et al., 2002; Kemp et al., 2004; Pelletier et al., 2004). Embryos at a stage analogous to anaphase/telophase in wild-type
One attractive possibility suggested by our data is that were identified by their DNA and microtubule morphology. Exit from
assembly of PCM around the parent centriole is required mitosis was marked by aggregation of chromosomes and a marked

increase in microtubule assembly in the vicinity of the chromatin.to generate a local concentration of !-tubulin, which in
Separated sister chromatids were also frequently observed. DNAturn promotes centriole formation. Consistent with this
decondensation was further evident in late telophase embryos. Thisidea, depletion of !-tubulin alone can recapitulate the
analysis was facilitated by comparison with aligned time-lapse se-

centriole assembly defect seen in SPD-5-depleted em- quences taken in the GFP:&-tubulin and GFP:histone line (see exam-
bryos without preventing the recruitment of other ples in Supplemental Movies S7–S11). Note that none of the molecu-
PCM proteins. lar perturbations performed blocked cell cycle progression.

Experimental Procedures Correlative DIC/Transmission Electron Microscopy
and Immunoelectron Microscopy
Correlative DIC/transmission EM and immuno-EM using the SAS-5Worm Strains and Culture Conditions

Strains coexpressing GFP:histone and GFP:!-tubulin (TH32), and and SAS-6 peptide antibodies were performed as described (Kirk-
ham et al., 2003).GFP:histone and GFP:&-tubulin (XA3501), were described previously
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Immunoblotting new members of the tubulin superfamily. Curr. Opin. Microbiol. 6,
634–640.Western blotting of spd-5(RNAi) and wild-type control worms was
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BLASTP searches against the nonredundant database (May 2004 Centrosome maturation and mitotic spindle assembly in C. elegans
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Note Added in Proof

While this manuscript was in press, Raynaud-Messina et al. reported
similar defects in centriole assembly following !-tubulin depletion
in Drosophila S2 cells (Raynaud-Messina, B., Mazzolini, L., Moisand,
A., Cirinesi, A.M., and Wright, M. (2004). Elongation of centriolar
microtubule triplets contributes to the formation of the mitotic spin-
dle in !-tubulin-depleted cells. J. Cell Sci. 117, 5497–5507).
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The Caenorhabditis elegans Centrosomal Protein
SPD-2 Is Required for both Pericentriolar Material
Recruitment and Centriole Duplication

(PCM). The PCM is the major site of MT nucleation and
anchoring both in interphase and mitosis [4]. During
interphase, the centrosomes contain a relatively small
amount of PCM components. In preparation for mitosis,
the centrosomes accumulate 3- to 5-fold more PCM

Laurence Pelletier,1,* Nurhan Özlü,1 Eva Hannak,1,2

Carrie Cowan,1 Bianca Habermann,3

Martine Ruer,1 Thomas Müller-Reichert,1

and Anthony A. Hyman1

1Max Planck Institute of Molecular Cell Biology
and Genetics components, thereby increasing their size and MT nu-

cleation capacity (a process called centrosome matura-Pfotenhauerstrasse 108
01307 Dresden tion) [5, 6]. The onset of centrosome maturation coin-

cides with the activation of Cdk-1 and is regulated, atGermany
least in part, through Aurora-A and Polo-like kinases
[7–10, 44].

The centrioles define the site of PCM assembly, andSummary
therefore, by controlling the centriole duplication cycle,
a cell ensures it has a single centrosome during in-Background: The centrosome is composed of a centri-
terphase and two during mitosis. In mammalian cells,ole pair and pericentriolar material (PCM). By marking
centrosome duplication is initiated by the disorientationthe site of PCM assembly, the centrioles define the num-
of the mother and daughter centrioles and is regulatedber of centrosomes present in the cell. The PCM, in
by the cyclin-dependent kinase Cdk2 and cyclin A/Eturn, is responsible for the microtubule (MT) nucleation
[11, 12]. After centriole disorientation, a precursor of theactivity of centrosomes. Therefore, in order to assemble
daughter centrioles forms at right angles to the mothera functional bipolar mitotic spindle, a cell needs to con-
centrioles where the daughter centrioles begin elongat-trol both centriole duplication and PCM recruitment. To
ing, reaching their full-length by G2/M. The cohesiondate, however, the molecular mechanisms that govern
between the original mother and daughter centrioles isthese two processes still remain poorly understood.
maintained by C-Nap1 [13, 14], the phosphorylation ofResults: Here we show that SPD-2 is a novel compo-
which by Nek2 is thought to initiate the separation of thenent of the C. elegans centrosome. SPD-2 localizes to
duplicated centrosomes [15, 16]. At the time of nuclearthe centriole throughout the cell cycle and accumulates
envelope breakdown (NEBD), the separated centro-on the PCM during mitosis. We show that SPD-2 re-
somes begin organizing the poles of the mitotic spindle,quires SPD-5 for its accumulation on the PCM and that
with each pole containing a centriole pair.in the absence of SPD-2, centrosome assembly fails.

Caenorhabditis elegans has proven to be an amenableWe further show that centriole duplication is also defec-
system to study centrosome assembly. The centriolestive in spd-2(RNAi) embryos, but not in spd-5(RNAi) em-
in C. elegans, rather than containing the usual nine tripletbryos, where PCM recruitment is efficiently blocked.
MTs with associated appendages, are instead com-Conclusions: Taken together, our results suggest that
posed of nine singlet MTs with much less-prominentSPD-2 may link PCM recruitment and centriole duplica-
appendages [17]. To date, two C. elegans centriolartion in C. elegans. SPD-2 shares homology with a human
components have been identified; the core centriolarcentrosome protein, suggesting that this key compo-
protein SAS-4 [18, 19], which remains associated withnent of the C. elegans centrosome is evolutionarily con-
the centriole once it has formed, and ZYG-1 [20], a ki-served.
nase that controls centriole duplication by localizing
transiently to the centrioles at anaphase. In C. elegans,Introduction
the centrioles are eliminated during oogenesis and are
provided by the sperm upon fertilization [21]. SAS-4 isThe centrosome, or microtubule organizing center
present on the sperm centriole, and its intensity stays(MTOC), is the major site of microtubule (MT) nucleation
relatively constant as one or two bright dots at the centerin animal cells (For reviews see [1, 2]). It is responsible
of the centrosome after fertilization and throughout thefor the organization of the interphase array of MTs and,
cell cycle [18, 19]. After fertilization, PCM componentsduring mitosis, the organization of the two spindle poles.
are recruited to the sperm-provided centrioles [21–24].Defects in centrosome function can lead to an inability
The most upstream component implicated in PCM re-to correctly assemble a mitotic spindle and, therefore,
cruitment so far identified is SPD-5, a protein with multi-contribute to genomic instability and cancer progres-
ple coiled-coil domains [22]. SPD-5 directs the recruit-sion [3].
ment of other known PCM components in C. elegans,Centrosomes are composed of a pair of orthogonally
including !-tubulin, ZYG-9, and AIR-1 [22]. As the em-oriented centrioles surrounded by an electron-dense
bryos progress further into mitosis the rate of PCM re-proteinaceous lattice termed the pericentriolar material
cruitment increases significantly in a process called cen-
trosome maturation, which is regulated, at least in part,

*Correspondence: pelletie@mpi-cbg.de by the C. elegans ortholog of Aurora-A, AIR-1 [23].2 Present address: Department of Molecular and Cell Biology, Uni-
To date, most of the known C. elegans centrosomalversity of California, Berkeley, 315 LSA, Berkeley, CA 94720-3200.

components identified are required for normal spindle3 Present address: Scionics Computer Innovation, Pfotenhauer-
strasse 110, 01307 Dresden, Germany. assembly in the early embryo [20, 22–27]. To identify
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Figure 1. SPD-2 Is Required for Spindle As-
sembly

(A) Panels summarizing time-lapse movies of
wt and spd-2(RNAi) embryos expressing
GFP::"-tubulin. In wt embryos, MT asters
were detected at an early stage and in-
creased in size as the embryos progressed
through mitosis, reaching a maximum at the
metaphase/anaphase transition. In spd-2
(RNAi) embryos, although detectable, MT
asters did not increase significantly in size,
and spindle assembly failed. The indicated
times are in seconds relative to NEBD. Also
see Movies 1 and 2 in the Supplemental Data.
(B) The fluorescence intensity of GFP::
"-tubulin at centrosomes in wt (n # 4) and
spd-2(RNAi) embryos (n # 4) was quantified
and shown either as individual data points
(circles are wt, squares are spd-2(RNAi) em-
bryos) or as a running average for wt (blue
line) or spd-2(RNAi) (red line) embryos. Note
the absence of MT build-up at the centro-
somes prior to NEBD in spd-2(RNAi) em-
bryos.
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novel centrosomal components, we began analyzing sperm centriole (Figure 2C). The fact that centriolar la-
beling was lost after the fertilization of spd-2(RNAi) em-genes exhibiting such defects when targeted by RNAi.

Here we characterize spd-2 (F32H2.3), a gene previously bryos suggests that SPD-2 is not stably associated with
the centriolar structure (Figure 2A). Labeling was alsoshown to be required for spindle assembly by differential

interference contrast (DIC) time-lapse microscopy in observed surrounding the sperm nucleus, although we
could not confirm the specificity of this labeling by spd-which mutants have been identified [28–30] ([46], NCBI

accession number AAQ17186). Here we show that 2(RNAi) given that RNAi does not work efficiently in
the sperm (Figure 2C). Shortly after fertilization, duringSPD-2 is a component of the C. elegans centrosome

required not only for PCM recruitment but also for centri- female meiosis, the amount of SPD-2 on the centriole
remained largely unchanged. SPD-5 or !-tubulin wereole duplication. In addition, we provide bioinformatics

evidence suggesting that this key component of the not detected on the centrosome and no MT nucleation
was observed (Figure 2D, top, and data not shown).C. elegans centrosome is conserved in humans.
Upon the completion of meiosis, SPD-2 levels began
increasing, coincident with the accumulation of SPD-5Results
and the onset of MT nucleation (Figure 2D, middle and
bottom). As the embryos entered mitosis, SPD-2 main-F32H2.3(RNAi) and spd-2 embryos have previously been

shown to fail in spindle assembly and to lack conspicu- tained its centriolar localization but, during centrosome
maturation, accumulated on the PCM, coincident withous sperm asters prior to polarization [29, 30]. Sequenc-

ing of spd-2 mutants alleles revealed that F32H2.3 is the increase of !-tubulin and SPD-5 levels (Figures 3A
and S2B).spd-2, and we shall therefore refer to it as spd-2 [46].

To better understand the role of SPD-2 in the formation
of MT asters, we looked at spindle assembly in spd- SPD-2 May Be an Evolutionary Conserved

Centrosomal Component2(RNAi) embryos expressing "-tubulin tagged with GFP
(Figure 1A). Our results confirmed the spindle assembly To determine if C. elegans SPD-2 had homologs in other

species, we performed database searches with the se-defect previously observed by DIC but, in addition,
showed that the amount of MTs at centrosomes in spd- quence of the Caenorhabditis briggsae ortholog of

SPD-2. One human protein (KIAA1569 and FLJ00145)2(RNAi) embryos did not increase significantly prior to
NEBD, remaining 2- to 3.5-fold lower than in wt embryos and one Drosophila melanogaster protein (CG17286)

with homology to SPD-2 were identified (Figure 3B).throughout the cell cycle (Figures 1A and 1B and Movies
1 and 2). Upon NEBD, MTs began associating with the Back-Blast searches with these two proteins identified

C. elegans SPD-2, thereby confirming the homology. Sixcondensed chromosomes, a situation also observed in
spd-2 and spd-5 mutants that may represent a chroma- putative CDK phosphorylation sites conserved in both

nematodes were identified (Figure 3B). Interestingly, thetin-based mode of MT nucleation [22, 30]. Together
these results suggests that the spindle assembly defect human homolog of SPD-2 was recently shown to be

a component of the mammalian centrosome [31]. Weobserved in spd-2(RNAi) embryos may be due to the
inability of centrosomes to efficiently nucleate MTs, al- therefore would like to propose that KIAA1569 and

CG17286 represent the human and D. melanogaster or-though enough MTs remain to promote centrosome sep-
aration. thologs of SPD-2. The homology between the putative

SPD-2 orthologs is restricted to a 200 amino acid domain
that we named the SPD-2 domain. In nematodes, thisSPD-2 Is a Centrosomal Component

In early C. elegans embryos, SPD-2 exhibited a two- domain is present in the C-terminal part of the proteins.
The SPD-2 domains of C. elegans and C. briggsae sharetiered distribution: a bright, central spot surrounded by

a peripheral dimmer halo (Figure 2A, wild-type). The 46% identity and 63% similarity. This is consistent with
the high degree of divergence observed between a sub-staining pattern was specific for SPD-2, since no label-

ing above background could be observed in mitotic spd- set of orthologous proteins in nematodes, mostly in pro-
tein families that have essential functions [32] (Figure2(RNAi) embryos (Figure 2A, spd-2(RNAi)), and was

blocked by preincubating the antibody with soluble 3B). The percent identity/similarity between the C. ele-
gans SPD-2 domain and its human and fly orthologs areGST::SPD-2 (Figure S1). The bright, central spot sug-

gested that SPD-2 was centriole associated. To verify 15%/36% and 14%/34%, respectively (Figure 3B). Like
C. elegans SPD-2, its orthologs possess a large, pre-this we performed immuno-electron microscopy (im-

muno-EM) and found that gold labeling was observed dicted coiled-coil domain adjacent to the SPD-2 domain.
Further analysis of the SPD-2 domain revealed that itson the centrioles (Figure 2B, magnification of the boxed

region) and also in the periphery of the centrioles in the first 100 amino acids also share homology to members
of the abnormal spindle proteins (Asp, Figure 3C), whicharea corresponding to the PCM (Figure 2B, arrows). The

density of gold labeling was highest within a 100 nm have also been associated with centrosome function
[33–36]. In this case, the percent identity/similarity be-radius from the center of the centrioles and quickly di-

minished further away from the centrioles (Figure 2B, tween C. briggsae, which is more closely related in se-
quence to humans than is C. elegans, and the humangraph). Therefore, we conclude that SPD-2 is a centroso-

mal component that localizes to the centrioles and also and mouse Asp proteins are 20%/35% and 24%/38%,
respectively. Although not addressed experimentally,the PCM.

We compared the spatial and temporal distribution of these results suggest that SPD-2 is an evolutionarily
conserved centrosomal component and that the func-SPD-2 to known centrosome and centriole components.

In mature sperm, SPD-2 colocalized with SAS-4 on the tion of the SPD-2 domain may also be conserved.
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Figure 2. SPD-2 Is a Component of the
C. elegans Centrosome

(A) wt and spd-2(RNAi) embryos were labeled
for DNA (blue), MTs (green), and SPD-2. La-
beling of SPD-2 in wt embryos was restricted
to the centrosome and was two tiered; a
bright, central spot was surrounded by a dim-
mer halo. No labeling could be detected in
spd-2(RNAi) embryos confirming the speci-
ficity of our antibody. Merged images of the
DNA and MT labelings are shown. Bar is
10 $m.
(B) Immuno-EM of wt embryos using SPD-2
antibodies. Labeling was observed on the
centrioles (see higher magnification of boxed
region) and in the periphery of centrioles, in
the region corresponding to the PCM (arrows).
The density of gold labeling is plotted against
the distance from the centriole (gold particles/
100 nm2). The labeling density was highest
within 100 nm of the centriole. Bar is 250 nm.
(C) Mature sperms were labeled for DNA
(blue), SAS-4 (green), and SPD-2 (red). Note
that SPD-2 and SAS-4 are both found on the
sperm centriole. Bar is 1 $m.
(D) Embryos shortly after fertilization (top),
further into female meiosis (middle), and
shortly after the completion of female meiosis
(bottom) were labeled for DNA (blue), MTs
(green), SPD-2, and SPD-5. Note that SPD-5
localizes to the centrosomes after SPD-2.
Merged images of the DNA and MT labelings
are shown. Bar is 10 $m.
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Figure 3. Centrosomal Distribution of SPD-2
during the First Cell Division and the Domain
Structure of SPD-2 Homologs

(A) wt embryos after meiosis, at prometa-
phase, and at telophase were stained for DNA
(not shown), SPD-2 (red), SAS-4 (green), and
SPD-5 (blue). See Figure S2A for the stages
analyzed. Merged images at the three differ-
ent stages are also shown. Bar is 1 $m. Note
that SPD-2 localizes to both the PCM and the
centrioles.
(B) Domain structure of C. elegans SPD-2 and
multiple sequence alignment of the putative
SPD-2 orthologs. SPD-2 contains a coiled-
coil domain (aa 200–470, red box) and a
SPD-2 domain (aa 484–714, green box) de-
fined by similarity to its orthologs in other
species. By comparing C. elegans and
C. briggsae SPD-2, we identified six con-
served CDK phosphorylation sites (consen-
sus sequence: [ST]-P, indicated by black cir-
cles; aa positions 143, 171, 220, 233, 259 and
545 in C. elegans SPD-2). The putative phos-
phorylation site within the SPD-2 domain that
is conserved in nematodes is not present in
other eukaryotes. The conserved residues
are boxed in green; the putative CDK phos-
phorylation sites are boxed in black with yel-
low lettering.
(C) Multiple sequence alignment of the N-ter-
minal region of the SPD-2 domain with the
homologous region of vertebrate abnormal
spindle proteins (Asp). Nearly all conserved
residues present within the N-terminal region
of the SPD-2 domain are also present in the
N terminus of Asp proteins. Residues that are
conserved in at least 87% of the sequences
of the SPD-2 domain and Asp proteins are
highlighted in yellow, those that are only spe-
cific for the SPD-2 domain are boxed in green,
and those that are only specific for the Asp
N-terminal domain are boxed in gray. Abbre-
viations: Hs, Homo sapiens; Dm, Drosophila
melanogaster; Cb, Caenorhabditis briggsae;
Ce, Caenorhabditis elegans; Gg, Gallus gal-
lus; Xl, Xenopus laevis; and Dr, Danio rerio.
Additional information about the alignments
and accession numbers of the sequences
used can be found in the Supplemental Data.

SPD-2 and SPD-5 Are Mutually Required for Their transgenic worms expressing SPD-2 tagged with GFP
(GFP::SPD-2). Time-lapse imaging of wt embryosAccumulation on Centrosomes

To determine whether SPD-5 was required for the showed that the level of SPD-2 present on the centro-
some increased over time, reaching a maximum at thecentrosomal accumulation of SPD-2, we generated
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metaphase to anaphase transition (Figures 4A and 4B,
wild-type, and Movies 3 and 4). In spd-5(RNAi) embryos,
no accumulation of GFP-SPD-2 could be detected as
the cell progressed through mitosis, although a small
structure was always present (Figures 4A and 4B, spd-5
(RNAi), and Movies 5 and 6). In a separate set of experi-
ments, SPD-2 labeling was restricted to the centriolar
region in spd-5(RNAi) embryos, as judged by its colocali-
zation with the centriolar protein SAS-4 (data not
shown). Together, these results suggest that SPD-5 is
required for the accumulation of SPD-2 on the PCM, but
not for its centriolar association. However, we cannot
be certain that this is not due to undetectable residual
SPD-5 left after RNAi. It was previously shown that the
amount of SPD-5 and !-tubulin on mitotic centrosomes
is reduced in spd-2 mutants [22, 30]. In spd-2(RNAi)
embryos, we also observed low levels of SPD-5 on
mitotic centrosomes and, consequently, low levels of
!-tubulin confirming the previously published work (Fig-
ures S3A–S3B) [22, 30]. Together, the results presented
here in combination to those previously described in
spd-2 mutants, suggest that SPD-2 and SPD-5 are mutu-
ally required for their localization to the centrosome.

SPD-2 Is Required for Centriole Duplication
The prominent centriolar localization of SPD-2 sug-
gested that it might be required for centriole function.
To follow centriole duplication, we used SAS-4 as a
marker of centriole number. In wt embryos at telophase,
two SAS-4-positive structures could be detected at
each pole of the mitotic spindle, indicating that the cen-
trioles had duplicated and disjoined (Figure 5A, wild-
type). In spd-2(RNAi) embryos, only two structures label-
ing for SAS-4 could be detected at any stage during the
first cell division (Figure 5A, spd-2(RNAi)). In older spd-2
(RNAi) embryos, in which multiple rounds of failed mito-
ses had occurred, no more than two structures labeling
for SAS-4 could be observed (Figure 5A, spd-2(RNAi)).

The analysis of SAS-4 staining in spd-2(RNAi) em-
bryos suggested that SPD-2 is required for centriole
duplication. However other possibilities exist that can
explain this observation. For instance, the centrioles
could duplicate normally, but not disjoin, making the
daughter centrioles undetectable at the light micro-
scope level. Another possibility is that SAS-4 does not
accumulate on the daughter centriole in the absence
of maternal SPD-2. Therefore, we examined centriole
number by using EM. In wt embryos, duplicated centri-
oles were observed at metaphase (Figure S4B). Since
spd-2 embryos do not have a bona fide metaphase, we
allowed spd-2(RNAi) embryos to undergo pronuclear
migration, pronuclear meeting, and NEBD before pro-
cessing them for EM. In the four spd-2(RNAi) embryos
serially sectioned and analyzed, only two single centri-
oles per embryo were observed (Figures 5B and S4C).

Figure 4. The Centrosomal Accumulation of SPD-2 during Centro- Taken together, our immunofluorescence and EM data
some Maturation Requires SPD-5 show conclusively that SPD-2 is required for centriole
(A) wt and spd-5(RNAi) embryos from GFP::SPD-2 transgenic worms duplication in C. elegans.
were submitted to time-lapse microscopy. Images acquired at differ-
ent times (seconds relative to NEBD) are shown.
(B) The fluorescence intensity of wt (n # 4) and spd-5(RNAi) embryos
(n # 4) was quantified and shown either as individual data points line). Note that in the absence of SPD-5, SPD-2 does not accumulate
(circles represent wt, crosses represent spd-5(RNAi) embryos) or on the centrosome. See Movies 3 and 4 (wt) and Movies 5 and 6
as a running average for wt (blue line) or spd-5(RNAi) embryos (red (spd-5(RNAi)) in the Supplemental Data.

108



Centrosome Assembly in C. elegans
869

Figure 5. Centriole Duplication Also Fails in
spd-2(RNAi) Embryos

(A) wt and spd-2(RNAi) embryos were fixed
and stained for DNA (blue), MTs (green), and
the centriolar protein SAS-4 (red). Note that
in wt embryos at telophase, four structures
labeling for SAS-4 were observed, two at
each pole of the mitotic spindle (insets). In
spd-2(RNAi) embryos at the end of the first
cell division, only two SAS-4 positive struc-
tures were observed, suggesting that centri-
ole duplication did not occur. In spd-2(RNAi)
embryos allowed to undergo numerous
rounds of failed mitoses, only two structures
labeling for SAS-4 could be observed.
Merged images of the DNA, MT, and SAS-4
labelings are shown. Bar is 10 $m.
(B) In serially sectioned spd-2(RNAi) em-
bryos, only two single centrioles were found
(n # 4). Arrows point to the approximate posi-
tion of the centrioles relative to their position
in other sections. Bar is 1 $m.
(C) wt and spd-5(RNAi) embryos were labeled
for DNA (blue), MTs (green), SAS-4, and
!-tubulin. In a wt embryo at the 8-cell stage,
two structures labeling for SAS-4 could be
observed per cell (wt, SAS-4), and the centro-
somes contained variable amounts of
!-tubulin depending on their cell cycle stage
(wild-type, !-tubulin). In spd-5(RNAi) em-
bryos allowed to undergo numerous rounds
of failed mitoses, multiple centrioles could be
observed, even in the absence of !-tubulin
recruitment. Merged images of the DNA and
MTs labeling are shown. Bar is 10 $m.
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We next wanted to determine if the centriole duplica- somes in C. elegans. This is in contrast to results ob-
tained in vitro with Xenopus egg extracts [37] and also intion defect observed in spd-2(RNAi) embryos was due

to their failure to recruit PCM or to a more direct role of other species, such as Drosophila, plants and mammals,
where centrosomes seem to be dispensable for spindleSPD-2 in centriole duplication. Since spd-5(RNAi) em-

bryos are unable to recruit PCM components [22], we assembly [38–41]. One possibility is that SPD-2 and
SPD-5 are also required for non centrosome-dependentasked if centriole duplication still occurred in the ab-

sence of SPD-5. We allowed spd-5(RNAi) embryos to spindle assembly. The other possibility is that spindles
in C. elegans require centrosomes. It will prove interest-undergo multiple rounds of failed mitoses before looking

at centriole number. Several SAS-4 structures were de- ing to further analyze if a noncentrosome spindle assem-
bly pathway exists in C. elegans and, if so, why thistected in spd-5(RNAi) embryos, while no significant

!-tubulin staining was observed, confirming that PCM pathway is unable to compensate for the absence of
functional centrosomes.recruitment was efficiently blocked (Figure 5C). Four

GFP::SPD-2 dots were also observed at a similar stage In addition to its role in PCM recruitment, SPD-2 local-
izes to the centrioles and is required for their duplication.in GFP::SPD-2 embryos derived from hermaphrodites

exposed to spd-5 dsRNA (see Movies 5 and 6). Although Although SPD-2 could be a core component of the cen-
triole structure, the centriolar association of SPD-2 dif-we cannot unequivocally refute that undetectable

amounts of SPD-5 sufficient to promote centriole dupli- fers from the known core centriole protein SAS-4 [18,
19]. Both SPD-2 and SAS-4 are present on the spermcation still remain after RNAi, it should be noted that in

spd-2(RNAi) embryos, a significant amount of SPD-5 is centrioles, and in both cases RNAi does not affect this
localization because RNAi is largely ineffective in thestill present on the centriole, but centriole duplication

still fails (Figure S3A). Together these results suggest male germ line [18, 19]. After exposure of hermaphro-
dites to sas-4 dsRNA, the embryos produced containthat centriole duplication can still occur in the absence

of SPD-5 and that the centriole duplication defect ob- SAS-4, provided by the sperm, which remains stably
associated with the centriole throughout the cell cycleserved in spd-2(RNAi) embryos may be due to a specific

role of SPD-2 in centriole duplication rather than a gen- [18, 19]. In contrast, after exposure of hermaphrodites
to spd-2 dsRNA, the sperm-provided SPD-2 rapidly fallseral effect caused by the failure to recruit PCM.
off the centrioles. Taken together this suggests, using
the C. elegans definition, that unlike SAS-4, SPD-2 is

Discussion not a core centriolar component but is instead associ-
ated with the centriole. While the definition of a centriole

In this paper we show that C. elegans SPD-2 is required versus PCM component is somewhat semantic, in
for both centrosome assembly and centriole duplication. C. elegans embryos it does allow the comparison of
Through bioinformatics, we found that SPD-2 shares components that are probably built into the centriole
sequence homology to a human protein recently shown structure when it is being assembled and those that
to be a component of the mammalian centrosome [31]. bind to the centriole to perform downstream functions.
We have shown that spindle assembly most likely fails Taken together, our data suggest that SPD-2 binds to
in spd-2(RNAi) embryos because centrioles are unable the fully-formed centrioles to recruit PCM components
to efficiently recruit PCM components, a situation also necessary for MT nucleation and centriole duplication.
observed in spd-2 mutants [22, 30]. Three lines of evi- Thus, SPD-2 is a good candidate to be a primary scaf-
dence make us believe that the primary role of SPD-2 folding protein that links assembly of the centriole struc-
in PCM assembly is through the recruitment of SPD-5. ture to its downstream effectors. Recruitment of PCM
First, SPD-2 is present on the sperm centriole before components appears to proceed through the recruit-
and after fertilization, while SPD-5 is only recruited to ment of SPD-5 [22]. However, since SPD-5 is not neces-
the centrosome after meiosis, coincident with the onset sary for centriole duplication, SPD-2 may recruit other
of MT nucleation [22]. Second, SPD-2 is required for the factors that initiate centriole duplication. To date, no
recruitment of SPD-5 to the PCM. Third, in spd-5(RNAi) such factors have been identified in C. elegans, but by
embryos, low levels of SPD-2 are present on the cen- analogy with work in mammalian cells, SPD-2 may be
trosome, but no MT nucleation is observed, while in required to recruit CDK kinases [42, 43]. Future work
spd-2(RNAi) embryos, some SPD-5 is present and, con- on the C. elegans and mammalian homologs of these
comitantly, low levels of MT nucleation is observed. proteins should shed more light on this process.
Therefore, the MT nucleation activity of centrosomes

Experimental Proceduresseems to relate to the amount of SPD-5 present. We
did observe that during centrosome assembly, the re-

Time-Lapse Microscopy and Quantificationcruitment of SPD-2 to the PCM requires SPD-5. This
To generate GFP::SPD-2 transgenic worms, primers (5%-AAACTAG

suggests other possible roles for SPD-2; for instance, TAATCTCTGTAATGAA-3%, 5%-GGCTTAAGTTACTTTCTATTCGA-3%)
that SPD-2 and SPD-5 associate with the PCM as a containing SpeI or AflII sites (bold) were used in a PCR reaction

using N2 genomic DNA as a template. The resulting fragment, corre-protein complex. However, the weak PCM localization
sponding to amino acids 8–828 of SPD-2, was cloned in frame towhen compared to the prominent centriolar labeling
GFP to generate an N-terminal GFP::SPD-2 gene fusion in a vectorsuggests that this PCM localization may be secondary
containing pie-1 promoter sequence to ensure expression of theto its function in centrosome assembly.
transgene in the germline and spliced unc-119(&) as a selection

The fact that spindle assembly fails in the absence of marker. The TH42 worm strain was constructed by high-pressure
either SPD-2 or SPD-5 [22] strengthens the idea that ballistic bombardment (BioRad) of DP38 unc-119(ed3) homozy-

gotes. Considering that 100% of the progeny were rescued for unc-mitotic spindle assembly requires functional centro-
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119 and expressed GFP, we conclude that TH42 contains an inte- coated copper grids. For on-section immunolabeling, primary anti-
bodies against SPD-2 were diluted in blocking buffer containinggrated copy of the transgene.
0.8% bovine serum albumin, 0.01% Tween 20, and 0.1% fish scaleFor live imaging of GFP::SPD-2, embryos were mounted as pre-
gelatin (Nycomed, Amersham, Inc.) in PBS. The secondary goat anti-viously described [45] and imaged by using a Zeiss Axioplan II
rabbit IgG antibody was coupled with 10 nm colloidal gold (Britishmicroscope equipped with a Orca 100 camera (Hamamatsu) and a
BioCell, England). The antibody complex was stabilized by 1% glu-63' 1.4 NA PlanApochromat objective (Zeiss) controlled by the
taraldehyde in PBS. Immunolabeled sections were poststained withMetamorph software package (Universal Imaging Corporation). Im-
2% uranyl acetate in 70% methanol for 4 min followed by aqueousages were acquired every 10 s by using a 550 ms exposure time
lead citrate for 2.5 min. Samples were imaged by using a TECNAIand 2' binning. For the quantification of centrosomal GFP:SPD-2
12 transmission electron microscope operated at 100 kV (Phillips).fluorescence, the bright centrosomal regions were circled and the
For the quantification of immunogold labeling, the distance of 160average fluorescence intensity of that region along with that of an
individual gold particles from the center of the centrosome (centri-identically sized background region determined by using the Meta-
ole) taken from 15 randomly selected images was determined andmorph software package (Visitron Systems); from these values, the
grouped as shown in Figure 2B.integrated fluorescence intensity was determined. To generate the

graph in Figure 5B, the data for the individual experiments was
Bioinformaticscombined and sorted by the time reference. A running average of
A BLAST-search using the C. briggsae ortholog of SPD-2 identifiedthe fluorescence intensity data was calculated by using a window
C. elegans SPD-2, with an E value of 1E-50, as the first and onlysize corresponding to 1/10 of the number of data points for wt and
hit. The two nematode sequences align from N to C terminus andspd-5(RNAi), and both the individual data points and the running
share overall identity/similarity of 43% and 59%, respectively, with

averages were plotted using MatLab (v5.1). For time-lapse imaging
an alignment score of 1E-167. The SPD-2 gene has apparently un-

of GFP::"-tubulin worms, embryos were mounted and imaged on a dergone a high degree of divergence consistent with what is usually
Zeiss Axioplan II microscope equipped with a spinning-disc confo- observed between the two nematodes [32], yet the similarity of
cal head (QLC100; Visitech International), an Orca 100 camera (Ha- the two proteins is highly significant. The SPD-2 domain of the
mamatsu), and a 63' 1.4 NA PlanApochromat objective (Carl Zeiss) nematodes shares 46% identity and 63% similarity and is therefore
controlled by the Metamorph software package (Universal Imaging slightly more conserved than the rest of the protein. The vertebrate
Corp.). Images were acquired every 10 by using an 800 ms exposure and Drosophila orthologs were confidently identified by a PSI-
time and 2' binning. For the quantification of MT build-up at centro- BLAST search against the nonredundant database. Likewise, back-
somes, images of wt embryos were acquired every 15 s by using a PSI-BLASTs by using the human sequence of the SPD-2-domain
500 ms exposure time and 2' binning (n # 4). For spd-2(RNAi) identified the C. elegans and D. melanogaster sequence. The per-
embryos, images were acquired every 10 s by using a 939 ms expo- centages of identical and similar residues between C. briggsae and
sure time and 2' binning (n # 4). Given that different imaging param- human are 21% and 41%, respectively, and the E value after the
eters were used for wt and spd-2(RNAi) embryos, the ratio between fourth iteration is 1E-81. The percent identity/similarity between the
the integrated fluorescence intensity value of the centrosomal region C. briggsae SPD-2 domain and its fly ortholog is 18%/41% (Figure
over that of a background region of identical area was calculated 3B). We would like to note that the search query had to be C. briggsae
and plotted over time. The results are shown as both individual data SPD-2, since the protein sequence of C. briggsae SPD-2 was at the

time not present in the nonredundant database, and at least twopoints and running averages as described above.
homologs are required to carry out a successful PSI-BLAST search.
The N terminus of the Asp proteins is confidently identified by PSI-
BLAST searches, and the SPD2-domain is identified by back-Electron Microscopy
BLASTs with the Asp N-terminal domain. The fact that the residuesCorrelative DIC/TEM was carried out as described [18]. A single wt
that are conserved between the different species of the Spd2-familyor spd-2(RNAi) early embryo was transferred to a marked region on
are also conserved in the Asp proteins further strengthens the hy-an aclar coverslip (Electron Microscopy Sciences) that was pre-
pothesis that these two domains are related and fulfill a similarviously glow discharged and coated with 1% poly-L-lysine (Sigma,
function. Accession numbers and domain boundaries for the SPD-2P1524) in PBS. The aclar coverslip was mounted on an inverted
orthologs are as follow: HsSpd2, Bab13395.1 (374–599); DmSpd2,Zeiss Axiovert 200M microscope, and the embryos were imaged
NP_648906.1 (707–928); CbSpd2, ENSCBRP00000013151 (494–through the aclar by using DIC. Embryos were placed in fixing solu-
733); and CeSpd2: NP_492414.1 (484–714). Accession numbers andtion (1' PHEM buffer (60 mM PIPES [pH 6.9], 25 mM HEPES [pH
amino acid positions (if known) in the Asp proteins are as follows:6.9], 10 mM EGTA, and 2 mM MgCl2 containing 2% glutaraldehyde
HsAsp, NP_060606.2 (50–144); GgAsp, BU107436 (source: dbEST);

and 0.4% tannic acid) [20] and the eggshell permeabilized by using
XlAsp, BJ031648 (source: dbEST); and DrAsp, BF156705 (source:

a pulsed solid-state UV laser (PowerChip, JDS Uniphase) focused dbEST).
with a 63' 1.2 NA C-Apochromat water immersion-objective lens
(Carl Zeiss). After permeabilization, the embryos were incubated at
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4(C for an additional 30 min in fixing solution, washed three to four
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Summary

Caenorhabditis elegans is one of  the most important genetic
systems used in current biological research. Increasingly, these
genetics-based research projects are including ultrastructural
analyses in their attempts to understand the molecular basis
for cell function. Here, we present and review state-of-the-art
methods for both ultrastructural analysis and immunogold
localization in C. elegans. For the initial cryofixation, high-
pressure freezing is the method of  choice, and in this article
we describe two different strategies to prepare these nematode
worms for rapid freezing. The first method takes advantage
of  transparent, porous cellulose capillary tubes to contain the
worms, and the second packs the worms in E. coli and/or yeast
paste prior to freezing. The latter method facilitates embed-
ding of  C. elegans in a thin layer of  resin so individual worms
can be staged, selected and precisely orientated for serial sec-
tioning followed by immunolabelling or electron tomography.
Received 6 October 2002; accepted 15 June 2003

Introduction

In the past few years, extremely efficient sequencing tech-
niques have provided complete genetic information for several
model organisms, including the nematode Caenorhabditis ele-
gans. Currently, various techniques, including RNA-mediated
interference (RNAi), are applied to answer fundamental ques-
tions related to molecular, cell and developmental biology.
Importantly, for a description of  C. elegans biology, the analysis
of  wild-type and mutant fine structure and the ultrastructural
localization of  gene products are crucial.

Using conventional methods of  specimen preparation for
electron microscopy, C. elegans is an organism that is consid-
ered to be difficult to fix. When transferred into a buffered
fixative, this nematode can respond very quickly and prevent
fixative from entering its tissues. By blocking the diffusion of
fixatives through the cuticle, C. elegans is able to survive up to
7 h in a solution containing 10% glutaraldehyde (Shepard
& Clark, 1976). In order to permit penetration of  the chemical
reagents into the nematode, the worms have to be cut into
pieces (Ward et al., 1975; Hall, 1995) or warmed by micro-
wave treatment ( Jones & Gwynn, 1992). Compared with
whole worms, it is even more difficult to fix isolated early
embryos of  C. elegans. To allow adequate chemical fixation
by glutaraldehyde, the eggshell of  the embryo has to be either
digested enzymatically or treated with bleach (Rappleye
et al., 1999) or made porous with a laser beam (Priess & Hirsh,
1986; Kirkham et al., 2003). Such problems related to the
diffusion of  chemical reagents can be avoided when high-
pressure freezing in combination with freeze-substitution is
applied. These high-pressure frozen/freeze-substituted samples
are suitable for both morphological (Dernburg et al., 1998;
Rappleye et al., 1999; Howe et al., 2001; Kirkham et al., 2003)
and immunogold studies (Favre et al., 1995; Kirkham et al.,
2003).

In this article, we describe and discuss two different meth-
ods for cryoprocessing of  C. elegans samples. The first method
takes advantage of  transparent, porous cellulose capillary tubes
with an inner diameter of  200 

 

µm to contain the worms, which
are drawn into the tubes by capillary action (Hohenberg
et al., 1994). In the second method, worms are packed in
E. coli and/or yeast paste prior to high-pressure freezing/
freeze-substitution and then embedded in a thin layer of
polymerized resin. Using this method, individual worms can
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be viewed by high-resolution light microscopy to preselect
particular stages of  development for precisely orientated
sectioning (Rappleye et al., 1999; Lonsdale et al., 2001).

Materials and methods

C. elegans was cultivated on plates or in suspension according to
published procedures (Brenner, 1974). Worms were prepared
for high-pressure freezing using either the ‘capillary tube’ or
‘thick paste’ method.

Capillary tube method

Filling the capillary tubes. The capillary tube method was car-
ried out as described (Hohenberg et al., 1994). Briefly, the tip of
a capillary tube (hollow cellulose fibre; type LD OC O2; Micro-
dyn, Wuppertal, Germany) was inserted into a droplet of  a
nematode suspension and the nematodes were drawn into the
tube by capillary action. The capillary was kept in place by a
clamping mechanism (Fig. 1). A piece of  filter paper was held
against the opposite end of  the capillary tube, and nematodes
were trapped and concentrated in the capillary tube by pass-
ing medium out into the filter paper. After about 10 s, 2 mm of  the
capillary tube was packed densely with the worms. Suitably
filled segments of  the tubes were submerged in 1-hexadecene
and cut with a scalpel. This cutting process sealed the ends
of  the segments. When there were low nematode concen-
trations inside the tube, the application of  non-penetrating
cryoprotectants was necessary. To achieve this, the tubes were
filled with nematodes as described above. In addition, either a
10% solution of  HES (hydroxy ethyl starch; Echlin et al., 1977)
or 10% Dextran (molecular weight Mr~40 000) was drawn
into the tube by capillary action, displacing the cultiva-
tion medium prior to high-pressure freezing. This process of
medium displacement and the preservation of  nematode

vitality can easily be monitored by light microscopy as a result
of  the transparency of  the capillary tubes.

High pressure freezing. The 2-mm segments of  the capillary
tubes were fitted into the cavity (depth 200 

 

µm) of  the stand-
ard aluminium planchette (type A; Engineering Office M.
Wohlwend, Sennwald, Switzerland) filled with 1-hexadecene.
1-Hexadecene is a hydrophobic and chemically inert paraffin
oil of  rather low viscosity. Therefore, cavities are easily filled
(Studer et al., 1989). Type A planchettes were sandwiched
with the flat side of  a complementary type B planchette. The
sandwich was then inserted into the holder of  the high-
pressure freezer (BAL-TEC HPM 010, BAL-TEC, Liechtenstein;
Moor, 1987) and frozen. The frozen sandwiches were stored
in liquid nitrogen until further use.

Freeze-substitution, embedding and electron microscopy. Freeze-
substitution was performed in anhydrous acetone containing
2% osmium tetroxide (van Harreveld & Crowell, 1964). The
frozen capillary tubes were freed mechanically from adhering
1-hexadecene at 

 

−90

 

°C in the substitution medium. At

 

−90

 

°C, 1-hexadecene is not soluble in acetone, methanol or
ethanol, thereby possibly preventing the substitution of  the
aqueous phase. As a consequence, adequately frozen samples
may be damaged by subsequent ice crystal growth, if  substitu-
tion occurs only at elevated temperatures. The capillary tubes,
freed from 1-hexadecene, were then transferred to 1.5-mL
Eppendorf  tubes containing the substitution medium pre-
cooled to 

 

−90

 

°C. A miniature ‘transfer basket’ was used to
transfer the capillary tubes and change solutions during
freeze-substitution (for details see Hohenberg et al., 1994).
The samples were kept at 

 

−90,

 

−60 and 

 

−30

 

°C for 8 h at each
step and finally brought to 20 

 

°C for 1 h in a freeze-substitution
unit (Leica EM AFS, Vienna, Austria). The samples were then
washed three times in anhydrous acetone and embedded
stepwise in Spurr’s resin (30% and 70% resin in acetone) at
25

 

°C for 4 h at each concentration (Spurr, 1969). The capil-
lary tubes were orientated either parallel or perpendicular
to the rim of  the embedding form prior to polymerization at
60

 

°C for 24 h. Thin sections (50 nm) were cut using a Leica
Ultracut UCT Microtome (Leica), post-stained with 2% uranyl
acetate followed by Reynold’s lead citrate and imaged in a
Philips CM 120 transmission electron microscope (FEI, The
Netherlands) operated at 60 kV.

Thick paste method

Sample loading and high-pressure freezing. In preparation for
high-pressure freezing, adult wild-type worms containing
embryos were selected under a stereomicroscope and transferred
to sample holders containing an E. coli suspension. Alterna-
tively, a thick paste of  yeast was made from dry bakers yeast
and 10% methanol and worms were mixed with this paste and
loaded into the high-pressure freezing planchette. About 50–

Fig. 1. Using capillary tubes for specimen preparation. The tip of  a
capillary tube is inserted into a drop of  nematode suspension to fill the
cellulose tube. Nematodes are drawn into the tube by capillary action. The
capillary tube is kept in place by a clamping mechanism. A piece of  filter
paper is held against the opposite end of  the tube to trap and concentrate
the specimens. Suitably filled segments of  the tube can be cut and sealed
prior to freezing: 1, filter paper; 2, clamping mechanism; 3, capillary tube;
4, nematode suspension.
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100 worms were placed in the 100-

 

µm-deep well of  a BAL-
TEC type A planchette (McDonald, 1999; Engineering Office
M. Wohlwend). Samples were covered with the flat side of  a
complementary planchette (type B) and rapidly frozen using a
BAL-TEC HPM 010 high-pressure freezer (BAL-TEC). Frozen
samples were stored in liquid nitrogen until further use.

Freeze-substitution and infiltration with resin. For freeze-substi-
tution, specimen holders were split under liquid nitrogen and
a single planchette type ‘A’, containing the nematode worms,
was transferred to a precooled cryovial (

 

−90

 

°C) containing
the fixative. For morphological studies, freeze-substitution
was carried out in anhydrous acetone containing 1% osmium
tetroxide and 0.1% uranyl acetate (McDonald & Müller-
Reichert, 2002). For immunolabelling studies, we used a
‘cocktail’ containing 0.2% glutaraldehyde and 0.1% uranyl
acetate in anhydrous acetone (McDonald, 1999). Using a
Leica EM AFS, samples were maintained at 

 

−90

 

°C for 3 days.
Freeze-substituted samples were then allowed to warm to
room temperature at a rate of  5 

 

°C h

 

−1. At room temperature,
specimens were removed from the planchettes and washed
three times for 1 h in fresh anhydrous acetone. After the
acetone washes, samples were then gradually infiltrated with
either Epon/Araldite resin (1 part resin : three parts acetone)
for 1 h; 1 : 1 for 2 h; 3 : 1 for 2 h, and 100% resin for 1 h, then
overnight, then for 1 h), or LR White resin (1 part resin : 1
part acetone for 2 h; 100% resin 4 

 

× 2 h and overnight).

Thin-layer embedding. Worms were embedded in thin, optically
clear layers of  resin on microscope slides. For Epon/Araldite
embedding (McDonald, 1994; Fig. 2A), microscope slides were
wiped clean with a soft cloth and coated with Teflon® spray
(MS-122DF, Miller-Stephenson Chemical Co., Inc., Danbury,
CT, USA). Worms in Epon/Araldite were evenly distributed
on the cleanly wiped surface of  the glass slide. Two layers of
Parafilm® were used as spacers and coated slides were put
on top of  the resin samples. For LR White embedding (Fig. 2B),
we used the methods described in Lonsdale et al. (2001). Briefly,
a microscope slide was coated with Teflon spray as above, then
wiped clean. A piece of  Thermanox® 22 mm square from
which an 18-mm square had been removed from the centre
was glued to the slide with a Krazy Glue® Pen and allowed to
dry for at least 1 h. Worms in pure LR White resin were placed
in the 18-mm square cavity and covered with a 25-mm square
piece of  Aclar® plastic such that no air bubbles were trapped
in the cavity. The slide was then placed in a container flooded
with dry nitrogen gas, which was then sealed and put into a
60

 

°C oven for 1–2 days. The Aclar plastic was peeled off  and
selected worms were cut out and remounted for sectioning.

Remounting, sectioning and electron microscopy. Worms contain-
ing appropriate numbers of  early embryos were selected by
light microscopy and remounted on ‘dummy’ blocks for
ultramicrotomy (Fig. 2C–E). Longitudinal sections through the

worms were cut using either a Reichert Ultracut E or a Leica
Ultracut UCT Microtome (Leica). Both thin (60–70 nm) and
semi-thick (300–400 nm) Epon/Araldite sections were col-
lected on Formvar-coated copper slot grids. Thin sections
(50–70 nm) for immunolabelling were collected on Formvar-
coated rhodium/copper slot grids. Sections were post-stained
with 2% uranyl acetate in 70% methanol followed by Reynold’s
lead citrate and imaged in a TECNAI 12 transmission electron
microscope (FEI) operated at 100 kV.

On-section immunolabelling. All steps of  immunolabelling were
performed in a humid chamber at room temperature. The
samples were floated on blocking buffer containing 0.8%
bovine serum albumin, 0.01% Tween 20 and 0.1% fish skin

Fig. 2. Selection of  thin-layer embedded worms for electron microscopy.
(A) Epon/Araldite-infiltrated worms are sandwiched between two
Teflon®-coated microscope slides. Spacers are used to hold the slides
apart. (B) Worms infiltrated with LR White are placed in slide moulds
made of  a microscope slide and a Thermanox® spacer. Slide moulds are
closed using an Aclar® cover slip. After polymerization of  the resin,
selected specimens are excised (C) and remounted on ‘dummy’ blocks
(D) for serial sectioning (E).
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gelatin (Nycomed, Amersham Inc.) in physiologically buffered
saline (PBS) for 20 min. Samples were then transferred to
blocking buffer containing the diluted primary polyclonal
antibody (1 : 1200). After 45 min the grids were rinsed three
times each for 5 min in PBS and transferred to blocking buffer
containing the secondary antibody. The secondary goat anti-
rabbit IgG antibody (British BioCell, U.K.), coupled to 10-nm
colloidal gold, was diluted 1 : 40 in blocking buffer. After rins-
ing in blocking buffer and PBS (three times each for 5 min),
samples were fixed for 5 min using 1% glutaraldehyde in PBS,
then rinsed three times each for 1 min in dH2O, and post-
stained as described above.

Tomographic reconstruction of  mitotic spindle components in
early C. elegans embryos. High-voltage electron tomography was
carried out essentially as described in O’Toole et al. (1999).
Briefly, 15-nm colloidal gold particles were affixed to both
surfaces of  semi-thick (300–400 nm) sections, and the grids
were carbon coated to stabilize the sample under the electron
beam. Samples were placed in a high-tilt, rotating stage (Gatan
model 650, Pleasanton, CA, U.S.A.) and imaged using a JEOL
JEM1000 microscope operating at 750 kV. Serial, tilted views
were collected over a 

 

±60

 

° range at 1.5

 

° increments about
two orthogonal axes. Images were acquired using a Gatan

1k

 

× 1k CCD camera at a pixel size of  1.4 nm using an auto-
mated image capture software package developed in the
Boulder Laboratory for 3-D Fine Structure. Multiple frames,
or montages, were collected in order to reconstruct a larger
area of  the cell as described in Marsh et al. (2001). Image pro-
cessing was carried out using the IMOD software package
(Ladinsky et al., 1999; O’Toole et al., 1999; Marsh et al., 2001).
The serial, tilted views were aligned using the positions of  the
gold particles, and tomograms computed using an R-weighted
back projection algorithm. Tomograms from each axis were
then aligned to each other and combined (Mastronarde, 1997).
The IMOD modelling program was used for image display and
modelling (Kremer et al., 1996). The ratio of  the microtome
setting to the final measured thickness of  the reconstruc-
tions was used to calculate a thinning factor to correct for the
collapse of  the section during microscopy.

Results

Cellulose capillary tubes

A transverse section through a high-pressure frozen C. elegans
hermaphrodite prepared in a capillary tube is shown in
Fig. 3(A). Excellent ultrastructural preservation is indicated

Fig. 3. Nematode worms frozen in capillary tubes. (A) Ultrastructure of  a wild-type worm in cross-section. (B) Worm ultrastructure in the presence of
10% dextran. High-pressure frozen worms were freeze-substituted in acetone containing 2% osmium tetroxide. Worms were embedded in Spurr’s resin.
Scale bars = 0.1 µm.
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by the nematode cuticle, which shows the sharply delineated
and highly ordered striations (Hohenberg et al., 1994). The
outer somatic muscles as well as structures in the centre of  the
worm are free of  detectable segregation patterns. This method
adequately cryofixed nematodes, suspended in their natural
medium, by high-pressure freezing throughout the entire
length of  the capillary tubes (diameter of  200 

 

µm, over a
length of  2 mm). Even low concentrations of  nematodes,
frozen in an HES or Dextran solution, showed good freezing
results although in some cases more than 80% of  the capillary
lumen was filled with an aqueous solution of  the respective
cryoprotectant (see Hohenberg et al., 1994). As shown in
Fig. 3(B), a single nematode surrounded by an ice crystal pat-
tern is well preserved and shows no intracellular ice crystal
formation of  detectible size. Only at the outer part of  the cuticle
are patterns of  structural damage visible.

Thick paste method and thin-layer embedding

To analyse the ultrastructure of  early C. elegans embryos, an
alternative method of  specimen preparation was applied. Adult
worms were frozen in a ‘thick paste’ of  E. coli and/or bakers yeast
and subsequently thin-layer embedded after applying high-
pressure freezing/freeze-substitution. Embedding of  whole
worms in a thin layer of  Epon/Araldite allowed us to screen
for worms with appropriate numbers of  early embryos. A
low-magnification image of  an early embryo, showing cells in
interphase as well as in mitosis, is given in Fig. 4(A). At higher
magnification, spindle components of  a cell in telophase are
visualized (Fig. 4B). The condensed chromatin and the centrioles
of  the spindle poles are indicated. The mitotic spindle apparatus
is shown in Fig. 4(C). This electron microscope image shows
spindle microtubules, the condensed DNA and a nuclear enve-
lope, which is partially dispersed at the spindle pole.

To localize specific gene products in the C. elegans embryo by
immunogold labelling, thin-layer embedding in LR White resin
was performed. When looking for specific labelling of  mitotic
spindle components it is crucial to screen a number of  labelled
embryos. Again, thin-layer embedding was useful because worms
with appropriate numbers of  embryos could be selected for
immunostaining. On-section immunolabelling of  spindle com-
ponents in the early C. elegans embryo is illustrated in Fig. 5.
The micrograph shows one half  of  a bipolar spindle with spindle
microtubules and condensed DNA. Details of  the immunola-

belling at higher magnification are shown in Fig. 5(B). The
polyclonal primary antibody (gift of  Dr K. Oegema, University
of  California, San Diego), raised against the kinetochore
component Knl-1p, recognized antigens along the ‘surface’ of
the chromatin (Desai et al., 2003). Arrows mark the 10-nm
gold particles.

Fig. 4. Early C. elegans embryo in a thin-layer embedded whole-mounted
wild-type worm. (A) Electron micrograph showing cells in interphase (i)
and in mitosis (m). (B) Mitotic cell in telophase. Two centrioles (c) and the
condensed DNA (d) are visible. (C) Ultrastructural details of  a cell in
metaphase. The partially dispersed nuclear envelope (ne) surrounds the
DNA (d). Spindle microtubules (arrows) are visible. Wild-type hermaphrodites
were high-pressure frozen. Specimens were freeze-substituted in acetone
containing 1% osmium tetroxide and 0.1% uranyl acetate and embedded
in Epon/Araldite. Scale bars = 0.25 

 

µm.
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Electron tomography of  selected embryos

We used selected high-pressure frozen, thin-layer embedded
worms to demonstrate the three-dimensional (3-D) reconstruc-
tion of  early embryo ultrastructure by electron tomography
(O’Toole et al., 2002, 2003). Tomography is based on the use
of  serial, tilted views of  a semi-thick section to create a computer-
generated volume that can be sliced and imaged in any
orientation. Figure 6(A) shows a selected, 2.14-nm-thick
tomographic slice through a portion of  a mitotic spindle from
an early C. elegans embryo. The cell is well preserved and free of
ice crystal damage. The DNA is dense and uniform, and por-
tions of  the nuclear envelope are evident. The centrosome is

also well preserved, and features such as the centriole pair and
the surrounding pericentriolar material are intact. Numerous
microtubules can be seen embedded in this pericentriolar
matrix. Structures of  interest can be modelled within the
complete tomographic volume and their positions displayed in
three dimensions (Fig. 6B,C). The trajectories of  microtubules,
the position of  the nuclear envelope and the surface of  the
condensed chromatin were modelled. Two different views of  the
model are displayed. As shown in these models, the spindle pole
sits outside a large opening in the nuclear envelope. Microtubules
radiate out from the centrosome, with the majority facing
the chromosomes. Microtubule ends were identified and their
positions marked with a blue sphere. Although this tomographic
reconstruction contained approximately 2.8 

 

µm

 

× 1.4 

 

µm

 

×
250 nm of  cell volume, only a portion of  this spindle was visu-
alized. Serial section tomography of  adjacent sections would
be needed to reconstruct this entire spindle.

Discussion

The most critical part of  high-pressure freezing is probably
loading of  the specimens. Some practical guidelines for speci-
men loading are clearly presented by Moor (1987) and some
of  the key points are briefly repeated here. (1) Specimens
should be in optimal physiological conditions at the moment
of  freezing. (2) Most samples need to be loaded quickly to
minimize physical and physiological disruptions. (3) The entire
cavity of  the specimen holder has to be filled. If  there are air
spaces, these will collapse and possibly crush the specimen
and/or interfere with effective heat transfer. (4) If  the plan-
chettes available do not seem to fit the sample, special
planchettes that do fit may have to be made. (5) If  existing
planchettes have to be used, non-penetrating cryoprotectants
can be used to fill air spaces and facilitate heat transfer. In
summary, if  the sample is not freezing well, it is probably not
the fault of  the high-pressure freezer, but rather the condition
of  the specimen as it goes into the freezer. It is generally known
in high-pressure freezing laboratories that poor freezing is
frequently correlated with the state of  the water in and/or
around the sample. Specimens with high water content, such
as some plant cells and cartilage, are difficult to freeze. Likewise,
samples that are surrounded by aqueous solutions such as cell
suspensions tend to freeze poorly. The two methods we have
presented here help to overcome some of  the difficulties associated
with loading of  C. elegans into the freezing planchettes. Choosing
either one of  these two methods, however, will largely be based
on the type of  analysis following specimen preparation.

Using capillary tubes for freezing

Nematodes were incubated, gently concentrated and continu-
ally observed in their natural medium until rapidly frozen in
their living state by high-pressure freezing. Direct contact of
the nematodes with 1-hexadecene or other cryoprotectants

Fig. 5. Immunogold labelling in the early C. elegans embryo. (A) Longitudinal
section through a metaphase spindle showing condensed DNA (d) and
microtubules (m). (B) Details of  the immunolabelling at higher
magnification. The antibody recognized a kinetochore protein along the
‘surface’ of  the condensed DNA. Wild-type worms were cryofixed by high-
pressure freezing, freeze-substituted in acetone containing 0.2%
glutaraldehyde and 0.1% uranyl acetate, and infiltrated with LR White.
Sixty- to 70-nm sections were immunolabelled with antibody to Knl-1p
and 10-nm gold secondary antibody (arrows). Scale bars = 0.25 µm.
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(Dahl & Staehelin, 1989; Studer et al., 1989) was avoided.
Nematodes, enclosed within cellulose capillary tubes and
submerged under 1-hexadecene, remain alive for 7 h (observed
by light microscopy). Upon direct contact with 1-hexadecene,
nematodes stretch out and die in less than 5 min. Importantly,
the hydrophobic 1-hexadecene is only marginally soluble in
acetone at subzero temperatures. Ice crystals may grow and

distort the sample, if  the substitution medium is prevented
from dissolving the frozen sample at very low temperatures.
The frozen 1-hexadecene therefore must be removed from the
specimen prior to freeze-substitution. The capillary tube pores
are water-filled and prevent the entry of  1-hexadecene.

Electron diffraction of  cryosections of  such prepared sam-
ples revealed vitrification of  the nematodes and hexagonal ice

Fig. 6. Electron tomography of  C. elegans ultrastruc-
ture. (A) Selected tomographic slice showing mitotic
features in an early embryo. The centrosome (c),
the condensed DNA (d) and a partially dispersed
nuclear envelope (arrow) are visible. Microtubules are
indicated by arrowheads. (B) Three-dimensional
model of  the same data set showing the complex
array of  microtubules (red) around the centrioles
(blue). The ‘surface’ of  the DNA is modelled in ‘green’
and the nuclear envelope is modelled in ‘yellow’.
Minus ends of  microtubules are indicated by blue
spheres. (C) Horizontal rotation of  the same 3-D
model. Specimens for tomographic reconstruction
were cryofixed by high-pressure freezing and freeze-
substituted in acetone containing 1% osmium tetroxide
and 0.1% uranyl acetate. Samples were embedded in
Epon/Araldite. Scale bar = 0.5 µm.
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in the surrounding medium in most cases (Hohenberg et al.,
1994). It is important to note that the freezing quality was
correlated with the concentration of  the nematodes inside the
capillary tubes; 40–50% of  the capillary lumen should be filled
with the worms. In the case of  low nematode concentrations
or the preparation of  selected individuals or embryos, the
application of  solutions containing non-penetrating cryopro-
tectants (i.e. HES or Dextran) gave good results. The pattern
of  ice crystal formation in the frozen solution enclosing the
nematodes is directly visible.

The advantages in using porous cellulose capillary tubes for
the preparation of  nematodes for high-pressure freezing are as
follows. (1) The samples are cryoimmobilized in their natural
environment, a procedure which retains structural informa-
tion that can be correlated with the physiological state of  the
worms. Viability and vitality of  the nematodes can be continu-
ally checked by light microscopy until freezing because
capillary tubes are transparent. (2) The suspensions can be
processed within a microcontainer of  confined volume (about
0.5 µL), avoiding repeated centrifugation during cryoprocess-
ing. Loss of  material is impossible because the containers are
sealed. Nematodes of  a single batch can be used for cryoimmo-
bilization, cryosectioning and freeze-substitution. (3) This
method ensures a very high and predictable yield of  ade-
quately and reproducibly high-pressure frozen samples. (4)
Freeze-substitution and embedding procedures are not
prolonged owing to the high porosity of  the cellulose tubes.
The pores have a variable molecular weight cut-off  from 5 to
20 kDa, allowing the free passage of  all substitution media and
resin monomers. The disadvantages of  this method can be
summarized as follows. (i) It is not possible to select individual
worms after high-pressure freezing/freeze-substitution. (ii)
Specimens cannot be orientated before polymerization of  the
resin. In summary, the capillary tube method gives good
freezing results. The use of  this method, however, is limited
when individual worms have to be selected for further
analysis.

Thick paste/thin-layer embedding method

Using E. coli as the filler is very convenient because the worms
are usually crawling through it on the food plate. This is their
natural state and one can assume that the physiological con-
ditions are excellent for the worms. However, the viscosity of
the E. coli paste being used as filler in the planchettes is critical
and on the food plates it is often not viscous enough. The same
viscosity that is ideal for picking is good for filling. When using
E. coli paste, a separate plate of  viscous cells as the filler instead
of  what is on the plate with the worms should be used. If  one
has to work with worms in liquid, they have to be gently cen-
trifuged first, before putting them on an agar plate. The agar
will absorb the excess liquid and the worms can be picked
off  the plate as if  they had been growing there. The overall
requirement is to have intimate contact between the paste and

the worms during freezing. If  the worms are surrounded by
aqueous solutions, the transfer of  heat will be impeded and
they will not freeze well. Alternatively, a thick paste of  bakers
yeast can be used to fill the cavity of  the freezing planchettes.

The advantages of  the thick paste/thin-layer embedding
method can be summarized as follows. (1) A large number of
wild-type or mutant worms can be processed. Typically, 50–
100 worms can be loaded into a specimen planchette (type A,
100 µm deep) for every freezing event. This method works best
when worms are being ‘picked’ off  food plates rather than
being grown in liquid cultures. (2) Both types of  pastes are
easy to freeze well. In our experience, the yeast is usually bet-
ter than the E. coli because in a thick paste the yeast probably
act as tiny ‘sponges’, absorbing excess liquid from around the
worms. (3) Specimen loading is fast. With a little practice, it is
easy to load 50–100 worms into a planchette in 2 min or less.
When working on an agar food plate, the paste will not dry
out in that time. (4) Once through the freeze-substitution and
resin infiltration procedures, it is possible to separate individ-
ual worms from the thick paste using a pair of  fine tungsten
needles to tease away the filling material during thin layer
embedding. Worms should be spread on the slide so they are
far enough apart to be cut out individually. (5) Single worms
can be selected for (serial) microtomy. Following resin polym-
erization the worms are in a thin layer of  resin on a microscope
slide. This slide can be mounted in a high-quality light micro-
scope and individual worms can be checked for stage of  devel-
opment (see Lonsdale et al., 2001). This means that it is
possible to work with mixed populations and select individuals
for sectioning.

The disadvantages of  this method may be summarized
as follows. (i) It takes some practice to get the consistency of
either the E. coli or yeast paste right and this is one of  the major
keys to success with the thick paste method. If  it is too thick, it
is difficult to mix with the worms. If  it is too thin, it is not effec-
tive at heat transfer. One suggestion is to practise making
different thickness of  paste and use the thickest one that will
cover the worms. It sometimes helps to mix the worms and
paste on the agar food plate and load them together into the
planchette, rather than adding them separately. It is also pos-
sible to add them separately, but the worms should be put in
first, and then covered with E. coli/yeast paste. Working on an
agar plate such as the one the worms are growing on can help
to keep the paste hydrated. If  the paste seems to be drying out,
a little liquid medium can be added to rehydrate it. When done
correctly, worms should be moving in the paste while putting
on the covering planchette. (ii) Worms can be lost during steps
of  dehydration and resin infiltration. In contrast to the capil-
lary method, specimens are not contained in sealed micro-
tubes. Centrifugation steps are necessary to concentrate worms
after each dehydration and infiltration step. (iii) It is easy to
introduce ‘handling traumas’. After freeze-substitution, worms
have to be separated from the surrounding paste prior to
flat embedding. This manipulation has to be done with care,
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because the freeze-substituted worms tend to be brittle and
therefore ‘break’ easily. In conclusion, the thick paste method
also gives good freezing results. As discussed below, it is recom-
mended to use this method for example when cellular structures
have to be identified in serial sections of  embryos selected for
electron tomography.

Three-dimensional reconstruction of  spindle components in 
selected early C. elegans embryos

We have described the application of  high-pressure freezing/
freeze-substitution to immobilize, identify and reconstruct
cellular features in early C. elegans embryos. Importantly,
superior preservation of  cellular fine structure is the first criti-
cal step in undertaking a 3-D structure study. The use of  poorly
fixed material can lead to artefacts, resulting in errors in the

final model and, ultimately, the interpretation of  the 3-D
geometry of  cellular organelles. In principle, the third dimen-
sion can be reconstructed from serial sections with the limita-
tion that the resolution perpendicular to the plane of  the
sections is no better than twice the average section thickness
(McDonald et al., 1996; Fig. 7). When combined with immu-
nogold labelling, the distribution of  a specific antigen can
be demonstrated in three dimensions (Müller-Reichert et al.,
2003). As an alternative technique, electron tomography
has evolved in recent years as the method of  choice for a 3-D
visualization of  cellular fine structure. For example, the spindle
pole body (Bullitt et al., 1997) and the early mitotic spindle
(O’Toole et al., 1999) in Saccharomyces cerevisiae, the mamma-
lian kinetochore (McEwen et al., 1998), the centrosome in
Drosophila (Moritz et al., 1995) and the actin cytoskeleton
in Dictyostelium (Medalia et al., 2002) have been analysed by
tomography. For a genetic system such as C. elegans, the com-
bination of  techniques described here has several advantages.
First, this method allows serial sectioning of  selected, resin-
embedded whole mounted worms. Second, cellular compo-
nents can be visualized in situ and modelled in three dimensions
using appropriate software (Ladinsky et al., 1999; O’Toole
et al., 1999; Marsh et al., 2001). Third, montaging of  data
sets and serial tomography can be applied to cover larger
areas and bigger volumes, respectively (Ladinsky et al., 1999;
Marsh et al., 2001). In the future, 3-D reconstruction by
electron tomography will be important for characterizing
wild-type and mutant ultrastructure in genetic systems such
as C. elegans and, definitively, high-pressure freezing will con-
tinue to play a key role in obtaining excellent ultrastructural
preservation for these types of  3-D studies.
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THOMAS MÜLLER-REICHERT*, DENIS CHRÉTIEN, FEDOR SEVERIN, AND ANTHONY A. HYMAN

Cell Biology Program, European Molecular Biology Laboratory, Meyerhofstrasse 1, Postfach 1022.09, D-69117, Heidelberg, Germany

Communicated by Kai Simons, European Molecular Biology Laboratory, Heidelberg, Germany, December 29, 1997 (received for review
December 12, 1997)

ABSTRACT Microtubules are dynamic polymers that in-
terconvert between periods of slow growth and fast shrinkage.
The energy driving this nonequilibrium behavior comes from
the hydrolysis of GTP, which is required to destabilize the
microtubule lattice. To understand the mechanism of this
destabilization, cryo-electron microscopy was used to com-
pare the structure of the ends of shrinking microtubules
assembled in the presence of either GTP or the slowly hydro-
lyzable analogue guanylyl (!,")methylenediphosphonate
(GMPCPP). Depolymerization was induced by cold or addi-
tion of calcium. With either nucleotide, we have observed
curled oligomers at the ends of shrinking microtubules.
However, GDP oligomers were consistently more curved than
GMPCPP oligomers. This difference in curvature between
depolymerizing GDP and GMPCPP protofilaments suggests
that GTP hydrolysis is accompanied by an increase in curva-
ture of the protofilaments, thereby destabilizing the lateral
interactions between tubulin subunits in the microtubule
lattice.

Microtubules are polar macromolecules composed of tubulin
!-" heterodimers (1). The head-to-tail alignment of these
tubulin dimers forms protofilaments, which are juxtaposed to
form the cylindrical microtubule wall (2). Microtubules show
alternating phases of growth and shrinkage. The interconver-
sion between these phases is unpredictable, a process known
as dynamic instability (3–7). GTP hydrolysis is thought to play
a key role in regulating this dynamic behavior of microtubule
growth and shrinkage. GTP bound to "-tubulin is hydrolyzed
to GDP during—or soon after—microtubule assembly (8–10).
The resulting GDP microtubule lattice is unstable. In contrast,
work with nonhydrolyzable analogues of GTP has shown that
a GTP-like lattice is stable (11, 12).

How does GTP hydrolysis destabilize the microtubule lat-
tice? There is some evidence that tubulin can take up different
conformational states according to its nucleotide state. The
GTP- and GDP-bound states of tubulin in the dimeric form
differ by Raman spectroscopy (13) in !-helix and anti-parallel
"-sheet content. Analysis of tubulin structure by cryo-electron
microscopy (EM) has shown that in the presence of a nonhy-
drolyzable analogue of GTP, guanylyl (!,")methylenediphos-
phonate (GMPCPP), the average length of the tubulin dimer
is 0.3 nm longer than in microtubules consisting of GDP-
tubulin (14). These data combine to suggest that GTP hydro-
lysis changes the conformation of the tubulin dimer.

How could structural changes in the tubulin dimer induced
by GTP hydrolysis destabilize the microtubule lattice? It has
been known for a long time that the structure of microtubule

ends is different between growing and shrinking phases.
Microtubules grow by elongation of tubulin sheets that later
close to form the cylindrical wall (15–17), whereas microtu-
bules depolymerize by coiling of individual protofilaments and
end-wise release of curled oligomers (18–20) with a radius of
curvature of about 18–20 nm (19). Combined with the data
discussed above, suggesting that tubulin could take up two
conformations, the striking images of curled oligomers during
depolymerization suggested the following model: when ligan-
ded with GTP, tubulin is in a ‘‘straight’’ conformation. Upon
GTP hydrolysis, the tubulin molecule would tend to adopt a
‘‘curved’’ conformation (21). This model was developed by
Mandelkow et al. (19) to suggest that GTP hydrolysis, by
increasing the curvature of the protofilaments, forces them to
peel off the microtubule wall and that this change in curvature
is the driving force for microtubule depolymerization. These
models suggest that the GTP protofilament should be less
curved than GDP protofilaments. However, individual GTP
protofilaments have never been observed by electron micros-
copy.

Here, we have looked at the curvature of protofilaments
liganded with GMPCPP, a nonhydrolyzable analogue of GTP,
to trap protofilaments in the GTP state (12, 14). We have
compared this curvature with that of protofilaments liganded
with GDP. We show that both GDP and GMPCPP protofila-
ments are curved during microtubule disassembly. However,
GDP protofilaments are more curved than GMPCPP proto-
filaments. This result suggests a difference in structure be-
tween GTP and GDP protofialments and is compatible with
the model suggesting that an increase in curvature could drive
microtubule depolymerization.

MATERIALS AND METHODS
Tubulin Preparation and GMPCPP Synthesis. Calf brain

tubulin was purified by two cycles of assembly/disassembly in
the presence of glycerol and subsequent phosphocellulose
chromatography as described previously (22). Tubulin con-
centration was determined from video-microscope measure-
ments using an association constant of 3.8 #M!1!s!1, thus
measuring the concentration of active tubulin (23). Axonemes
were isolated from Tetrahymena thermophila (24). GMPCPP
was synthesized as described (12), except that the final product
was purified by two rounds of precipitation in ethanol. Tubulin
assembly was performed at 37°C in BRB80 (80 mM Pipes!1
mM EGTA!1 mM MgCl2, pH 6.8 with KOH) " 1 mM GTP
or 0.1 mM GMPCPP.

Cryo-EM. The ends of shrinking microtubules were ana-
lyzed on self-assembled microtubules according to the meth-
ods of Chrétien et al. (17). For observation of cold-
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depolymerized GDP microtubules, tubulin concentration was
adjusted to 9 mg!ml, and the microtubules were assembled for
3.5 min at 37°C. A 4-#l sample was then transferred to the
holey carbon-coated grid, and depolymerization was initiated
by lowering the temperature of the sample to about 4°C using
a cold stream of air blown onto the specimen. We checked the
extent of evaporation by measuring the conductivity of a 1 M
NaCl solution under these conditions. Evaporation was limited
to 15% over the 30 sec needed to cool the specimen. GMPCPP
microtubules were assembled at a tubulin concentration of 0.4
mg!ml for 30 min and subsequently depolymerized for 1 min
on ice to ensure that all microtubules were in the shrinking
phase. Using the same tubulin concentration for GMPCPP as
was used for GTP resulted in an extensive end to end annealing
of the microtubules that render the analysis of the ends
impossible. For calcium-induced depolymerization, GDP mi-
crotubules were assembled at either 5 mg!ml or 9 mg!ml
tubulin concentration for various times, and GMPCPP micro-
tubules were polymerized for 1 h at a tubulin concentration of
0.4 mg!ml. Depolymerization was started by mixing rapidly 9
volumes of microtubule solution with 1 volume of a 10# stock
of CaCl2 to give a final concentration of either 4 or 40 mM. The
sample was then rapidly transferred to a prewarmed carbon-
coated grid and prepared for cryo-EM. Storage and observa-
tion of the samples were performed as described previously
(17). The structure of microtubule ends and of depolymeriza-
tion products was analyzed on enlarged prints. Radii of
curvature were determined by overlaying circles of defined
curvature on the prints.

Site Occupancy of GMPCPP Microtubules. Microtubules
were polymerized from 300 #l of 5 mg!ml tubulin preincu-
bated with GMPCPP on ice for 15 min (GMPCPP tubulin) for
30 min at 37°C. The nucleotides were extracted as described
(25) and analyzed on a monoQ 1.6!5 column using a SMART
system (Pharmacia). The column was equilibrated with
BRB80, and the sample was loaded and eluted with 20 column
volumes of gradient 0–400 mM NaCl in BRB80. GTP, GDP,
and GMPCPP separated well. Because GMPCPP tubulin is
free of GTP, the tubulin concentration was calculated using
the N-site GTP. The site occupancy of GMPCPP was calcu-
lated by comparing GMPCPP with GDP. GMPCPP site oc-
cupancy was 70%. To increase the site occupancy to 90%,
tubulin was equilibrated with GMPCPP using a desalting
column HR 10/10 (Pharmacia). The column was pre-
equilibrated with 10 ml of 100 #M GMPCPP in BRB80. Two
hundred microliters of cycled tubulin (15 mg!ml) in 100 #M
GMPCPP in BRB80 was loaded. Protofilament curvature
during depolymerization was examined at high site occupancy.
No difference in curvature of the protofilaments was noticed
when microtubules depolymerize (data not shown).

Video-Enhanced Differential Interference Contrast (DIC)
Light Microscopy. Video-DIC light microscopy was per-
formed as described previously (17) to analyze the depoly-
merization rates of axoneme-seeded microtubules. Measure-
ments included both plus- and minus-ended microtubules. We

have used special homemade metal chambers to induce cold
depolymerization of the microtubules. Long microtubules

FIG. 1. Classification of microtubule ends as observed by cryo-EM.
Four classes of ends were defined: I, curved sheets; II, tapered or blunt
ends; III, tapered or blunt ends surrounded by a ‘‘cloud’’ of oligomeric
structures; and IV, ends showing curved oligomers.

FIG. 2. Cold-induced depolymerization of GDP and GMPCPP
microtubules. (a) Length versus time plots of GDP (plain lines) and
GMPCPP microtubules (dotted lines) obtained by video-DIC light
microscopy. Depolymerization rates of !20.3 $ 4.9 #m!min and
!0.3 $ 0.1 #m!min were measured for GDP and GMPCPP micro-
tubules, respectively. (b, c) Ends of depolymerizing GDP microtubules.
Curved oligomeric structures are indicated by arrows. (b%, c%) Ends of
depolymerizing GMPCPP microtubules as observed by cryo-electron
microscopy. The arrowhead in (c%) shows a curled end. (d) Percentage
of end types observed after cold depolymerization of GDP (black bars)
and GMPCPP microtubules (open bars). About 85% of the GDP
microtubule ends showed oligomeric structures, and 95% of the
GMPCPP microtubules showed tapered or blunt ends. (e) Curvature
of the oligomers observed during cold depolymerization of GDP
microtubules. The average radius of curvature was 19 $ 4.1 nm.
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were allowed to grow at 37°C by placing the specimen cham-
bers on a thermostated plate. To induce microtubule depoly-
merization, the specimen chambers were mounted on the stage
of the light microscope, and metal blocks were placed on top
of the specimen chambers. The metal blocks and both the
objective and the condenser of the light microscope were
cooled by a solution containing &80% water and &20%
methanol using a brass collar and cooling tubes. The temper-
ature inside the specimen chamber could be accurately con-
trolled using a fine thermocouple. The lowest temperature
achieved was 7°C. The temperature could be reduced from
37°C to 7°C in about 3–4 min. The conditions used for assembly
were as described for the cryo-EM experiments, except that the
tubulin concentrations were 1.8 and 0.25 mg!ml for assembly
in the presence of GTP and GMPCPP, respectively. To
examine calcium-induced disassembly of microtubules, we
used glass chambers made of a glass slide and a coverslip (5).
The microtubules were allowed to grow at 37°C as before, and
the specimen chamber was placed on the stage of the micro-
scope. The stage, the objective, and the condenser were heated
using a homemade device to ensure a temperature of 37°C

inside the specimen chamber. Depolymerization was induced
by perfusing a large volume of prewarmed tubulin at the same
concentration (and in the same buffer as was used for assem-
bly) and containing either 4 or 40 mM calcium. The tubulin
concentration was 2 mg!ml and 0.1 mg!ml for assembly in the
presence of GTP and GMPCPP, respectively. Analysis of the
video sequences and rate measurements was performed as
described (17).

RESULTS
We wanted to examine the structure of GMPCPP microtubules
to investigate whether the curvature of protofilaments during
disassembly was changed by GTP hydrolysis. Study of the
depolymerization products of GMPCPP microtubules is ham-
pered by the fact that under normal conditions of isothermal
dilution, GMPCPP microtubules do not depolymerize. We
destabilized GMPCPP microtubules using either cold depoly-
merization or calcium (12). To confirm that GMPCPP micro-
tubules depolymerize in the presence of cold or calcium
without hydrolysis, we labeled the $ phosphate of GMPCPP

FIG. 3. Depolymerization of GDP and GMPCPP microtubules in the presence of 4 mM calcium. (a) Length versus time plots of GDP (plain
lines) and GMPCPP microtubules (dotted lines). Depolymerization rates of !611 $ 125 #m!min and !13.0 $ 3.2 #m!min were measured for
GDP and GMPCPP microtubules, respectively. (b–d) Depolymerization products of GDP microtubules. (b%–d%) Depolymerization products of
GMPCPP microtubules. Curved oligomeric structures (b, b%, c, c%) and spirals of protofilaments (d, d%) were observed in both cases. (e) Percentage
of end types observed after calcium depolymerization of GDP (black bars) and GMPCPP microtubules (open bars). About 90% of both GDP and
GMPCPP microtubule ends displayed curved oligomers. ( f) Curvature of the oligomers observed during calcium depolymerization of the GDP
(black bars) and GMPCPP microtubules (open bars). The average radius of curvature was 20 $ 4.1 nm and 38.6 $ 7.1 nm for GDP and GMPCPP
oligomers, respectively.
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with 32P. Trace amounts of [$-32P]GMPCPP were added
during polymerization in the presence of GMPCPP. GMPCPP
microtubules were recovered by sedimentation through su-
crose, and GMPCPP hydrolysis was monitored by thin layer
chromatography (12). Although calcium and cold induced
depolymerization of microtubules, neither induced detectable
hydrolysis of GMPCPP (data not shown and ref. 12). Because
GTP is hydrolyzed in the microtubule lattice to GDP, the
structures observed at the depolymerizing ends of GTP mi-
crotubules reflect disassembly of a GDP tubulin lattice. There-
fore, microtubules assembled in the presence of GTP will be
called GDP microtubules. Similarly, microtubules assembled
in the presence of GMPCPP will be called GMPCPP micro-
tubules. Microtubules were grown in the presence of either
nucleotide and subjected to cold or to calcium. The shrinking
rates were measured using video-DIC light microscopy, and
the depolymerization products were analyzed using cryo-EM.
To better quantify the effects of GTP hydrolysis on microtu-
bule ends, four classes were defined (Fig. 1): I, ends showing
outwardly curved sheets; II, blunt or slightly tapered ends; III,
blunt or slightly tapered ends surrounded by a cloud of
oligomeric structures; and IV, ends showing curved oligomeric
structures. Although class I is characteristic of growing micro-
tubules and class III and class IV are characteristic of shrinking
microtubules, class II can be seen in either growing or shrink-
ing microtubules.

Cold-Induced Depolymerization. The destabilization of mi-
crotubules by cold was characterized initially using video-DIC
light microscopy. Microtubules were nucleated from axonemes
in the presence of either nucleotide and cooled to 7°C on the
stage of the light microscope. Length versus time plots of
cold-depolymerizing GDP and GMPCPP microtubules are
given in Fig. 2a. GDP microtubules were found to shrink at a
rate of !20.3 $ 4.9 #m!min, whereas GMPCPP microtubules
depolymerized very slowly at a rate of !0.3 $ 0.1 #m!min. To
characterize the structure of the ends by cryo-EM, microtu-
bules were self-assembled in a test tube. Samples of microtu-
bules assembled in the presence of GTP were transferred to
the EM grid and subjected to a cold stream of air to lower the
temperature to &4°C before vitrification. Cold-depolymeriz-
ing GDP microtubules observed by cryo-EM showed 85% of
microtubules surrounded by a ‘‘cloud’’ of depolymerization
products (Fig. 2 b and d) or short and curved oligomers (Fig.
2 c and d). Oligomeric structures were also observed in the
background (Fig. 2 b and c, arrows). The average radius of
curvature of the curved GDP oligomers was 19.0 $ 4.1 nm
(Fig. 2e).

GMPCPP microtubules were incubated for 1 min on ice
before cryo-EM preparation due to the very low rate of
shrinkage. A total of 95% of the cold-depolymerized
GMPCPP microtubules were identified with tapered or blunt
ends (class II) (Fig. 2 b% and d) and showed occasionally short
and curved extensions (Fig. 2c%, arrowhead); the remaining
microtubules showed very short and curved extensions (class
IV). Very few products of depolymerization could be identi-
fied in the background. The curved structures observed at the
ends of GMPCPP microtubules were too short to be measured
accurately.

Calcium-Induced Depolymerization. Because the rate of
depolymerization of GMPCPP microtubules induced by cool-
ing was too slow to identify a significant number of depoly-
merization products, we decided to induce depolymerization
using calcium. To measure the depolymerization rates, long
microtubules were grown from axonemes, and the specimen
chambers were perfused with a prewarmed tubulin solution
containing 4 mM calcium. Fig. 3a compares the length versus
time plots of microtubules depolymerized in the presence of 4
mM calcium (note the difference in time scale with Fig. 3a).
GDP microtubules depolymerized at !611 $ 1.25 #m!min
compared with !13.0 $ 3.2 #m/min for GMPCPP microtu-

bules. Cryo-EM showed that both the GDP and GMPCPP
microtubules depolymerized by release of curved oligomers
comprising ring-like structures (Fig. 3 b, b%, c, and c%) and
spirals of protofilaments (Fig. 3 d and d%). Roughly 90% of both
GDP and GMPCPP microtubules could be identified with
curved oligomers at their ends (Fig. 3e). The main difference
between GDP and GMPCPP oligomers was found in their radii

FIG. 4. Depolymerization of GDP and GMPCPP microtubules in
the presence of 40 mM calcium. (a, b) Depolymerization products of
GDP microtubules. Curved oligomers (a) and spirals of protofila-
ments, seen as a side view (b), were observed. (a%) Depolymerization
products of GMPCPP microtubules. Long spirals of protofilaments as
well as curved oligomers (arrows) were observed in the background.
(c) Curvature of the oligomeric products of GDP (black bars) and
GMPCPP microtubules (open bars). The average radius of curvature
was 21.2 $ 4.3 nm and 36.2 $ 10.1 nm for the GDP and GMPCPP
oligomers, respectively.
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of curvature (Fig. 3f ). The mean radius of curvature was 20.0 $
4.1 nm for the GDP oligomers and 38.6 $ 7.1 nm for the
GMPCPP oligomers.

Although the shrinking rate of calcium-depolymerized GDP
microtubules was 20-fold greater compared with cold-
depolymerized GDP microtubules, the radius of curvature of
the oligomers remained constant at '20 nm in both condi-
tions. We asked whether the curvature of the oligomers
released from the ends of shrinking GMPCPP microtubules
was also independent of calcium concentration. To increase
the rate of depolymerization, we increased the calcium con-
centration to 40 mM. Under these conditions, the rate of
depolymerization of GDP microtubules was too fast to be
accurately determined. We observed only a cloud of depoly-
merized oligomers, either coiled oligomers and rings (Fig. 4a)
or spirals (Fig. 4b). The radii of curvature was 21.1 $ 4.3 nm
(Fig. 4c). Under the same conditions, GMPCPP microtubules
depolymerized at !72 $ 45 #m!min. The depolymerization
products were mostly long spirals of protofilaments; some
curved oligomers could be observed in the background (see
arrows in Fig. 4a%). We found radii of curvature of 36.2 $ 10.1
nm for the GMPCPP oligomers as seen at 4 mM calcium. Thus,
the radius of curvature is independent of calcium concentra-
tion, suggesting that we have revealed the intrinsic curvature
of the protofilaments. We conclude that protofilaments of
GDP microtubules are more curved than those of GMPCPP
microtubules.

DISCUSSION
In this paper, we have investigated the mechanisms by which
GTP hydrolysis destabilizes microtubules by examining the
structure of protofilaments at microtubule ends, with and
without nucleotide hydrolysis. To compare the structure of
protofilaments in a ‘‘GTP-like’’ conformation with those in a
‘‘GDP-like’’ conformation, we have trapped the GTP state
using the nonhydrolyzable analog of GTP, GMPCPP. Previous
studies have shown that the properties of GMPCPP microtu-
bules are very similar to those of microtubules polymerized in
the presence of GTP (12, 14). Therefore, GMPCPP as well as
other nonhydrolyzable analogues can be considered to mimic
closely the GTP form of tubulin. Our results show that during
depolymerization, protofilaments released from the ends of
GMPCPP and GDP microtubules are curved. The degree of
curvature seemed to be independent of increasing rates of
depolymerization; although a 10-fold increase in calcium con-
centration increases the rate of depolymerization by about
5-fold, the radius of curvature does not increase (Table 1).
Furthermore, the radius of curvature for cold and calcium
depolymerization is the same. Taken together, these data
suggest both that we are seeing the intrinsic curvature of the
protofilaments and that calcium destabilizes microtubules by
other mechanisms such as weakening of interprotofilament
bonds (19, 26).

Nevertheless, GMPCPP protofilaments have a different
curvature from GDP protofilaments. The most likely reason
for this result is that the conformation of tubulin subunits

liganded with GMPCPP is different from that of subunits
liganded with GDP. This idea is consistent with previous
results obtained on the structure of GMPCPP and GDP
microtubules (14). Tubulin molecules in GMPCPP microtu-
bules were found to be '0.3 nm longer than in GDP micro-
tubules. In analogy to the proposed existence of a ‘‘straight’’
GTP and a more ‘‘curved’’ GDP conformation (21, 27), this
size change was interpreted as a difference in curvature
between GMPCPP and GDP subunits, although a change in
the bond angle between the tubulin dimers could not be
excluded (14). With the recent high resolution structure of
tubulin from zinc sheets, it should be possible in the near future
to understand the exact structural differences between
GMPCPP tubulin and GDP tubulin.

Our data support the model that microtubules are destabi-
lized by an increase in curvature of protofilaments induced by
GTP hydrolysis (21). Whereas previous models have proposed
a change in protofilament structure from straight to curved
(19), we have shown that a GMPCPP, and therefore probably
a GTP protofilament, is not straight but has an intrinsic
curvature of its own. Thus, during polymerization, the curva-
ture of GTP protofilaments is probably constrained within the
microtubule lattice. How could the change in curvature in-
duced by GTP hydrolysis destabilize microtubules? The mi-
crotubule wall is stabilized by interactions between protofila-
ments and destabilized by the tendency of protofilaments to
curl away from the lattice (14, 18, 19). The curvature change
induced by GTP hydrolysis must be constrained within the
microtubule lattice. This constraint would induce mechanical
strain on the lateral interactions between protofilaments in the
microtubule wall. Thus, our data support the idea in which
some of the chemical energy from GTP hydrolysis is stored in
the lattice as mechanical strain, ready to be released when
depolymerization is triggered (19, 28, 29).
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