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Centrosome assembly is important for mitotic spindle formation and if defective may contribute
to genomic instability in cancer. Here we show that in somatic cells centrosome assembly of two
proteins involved in microtubule nucleation, pericentrin and vy tubulin, is inhibited in the absence
of microtubules. A more potent inhibitory effect on centrosome assembly of these proteins is
observed after specific disruption of the microtubule motor cytoplasmic dynein by microinjection
of dynein antibodies or by overexpression of the dynamitin subunit of the dynein binding
complex dynactin. Consistent with these observations is the ability of pericentrin to cosediment
with taxol-stabilized microtubules in a dynein- and dynactin-dependent manner. Centrosomes in
cells with reduced levels of pericentrin and vy tubulin have a diminished capacity to nucleate
microtubules. In living cells expressing a green fluorescent protein-pericentrin fusion protein,
green fluorescent protein particles containing endogenous pericentrin and vy tubulin move along
microtubules at speeds of dynein and dock at centrosomes. In Xenopus extracts where vy tubulin
assembly onto centrioles can occur without microtubules, we find that assembly is enhanced in the
presence of microtubules and inhibited by dynein antibodies. From these studies we conclude that
pericentrin and vy tubulin are novel dynein cargoes that can be transported to centrosomes on

microtubules and whose assembly contributes to microtubule nucleation.

INTRODUCTION

Centrosomes and other microtubule-organizing centers rep-
resent a structurally diverse class of organelles that share the
common ability to nucleate and organize microtubules and
play an important role in many fundamental cellular pro-
cesses (for review, see Kellogg et al., 1994; Zimmerman et al.,
1999). In interphase cells, centrosome-anchored microtu-
bules serve as tracks for molecular motor-based transport
and positioning of vesicles and organelles (see Karki and
Holzbaur, 1999). Centrosomes also serve to anchor impor-
tant regulatory molecules such as protein kinase A, which
has been shown to regulate spindle function (Schmidt et al.,
1999; Takahashi et al., 1999; Witczak et al., 1999; Diviani et al.,
2000; D. Diviani, J. Langeberg, A. Purohit, A. Young, S.
Doxsey, and ]. Scott, unpublished results). Moreover, an
increasing number of molecules that regulate cellular pro-
cesses such as cell cycle progression and centrosome dupli-
cation are localized to centrosomes (see Doxsey, 1998; Zim-
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merman et al., 1999). In mitotic cells, centrosomes play an
important role in the assembly and function of mitotic spin-
dles and thus in the fidelity of chromosome segregation
(Merdes and Cleveland, 1997; Waters and Salmon, 1997; see
Compton, 1998; Hyman and Karsenti, 1998). In tumor cells,
centrosome structure, number, and function are altered, sug-
gesting that centrosome defects may contribute to tumori-
genesis as first hypothesized by Boveri (1914) (also see Wil-
son, 1925; Chial and Winey, 1999; Pihan and Doxsey, 1999;
Salisbury et al., 1999).

Centrosomes in most animal cells are structurally complex
organelles that comprise of a pair of centrioles surrounded
by a protein matrix. Centrioles are microtubule barrels that
seem to serve as templates for recruitment of the centrosome
matrix components (Bobinnec et al., 1998; Marshall and
Rosenbaum, 1999). The centrosome matrix is an organized
lattice-like structure that serves as the site of centrosome-
mediated microtubule nucleation (Gould and Borisy, 1990;
Thompson-Coffe et al., 1996; Dictenberg et al., 1998; Moritz et
al., 1998; Schnackenberg et al., 1998). In higher eukaryotes,
microtubule nucleation at the centrosome appears to be
mediated by a complex of y tubulin and associated proteins,
which is organized into a ring-like structure (Moritz et al.,
1998; Schnackenberg et al., 1998). A y tubulin complex with
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a similar organization (the y tubulin ring complex [y TuRC])
is present in Xenopus and Drosophila extracts and when pu-
rified is able to mediate microtubule nucleation in vitro
(Zheng et al., 1995; Oegema et al., 1999). For microtubule
nucleation to take place, however, the soluble nucleating
proteins must first be recruited to and assembled onto cen-
trosomes (Stearns and Kirschner, 1994; Felix et al., 1994;
Dictenberg ef al., 1998; Moritz et al., 1998; Schnackenberg et
al., 1998). Because purified y TuRCs lack the ability to as-
semble onto centrosomes in vitro (Moritz ef al., 1998), other
components appear to be required.

Several candidate proteins have recently been identified
that appear to be involved in the assembly of y tubulin onto
centrosomes and spindle poles. Pericentrin is a centrosome
protein that plays a role in centrosome and spindle organi-
zation (Doxsey et al., 1994; Dictenberg et al., 1998). It forms
an ~3 MDa-complex together with vy tubulin and can be
dissociated into a pericentrin subcomplex whose function is
unknown and a vy tubulin subcomplex that appears to be the
v TuRC based on its biochemical properties. These observa-
tions have led to the hypothesis that the co-complex con-
taining pericentrin and vy tubulin is the assembly-competent
form of the microtubule nucleating complex and that peri-
centrin is an important player in vy tubulin assembly at
centrosomes. Two other centrosome-spindle pole proteins
have recently been implicated in the organization of y tubu-
lin into functional microtubule nucleating centers. Drosophila
abnormal spindle protein (do Carmo Avides and Glover,
1999) is present at spindle poles where it plays a role in
recruitment of y tubulin complexes and pole focusing dur-
ing mitosis. The Drosophila protein centrosomin is required
for spindle pole recruitment of CP60, CP190, and v tubulin,
for generating astral microtubules, and for proper spacing of
spindles during mitosis (Megraw et al., 1999). The precise
mechanism by which pericentrin, abnormal spindle protein,
centrosomin, and other proteins contribute to the assembly
and organization of functional y tubulin complexes at the
centrosome remains to be determined.

Another protein implicated in centrosome assembly is the
minus end-directed microtubule motor cytoplasmic dynein.
Dynein binds directly to dynactin (Karki and Holzbaur,
1995; Vaughan and Vallee, 1995), a protein complex that
plays a role in dynein-mediated transport in vitro (Gill et al.,
1991) and is believed to be required for most, if not all, of
dynein-mediated cellular activities (see Schroer, 1996; Karki
and Holzbaur, 1999). Dynein and dynactin are localized to
numerous cellular structures, and they play important roles
in mitotic spindle organization and orientation (Vallee and
Sheetz, 1996; for review see Karki and Holzbaur, 1999). For
example, dynein and dynactin together with the spindle
pole protein NuMA are involved in focusing microtubules at
the poles of mitotic spindles (Heald ef al., 1996; Merdes et al.,
1996; Gaglio et al., 1997). Dynein also plays a role in spindle
orientation apparently through an interaction with microtu-
bules at the cell cortex (Carminati and Stearns, 1997; Cot-
tingham and Hoyt, 1997; Gonczy et al., 1999). Recent evi-
dence indicates that dynein is involved in centrosome
separation and centrosome binding to the nucleus (Gonczy
et al., 1999; Robinson et al., 1999), and that dynactin is in-
volved in microtubule anchoring at centrosomes (Quintyne
et al., 1999).
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The role of dynein and dynactin in the recruitment and
assembly of centrosome proteins is less clear. The duplica-
tion of centrosomes requires microtubules (Kuriyama, 1982),
suggesting a role for dynein in the assembly and organiza-
tion of centrosome proteins. Assembly of the centrosome
matrix protein PCM1 onto centrosomes in pharmacologi-
cally treated cells is impaired in the absence of microtubules,
and binding of the protein to microtubules in vitro appears
to be dynactin dependent (Balczon et al., 1999). In a more
recent study (Purohit et al., 1999), ectopic expression of
pericentrin was shown to mislocalize dynein and induce
spindle defects indistinguishable from those caused by over-
expression of the dynamitin subunit of dynactin (Echeverri
et al., 1996). Further investigation of this phenomenon dem-
onstrated that pericentrin interacted directly with the dynein
light intermediate chain, suggesting a role for this interac-
tion in pericentrin assembly and spindle function (Purohit et
al., 1999; S. Tynan, A. Purohit, S. Doxsey, and R. Vallee,
unpublished results). Although indirect, these studies impli-
cate microtubules and dynein/dynactin in the centrosome
assembly process.

Microtubule-independent mechanisms for protein assem-
bly onto centrosomes have also been described. In embry-
onic systems, assembly of -y tubulin onto centrioles can occur
in the absence of microtubules (Stearns and Kirschner, 1994;
Felix et al., 1994; Moritz et al., 1998; Schnackenberg et al.,
1998). In somatic cells constitutively expressing y tubulin
fused to green fluorescent protein (GFP), y tubulin-GFP was
recruited to centrosomes in the absence of microtubules,
presumably in a dynein-independent manner (Khodjakov
and Rieder, 1999). In this manuscript, we directly address
the role of dynein in recruitment of centrosome proteins in
both embryonic and somatic cell systems. Our results dem-
onstrate that dynein can mediate recruitment of pericentrin
and 7y tubulin to centrosomes. We discuss our results in
terms of models that are consistent with both dynein-depen-
dent and -independent recruitment mechanisms.

MATERIALS AND METHODS

Cell Culture, Transfection, and Synchrony

COS-7 and Chinese hamster ovary (CHO) cells were grown as
described (American Type Culture Collection, Manassas, VA). For
experiments in Figures 1 and 4, cells were grown to 40% (COS) and
80% (CHO) confluency and transfected with cDNAs (2 pg/35-mm
plate and 8 ug/100-mm plate, respectively) as described (Dicten-
berg et al., 1998) (Lipofect AMINE; Life Technologies, Gaithersburg,
MD). Cells were then incubated 24 h before live imaging (Figure 1,
A and B), fixation (Figure 1, D and E), or biochemical analysis (see
Figure 4C). For cell synchronization studies (Figure 2, A-F), highly
enriched fractions of mitotic CHO cells were isolated in large num-
bers as described (Sparks et al., 1995). Briefly, mitotic CHO cells
were collected by forced pipetting, pelleted at 200 X g, and plated
on 12-mm coverslips at 50% confluency. Synchronized cells (85-90%
mitotic by flow cytometry) were incubated at 37°C for 2 h to allow
entry into G1, transferred to medium with nocodazole (10 pg/ml)
or cytochalasin D (10 ug/ml) for 14 h, and processed for immuno-
fluorescence. Microtubule depolymerization and actin disruption
were confirmed by immunofluorescence (our unpublished results).

Microinjections

COS cells were used for microinjection, because they were easier to
inject than CHO cells given their larger size (footprint). Mitotic COS
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cells were located on gridded coverslips (Cellocate; Eppendorf,
Madison, WI) and allowed to enter G1. They were microinjected
into the nucleus with plasmid DNAs (10 ug/ml in Tris-EDTA;
Micropipette, Life Technologies) or into the cytoplasm with 70.1
ascites fluid or control immunoglobulin G (mouse IgG; Sigma, St.
Louis, MO; both 10 mg/ml in PBS). FITC-dextran (10 kDa; Molec-
ular Probes, Eugene, OR) was added to all reagents to identify
injected cells. Ascites fluid containing 70.1 antibody was a gift from
J. Burkhardt (University of Chicago, Chicago, IL) and was used at
1:5 in PBS for microinjections as described (Burkhardt et al., 1997).
Cells entering the next mitosis, initially identified by phase-contrast
microscopy, were fixed in —20°C methanol and processed for im-
munofluorescence to detect vy tubulin or pericentrin, injected IgG or
overexpressed protein, and mitotic chromosomes (DAPI).

Live Cell Imaging

We previously demonstrated that GFP-pericentrin localized to cen-
trosomes and caused no detectable changes in centrosome-mediated
microtubule nucleation (Dictenberg et al., 1998; Young et al., 1999).
To examine centrosome assembly of GFP-pericentrin, three-dimen-
sional immunofluorescence images of GFP-pericentrin were cap-
tured in live cells with or without nocodazole (Young et al., 1999)
and processed as described (Dictenberg et al., 1998). Briefly, images
of GFP-pericentrin particles were captured on a Nikon (Melville,
NY) microscope with rapid image acquisition cameras, a step mo-
tor, and a 60X water immersion objective (Young ef al., 1999). For
each image, 10 optical sections (z-planes) were collected at 100-nm
intervals in a 17-pm? region (x, y). Each three-dimensional series
was captured every second and restored (Carrington et al., 1995) and
displayed as maximum intensity projections.

Quantitative Immunofluorescence on Fixed Cells

For immunofluorescence studies in Figure 2, synchronized CHO
cells were extracted with 0.1% Triton-X-100 in microtubule stabiliz-
ing buffer and fixed in 3.7% formaldehyde and then in —20°C
methanol; similar results were obtained in nonextracted cells (our
unpublished results). Microinjected COS and control cells were
fixed in —20°C methanol. Centrosomes were immunostained for y
tubulin (Sigma) and pericentrin (Dictenberg et al., 1998), or micro-
tubule asters were stained for « tubulin (Sigma). Cy3 and/or FITC
secondary antibodies were used as described (Dictenberg et al.,
1998). The fluorescence intensity (integrated optical density) was
measured within 2-um? (pericentrin and vy tubulin) or 1.25-um? («
tubulin) regions around the centrosome using a Silicon Graphics
(Mountain View, CA) workstation as described (Dictenberg ef al.,
1998). To monitor net assembly of pericentrin and vy tubulin at the
centrosome, we subtracted baseline G1 staining levels of these pro-
teins (Dictenberg et al., 1998) from the final metaphase values.

Centrosome Assembly in Xenopus Extracts

Xenopus sperm nuclei centrifuged onto 12-mm glass coverslips (2 X
10%, 10,000 X g, 10 min, 4°C) were incubated with high-speed
supernatants of cytostatic factor-arrested Xenopus extracts (20 ul)
(Dictenberg et al., 1998) at room temperature for the indicated times.
Nocodazole (2 pg/ml), anti-dynein IC (70.1; Sigma), or anti-f-ga-
lactosidase antibodies (Boehringer Mannheim, Indianapolis, IN)
were added to extracts in Xenopus buffer (Dictenberg et al., 1998) as
indicated (0.18 pg/ml final concentration, 30% dilution of extract).
Coverslips were washed briefly, fixed in methanol (—20°C), and
processed for immunofluorescence (Dictenberg et al., 1998) using an
antibody to vy tubulin (a gift from T. Stearns, Stanford University,
Stanford, CA) and « tubulin (Sigma). Fluorescence intensity values
(integrated optical density) from representative experiments are
shown in Figures 2G and 3C.
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Microtubule Nucleation

Cells treated with nocodazole for 14 h or control cells treated with
nocodazole for 1.5 h were washed free of the drug to allow micro-
tubule nucleation (3-5 min), fixed in 2% glutaraldehyde for 10 min,
and immunostained for a tubulin. Nucleation was quantified by
measuring « tubulin fluorescence in a 5-um? region centered on the
aster.

Microtubule Binding Assay

Cells were lysed at 4°C in 100 mM 1,4-piperazinediethanesulfonic
acid, pH 6.8, 1 mM MgCl,, 1 mM EGTA, and 1% Triton X-100 and
spun 13,000 X g for 30 min. Microtubule affinity experiments were
performed as described (Schroer and Sheetz, 1991; Balczon et al.,
1999) with some modifications. Unless otherwise indicated, to the
cleared lysates we added purified calf brain tubulin (200 ug), GTP
(0.5 mM), taxol (10 uM), and adenylyl 5'-imidodiphosphate (AMP-
PNP; 0.5 mM) and incubated for 20 min at 37°C. Lysates were
layered over a 20% sucrose cushion in the above buffer containing
GTP with (see Figure 4, lanes 2-8) or without (see Figure 4, lane 1)
taxol and spun at 20,000 X g for 30 min at room temperature.
Microtubule pellets were collected after removing lysate and cush-
ion. Antibodies to B galactosidase (control) and 70.1 were used for
Western blots.

RESULTS

Microtubule-based Movement of GFP-Pericentrin
Particles toward Centrosomes

To visualize centrosome assembly, a GFP-pericentrin fusion
protein was expressed transiently in COS cells (Dictenberg et
al., 1998; see MATERIALS AND METHODS) and imaged by
high-speed, high-resolution immunofluorescence micros-
copy (Carrington et al., 1995; Young et al., 1999). GFP-peri-
centrin localized to centrosomes and to tiny particles that
moved toward the minus ends of microtubules and joined
with centrosomes (Figure 1, A-C). These movements were
commonly observed (64.7% of all imaging sessions; n = 34);
they often exceeded 1 um/s, and they were abolished when
microtubules were depolymerized with nocodazole (n = 10;
Figure 1C). Immunofluorescence microscopy on fixed cells
demonstrated that endogenous vy tubulin colocalized with
GFP-pericentrin particles (Figure 1, D and E), suggesting
that centrosomal transport of both GFP-pericentrin and en-
dogenous vy tubulin was mediated by a microtubule-based
mechanism. The speed and direction of transport was con-
sistent with the activity of the molecular motor cytoplasmic
dynein.

To study the role of dynein in the transport process, we
initially examined the spatial relationship of the motor and
centrosome proteins in nontransfected cells. High-resolution
immunofluorescence microscopy demonstrated that dynein
was found at nearly all sites labeled with pericentrin, includ-
ing centrosomes and material surrounding centrosomes
known as pericentriolar satellites (Figure 1, F-H) (Brinkley
and Stubblefield, 1970; Rieder and Borisy, 1982). The peri-
centriolar satellites also contained vy tubulin (Dictenberg et
al., 1998) but not dynamitin (our unpublished results) or the
centrosome protein centrin (Lingle et al., 1998). The molec-
ular composition, position, and size of the satellites were
strikingly similar to the motile GFP-pericentrin particles,
suggesting that they represented higher order assemblies of
centrosome protein complexes in transit to the centrosome.
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Endogenous pericentrin Endogenous dynein Colocalized voxels

Figure 1. GFP-pericentrin particles move toward and assemble onto centrosomes. (A) Time-lapse images of a GFP-pericentrin particle (arrow-
head) in an interphase COS-7 cell moving toward a GFP-pericentrin-labeled centrosome (upper right). Time elapsed between images is shown in
seconds. (B) Time-lapse images of a GFP-pericentrin particle (arrowhead) moving toward and joining a section of a GFP-pericentrin-labeled
centrosome (bottom). Note that magnification is threefold higher than in A. (C) Schematic representation of several GFP-pericentrin particle
movements (arrows) and their relationship to the centrosome (c). Time elapsed between points is 1 s. No movement was detected in the presence
of nocodazole (N represents a summary of movements recorded in the presence of nocodazole; n = 10). The asterisk shows tracing of a particle
imaged in A. (D and E) Immunofluorescence localization of endogenous vy tubulin (E) and a GFP-pericentrin particle (D, left) near the centrosome
(). (F-H) Immunofluorescence localization of endogenous pericentrin (F) and cytoplasmic dynein (G) in pericentriolar satellites surrounding
prophase centrosomes (c). (H) Colocalized voxels (see Dictenberg et al., 1998). Note that nearly all pericentrin-staining satellites (F, left side)
colocalize with dynein (G). (A-E) COS cells; (F-H) CHO cells. Bars, 1 um (bar in E for D and E, bar in H for F-H).
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Figure 2. Centrosome assembly of pericentrin and vy tubulin but not centrioles requires microtubules. For the experiments described in A-F,
cells were treated as indicated at G1, and assays were performed in the following metaphase (see MATERIALS AND METHODS). (A)
Immunofluorescence images showing pericentrin staining at centrosomes in cells incubated for one cell cycle in the presence (+) or absence
(—) of nocodazole (noc.) to depolymerize microtubules. Depolymerization of microtubules was confirmed by immunofluorescence staining
with anti-a tubulin antibodies. (B) Quantity of centrosome-associated pericentrin and vy tubulin assembled in the absence of microtubules as
described in A. An intermediate level of pericentrin is observed when centrosomes are allowed to assemble for half of the cell cycle then
exposed to nocodazole for the remaining half (middle bar in first graph). Shown are the mean * SE of representative experiments; p values
(nonparametric Wilcoxon rank sum test) reflect statistical differences between nocodazole-treated (pericentrin, n = 134; y tubulin, n = 146)
and DMSO-treated controls (pericentrin, n = 61; y tubulin, n = 71) determined from four independent experiments. (C) Centrosome-
associated levels of pericentrin in the presence (+) or absence (—) of cytochalasin B. Values represent mean *+ SE for cytochalasin-treated (n =
38) and DMSO-treated control cells (n = 19) from two independent experiments. For A-C, G1 levels of centrosome fluorescence were
subtracted (~15% of total; see MATERIALS AND METHODS). (D) Confocal microscope image of « tubulin immunostaining structures
representing centrioles in cells treated with nocodazole for one cell cycle. (E) Transmission electron microscopic image of a single cell treated
as in D showing four centriole profiles. More than three centrioles were detected in serial sections of seven cells. (F) Quantification of a tubulin
immunofluorescence in cells treated as in D (black bar; n = 18) compared with control mitotic cells (stippled bar; n = 10). Values are mean *
SE from three independent experiments. Control cells represented by the stippled bar were briefly treated with nocodazole (10 ug/ml, 60 min,
37°C) to depolymerize cytoplasmic microtubules and thus reveal centriolar « tubulin fluorescence. The values are not significantly different,
further demonstrating that the centriole pair duplicated from G1 to M in the absence of cytoplasmic microtubules as in control cells. (A-F)
CHO cells. (G) Microtubule-enhanced assembly of y tubulin in Xenopus extracts. Extracts and sperm nuclei were incubated with or without
nocodazole (noc.) for the times indicated (see MATERIALS AND METHODS for details). Each time point represents mean *+ SE of at least
13 measurements from one experiment; p values (multiple regression with interaction term) were determined by averaging all values from
three independent experiments. Values shown are X107°. Background centriole levels of y tubulin (<12.2% of experimental values) were
subtracted.

minutes in extract

Depolymerization of Microtubules Inhibits munofluorescence in fixed cells (see MATERIALS AND

Centrosomal Recruitment of Endogenous Pericentrin
and vy Tubulin

To examine recruitment of endogenous pericentrin and vy
tubulin onto centrosomes, we quantified centrosomal im-
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METHODS for details). Our previous studies showed that
centrosome levels of both pericentrin and vy tubulin in-
crease five- to sevenfold from early G1 to metaphase (M)
(Dictenberg et al., 1998). When synchronized cells were
allowed to progress from G1 to M in the presence of
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nocodazole to depolymerize microtubules, centrosomal
recruitment of both proteins was inhibited (Figure 2, A
and B). Because assembly was unaffected by disruption of
actin filaments (Figure 2C), the process appeared to be
microtubule specific. To rule out the possibility that mi-
crotubule depolymerization induced disassembly of peri-
centrin rather than inhibited its assembly, we showed that
the fraction of pericentrin assembled onto centrosomes
remained centrosome associated after microtubule depo-
lymerization (Figure 2B, middle bar). Similar results were
observed at several different cell cycle stages (e.g., late G1,
S, and G2). We also ruled out the possibility that nocoda-
zole blocked assembly of centrioles, microtubule barrels
within centrosomes that duplicate every cell cycle (Hinch-
cliffe ef al., 1999; Lacey et al., 1999) and appear to serve as
templates for recruitment of centrosome proteins (Bobin-
nec et al., 1998; see Marshall and Rosenbaum, 1999). Cen-
trioles assembled normally in cells treated with nocoda-
zole, demonstrating that the number of centriole
templates was the same as in untreated cells (Figure 2,
D-F) and emphasizing the specificity of the microtubule-
dependent assembly of pericentrin and vy tubulin. From
these results, we conclude that centrosome recruitment of
pericentrin and vy tubulin is microtubule dependent.

In extracts from embryonic cells, recruitment of vy tubu-
lin onto sperm centrioles has been shown to occur in the
absence of microtubules, although the contribution of mi-
crotubule-based transport was not examined (Stearns and
Kirschner, 1994; Felix et al., 1994; Moritz et al., 1998;
Schnackenberg et al., 1998). We found that vy tubulin re-
cruitment in the presence of microtubules in Xenopus
extracts was at least threefold greater than that assembled
in their absence (Figure 2G; see MATERIALS AND
METHODS). This result shows that both microtubule-
dependent and -independent mechanisms operate during
centrosome assembly in early Xenopus development and
suggests that microtubule-mediated assembly may be re-
quired for proper centrosome function in early embryo-
genesis.

Cytoplasmic Dynein Antibody and Dynamitin
Overexpression Inhibit Centrosomal Recruitment of
Endogenous Pericentrin and <y Tubulin

We next examined the role of dynein in the centrosomal
recruitment of pericentrin and y tubulin in both somatic
cells and Xenopus extracts. Dynactin is a protein complex
that interacts with dynein and plays a role in motor
localization and function (see Schroer, 1996; Karki and
Holzbaur, 1999). Overexpression of the dynamitin subunit
of dynactin disrupts the dynactin complex and impairs
dynein-mediated functions (Echeverri ef al. 1996;
Burkhardt et al., 1997; see Karki and Holzbaur, 1999).
Overexpression of dynamitin in CHO cells during the
period from G1 to M caused a significant reduction in
centrosome levels of pericentrin and +y tubulin compared
with untreated cells or cells overexpressing B galactosi-
dase (Figure 3A). To block dynein function by an inde-
pendent mechanism, we microinjected an anti-dynein in-
termediate chain antibody previously shown to inhibit
dynein-mediated processes (70.1) (see Karki and Hol-
zbaur, 1999). The dynein antibody also caused a signifi-
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Figure 3. Assembly of pericentrin and vy tubulin at the centrosome
requires cytoplasmic dynein and dynactin. (A) When dynamitin
overexpression is induced by microinjection of cDNA into G1 cell
nuclei (see MATERIALS AND METHODS), centrosome levels of
pericentrin and vy tubulin are reduced (black bars) compared with
untreated control cells (stippled bars). Shown are the mean * SE of
a representative experiment. p values reflect differences between
dynamitin-expressing cells (n = 20) and control cells (8 galactosi-
dase ¢cDNA injected, n = 10; uninjected, n = 177) from seven
independent experiments. Values obtained from B galactosidase
cDNA-injected cells did not deviate >5.3% from uninjected cells
and were not statistically different from uninjected cells (p < 0.87).
Dynamitin and 8 galactosidase expression were confirmed by im-
munofluorescence staining and were roughly similar (our unpub-
lished results). (B) When G1 cells are microinjected with ascites fluid
containing 70.1 antibody, pericentrin and y tubulin levels are re-
duced up to 50-fold (black bars) compared with control uninjected
cells (stippled bars). Shown are the mean * SE of a representative
experiment. p values reflect statistical differences between 70.1 in-
jected (n = 14) and control cells (control mouse IgG injected, n = 10;
uninjected, n = 90) from six independent experiments. Values ob-
tained from cells injected with control mouse IgG were not statisti-
cally different from uninjected cells (p ~ 0.95) and did not vary
>6.5% from uninjected controls. (A and B) COS cells. For A and B,
Gl levels of centrosome fluorescence were subtracted. (C) Centro-
some assembly of +y tubulin in Xenopus extracts in the absence of
nocodazole and in the presence of anti-dynein antibody or control
antibody (B-galactosidase). Values shown are x10~°. Background
centriole levels of vy tubulin (<6.7% of experimental values) were
subtracted.

cant reduction in centrosome levels of pericentrin and y
tubulin compared with cells microinjected with control
IgG or uninjected cells (Figure 3B). Similarly, addition of
the dynein antibody to Xenopus extracts blocked microtu-
bule-dependent assembly of +y tubulin onto sperm centri-
oles, whereas control IgG had no effect (Figure 3C). Based
on these observations, we conclude that pericentrin and y
tubulin can be transported to centrosomes by dynein-
mediated movements along microtubules.
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Figure 4. Pericentrin associates with microtubules in a dynein-
and dynactin-dependent manner. Immunofluorescence staining is
shown for microtubules (A) and pericentrin (B) in CHO cells treated
with nocodazole for one cell cycle and then released from the drug
for 20 min to promote microtubule polymerization. Nearly all non-
centrosomal pericentrin colocalizes with microtubules. Bar in B, 1
pm (for A and B). (C) Taxol was used to assemble microtubules in
CHO cell lysates (see MATERIALS AND METHODS). Other re-
agents were added as indicated, microtubules were centrifuged
through a 20% sucrose cushion, and proteins in the microtubule
pellet were analyzed by Western blot for pericentrin, dynein inter-
mediate chain (IC), or « tubulin (to control for microtubule loading).
Unless otherwise indicated, all lysates contained GTP, exogenous
tubulin, taxol, and AMP-PNP. In addition, lysates contained no-
codazole without taxol (lane 1), no exogenous tubulin (lane 2), the
absence (lane 3) or presence (lane 4) of AMP-PNP, control antibody
(B galactosidase, lane 5), or 70.1 antibody (lane 6). Lanes 7 and 8,
lysates from cells expressing control protein (GFP) or dynamitin,
respectively. Similar results were obtained with endogenous or
exogenous tubulin (compare lanes 2 and 4).

Centrosomes with Reduced Pericentrin and vy
Tubulin Nucleate Fewer Microtubules

To determine the functional consequence of inhibiting as-
sembly of pericentrin and vy tubulin, we examined the ability
of centrosomes to nucleate microtubules. When cells were
treated from G1 to M with nocodazole (as in Figure 2, A and
B) and washed free of the drug, microtubule nucleation from
individual centrosomes was 16.6% of control centrosomes as
measured by «a tubulin fluorescence of nucleated microtu-
bules surrounding the centrosome (n = 76; p < 0.001). Upon
removal of nocodazole, we unexpectedly found that the
pericentrin staining pattern was coincident with nucleated
microtubules (Figure 4, A and B). This distribution was
particularly striking because pericentrin was almost never
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detected on microtubules in control cells at any cell cycle
stage (Doxsey et al., 1994; Dictenberg et al., 1998). The
amount of microtubule-associated pericentrin increased rap-
idly after nocodazole washout, reached a maximum level at
~15 min, and was barely detectable by 30 min. During this
period, pericentrin accumulation at centrosomes increased
rapidly (97 * 4.2% increase), suggesting that the protein was
undergoing rapid microtubule-dependent assembly onto
centrosomes.

Pericentrin Binds Microtubules in a Dynein-
dependent Manner

The data presented thus far suggested that pericentrin
associated with microtubules through an interaction with
dynein. To test this directly, taxol-stabilized microtubules
were incubated with cell lysates, pelleted by centrifuga-
tion, and assayed for the presence of pericentrin. Pericen-
trin cosedimented with microtubules under these condi-
tions (Figure 4C, lanes 2 and 4) and was not detected
when microtubule polymerization was inhibited by addi-
tion of nocodazole (Figure 4C, lane 1). When AMP-PNP
was added to enhance motor binding to microtubules, we
observed a twofold increase in the association of pericen-
trin with microtubules (Figure 4C, lanes 3 and 4). The
association of both dynein and pericentrin with microtu-
bules was inhibited when the 70.1 dynein antibody was
added to cell lysates and when lysates from cells overex-
pressing dynamitin were used (Figure 4C, lanes 5-8).
Because 70.1 recognizes an epitope on the dynein inter-
mediate chain that interacts with dynactin p1508tued
(Vaughan and Vallee, 1995; Steffen et al., 1997), the anti-
body probably disrupts the dynein-dynactin interaction,
dissociating dynein from microtubules by a mechanism
similar to that observed in cells overexpressing dynamitin
(Echeverri et al., 1996). In contrast, control antibody or
lysates expressing a control construct (GFP) had no effect
on microtubule binding. From this analysis, we conclude
that pericentrin binds along the length of microtubules
through an interaction with dynein and/or dynactin.

DISCUSSION

A Role for Cytoplasmic Dynein in the Recruitment
of Pericentrin and <y Tubulin onto Centrosomes

Using several approaches to examine centrosome protein
assembly in both somatic cells and embryonic systems, we
demonstrate that pericentrin and vy tubulin can be recruited
to centrosomes by a dynein-driven mechanism. We show
that the cell cycle-dependent increase in centrosomal accu-
mulation of these proteins (Dictenberg et al., 1998) was in-
hibited by treatments that disrupt dynein-mediated cellular
events in vivo and in vitro, including depolymerization of
microtubules, addition of dynein antibodies, and elevation
of dynactin levels (Vaisberg et al., 1993; Echeverri ef al., 1996;
Gaglio et al., 1996, Heald et al., 1996; Merdes et al., 1996;
Burkhardt et al., 1997; Ahmed et al., 1998). We provide the
first demonstration that pericentrin associates with microtu-
bules both in vivo and in vitro, and we show that microtu-
bule binding of pericentrin requires dynein and dynactin.
We visualized pericentrin expressed as a GFP fusion protein
and found that it moved toward centrosomes in a microtu-
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bule-dependent manner at speeds consistent with those of
dynein. These movements probably represent direct trans-
port of pericentrin by dynein, because pericentrin has been
shown to interact directly with the dynein light intermediate
chain 1 (Purohit ef al., 1999; S. Tynan, A. Purohit, S. Doxsey,
and R. Vallee, unpublished results).

A Model for Recruitment of Centrosome Proteins

Based on the data described above, we propose a model for
the assembly of microtubule nucleating proteins. In our
model, pericentrin binds to dynein through the light inter-
mediate chain (Purohit et al.,, 1999) and to the y TuRC
(Dictenberg et al., 1998) through specific subunits of this
complex (W. Zimmerman and S. Doxsey, unpublished ob-
servations). Dynein would mediate binding of the large
pericentrin-y TuRC complex to microtubules and direct
transport of the complex to centrosomes. At the centrosome,
pericentrin-y TuRC complexes would be anchored, whereas
dynein could be released for additional rounds of transport
or anchored to perform additional roles. Dynactin may fa-
cilitate microtubule association or processivity of dynein
(Schroer and Sheetz, 1991; Schroer, 1996) and may contribute
to centrosomal anchoring of -y tubulin (Quintyne ef al., 1999).
Our work raises the possibility that pericentrin mediates
centrosome and spindle function through dynein-dependent
assembly of microtubule nucleating complexes and other
activities (see below).

Alternative Mechanisms for Recruitment of
Centrosome Proteins

There is now good evidence for microtubule-dependent
(Kuriyama, 1982; Balczon et al., 1999; this manuscript) and
microtubule-independent (Felix et al., 1994; Stearns and
Kirschner, 1994; Moritz et al., 1998; Schnackenberg et al.,
1998; Khodjakov and Rieder, 1999) mechanisms for recruit-
ment of proteins onto centrosomes. These studies support
the idea that dynein-mediated and passive diffusion mech-
anisms represent parallel pathways for centrosome assem-
bly. It is possible that one pathway predominates over the
other in certain biological systems or at different stages of
the cell cycle. In embryonic systems, for example, high levels
of centrosome proteins (Gard et al., 1990) may be sufficient to
drive the initial stages of microtubule-independent recruit-
ment onto centrioles, although dynein-mediated transport
becomes a major contributor at later times (Figure 3). Alter-
native mechanisms could also account for centrosome pro-
tein recruitment. Spontaneously assembled microtubules
could be capped by v tubulin (and pericentrin) complexes
(Zheng et al., 1995), and these small microtubule fragments
could be transported toward the minus ends of microtubules
by dynein as described during spindle assembly in Xenopus
extracts (Heald et al., 1996). Our data do not distinguish
between this microtubule fragment mechanism and our
model in which presumably inactive centrosome proteins
are transported to centrosomes and become active for mi-
crotubule nucleating activity. Another possibility is that cen-
trosome-nucleated microtubules are released (Keating et al.,
1997) but remain tethered to the centrosome, perhaps
through an interaction with dynactin (Quintyne et al., 1999),
and they provide new minus ends for binding of -y tubulin-
pericentrin complexes after passive diffusion to these sites.
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Although this mechanism could account for the microtubule
dependency of centrosome protein recruitment, it is incon-
sistent with our kinetic data showing directed movement of
GFP-pericentrin toward centrosomes.

Centrosome Assembly and Cancer

Regulation of the dynein-mediated centrosome protein as-
sembly process is likely to be important in the control of
microtubule nucleation at centrosomes. One candidate reg-
ulatory molecule is protein kinase A (PKA). PKA has re-
cently been identified as a pericentrin-interacting protein,
and disruption of the pericentrin-PKA interaction induces a
subset of spindle defects observed in cells overexpressing
pericentrin (Diviani et al., 2000; D. Diviani, L. Langeberg, A.
Purohit, A. Young, S. Doxsey, and ]. Scott, unpublished
results). Misregulation of the centrosome assembly process
could induce ectopic organization of structurally aberrant
centrosomes observed in malignant tumors (Lingle ef al.,
1998; Pihan et al., 1998). Through the organization of dys-
functional spindles that missegregate chromosomes, abnor-
mal centrosomes could contribute to genomic instability and
tumorigenesis (Doxsey, 1998; Pihan and Doxsey, 1999).
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