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Distinct cell cycle-dependent roles for dynactin

and dynein at centrosomes
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tubule anchoring and/or focusing independently of

dynein. Dynactin is present at centrosomes throughout
interphase, but dynein accumulates only during S and G,
phases. Blocking dynein-based motility prevents recruitment
of dynactin and dynein to centrosomes and destabilizes
both centrosomes and the microtubule array, interfering
with cell cycle progression during mitosis. Destabilization
of the centrosomal pool of dynactin does not inhibit dynein-
based motility or dynein recruitment to centrosomes, but

Centrosomal dynactin is required for normal micro-

instead causes abnormal G, centriole separation and delayed
entry into S phase. The correct balance of centrosome-
associated dynactin subunits is apparently important for
satisfaction of the cell cycle mechanism that monitors
centrosome integrity before centrosome duplication and
ultimately governs the G; to S transition. Our results suggest
that, in addition to functioning as a microtubule anchor,
dynactin contributes to the recruitment of important cell
cycle regulators to centrosomes.

Introduction

The centrosome is one of the least well-understood or-
ganelles in the eukaryotic cell. Its protein composition and
functions remain ill defined, but both show important varia-
tions among cell types and across the cell cycle. Centrosomes
are required for cell cycle progression from G into S phase
and again as cells exit cytokinesis (Hinchcliffe et al., 2001;
Khodjakov and Rieder, 2001; Piel et al., 2001). Throughout
the cell cycle, centrosomes are the predominant site for
microtubule nucleation, but only in certain cells, such as
fibroblasts, do microtubules remain tightly focused in a
radial array. In cell types such as neurons, muscle, and epi-
thelia, most, if not all, microtubules are released to yield a
noncentrosomal array whose final organization can take
multiple forms.

The precise mechanisms by which microtubules remain
focused and anchored at centrosomes in fibroblasts, and how
this organization becomes altered in nonfibroblastic cells, are
still being defined. In G; cells that contain only one centriole
pair, microtubule-anchoring activity appears to be predomi-
nantly associated with the older of the two centrioles (desig-
nated the mother centriole; Piel et al., 2000). A number of
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proteins, including the proposed microtubule-anchoring
protein, ninein, are selectively bound to the mother centriole
(for review see Doxsey, 2001). We found previously that
dynactin was necessary for maintenance of the normal radial
microtubule array (Quintyne et al., 1999). Dynactin is con-
centrated at centrosomes (Gill et al., 1991; Clark and Meyer,
1992; Paschal et al., 1993; Dictenberg et al., 1998), but it is
not known with which centriole it associates.

Dynactin is best characterized as an “activator” of the minus
end—directed microtubule motor, cytoplasmic dynein (Gill
et al., 1991; Schroer and Sheetz, 1991). Dynactin facilitates
dynein-based movement by acting as both a processivity factor
(King and Schroer, 2000) and an adaptor that mediates
dynein binding to subcellular cargoes and the cell cortex (for
reviews see Karki and Holzbaur, 1999; Allan, 2000; Dujardin
and Vallee, 2002). This dual function takes advantage of
dynactin’s bipartite structure. A projecting p150"*? side-
arm binds both microtubules and dynein (Karki and
Holzbaur, 1995; Vaughan and Vallee, 1995; Waterman-
Storer et al., 1995; Quintyne et al., 1999; Vaughan et al.,
2001), whereas a backbone element comprised mostly of the
actin-related protein Arp1 is thought to bind cargo (Schafer et
al., 1994; for review see Allan, 2000; Muresan et al., 2001).

Cytoplasmic dynein and dynactin are found on endo-
membranes (Roghi and Allan, 1999; Habermann et al.,
2001), the cell cortex (Dujardin and Vallee, 2002), and
kinetochores and mitotic spindle poles (Pfarr et al., 1990;
Steuer et al., 1990; Echeverri et al., 1996). The importance
of the dynein—dynactin motor in microtubule minus end
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focusing at spindle poles (Compton, 2000; Heald, 2000)
suggested that these proteins might provide a similar func-
tion at centrosomes during interphase. In keeping with this
hypothesis, overexpression of a series of dominant negative
inhibitors that interfered with dynein and dynactin function
in distinct ways resulted in disorganization of fibroblastic
microtubule arrays (Quintyne et al., 1999). All of the inhib-
itors prevented proper targeting of dynein to cargo, but
none altered dynactin—cargo binding or, presumably, the
ability of dynein itself to move on microtubules.

Dynamitin had the broadest effect on cellular architec-
ture. Dynamitin disrupts the endogenous pool of cellular
dynactin, yielding a “free” pool of p150°"™“ that can still
bind dynein but not cargo. In addition to its expected effects
on dynactin structure and the Golgi complex (Echeverri et
al., 1996; Burkhardt et al., 1997), dynamitin overexpression
causes defocusing of the radial microtubule array and a re-
distribution of the pericentriolar proteins y-tubulin and dy-
nactin. Full-length p150Glued or a dynein-binding fragment,
p150*7-%, have no effect on endogenous dynactin struc-
ture, but act as competitive inhibitors of the dynein—dynac-
tin interaction by binding dynein and preventing it from
binding dynactin and cargo. Because these three inhibitors
all interfere with dynein—cargo targeting, they have similar
effects on endomembrane, microtubule, and centrosome or-
ganization (Quintyne et al., 1999).

Two other inhibitors, p24 and a second p150“" frag-
ment, p150°2'% are significantly more selective in their
effects. Neither perturbs cytosolic or membrane-associated
dynactin, dynein—dynactin binding, or dynein targeting, as
endomembrane localization, motility, and dynactin struc-
tural integrity are unaffected. These inhibitors appear to dis-
rupt only the centrosomal pool of dynactin, causing the
loss of plSOGl““l from Arpl, which results in microtubule
disorganization and compromised centrosome integrity (Quin-
tyne et al., 1999). This suggested that centrosomal plSOGI“ecl
was the dynactin subunit most important for microtubule
anchoring and/or focusing during interphase. However, it
was not clear whether p150" was acting directly by an-
choring microtubules or indirectly by binding dynein,
which could then focus microtubules.

Like the cell’s genome, the centrosome must reproduce
once per cell cycle. Centrosome doubling involves centriole
pair splitting or disorientation during Gy, centriole duplica-
tion during S, and the complete separation of the two centri-
ole pairs to yield spindle poles at the onset of mitosis (for re-
views see Doxsey, 2001; Hinchcliffe and Sluder, 2001). In
parallel with centriole duplication, the pericentriolar mate-
rial (PCM)* becomes amplified. Some PCM components,
such as pericentrin, y-tubulin, and PCM-1, are recruited to
the centrosome in a microtubule- and dynein—dynactin-
dependent manner (for review see Zimmerman and Doxsey,
2000). A variety of other proteins, many of them regulatory
kinases, are selectively recruited to the centrosome at partic-
ular stages of the cell cycle (for review see Lange, 2002), pos-
sibly via microtubule-based transport as well. The activities

*Abbreviations used in this paper: CNAP-1, centrosomal Nek2-associ-
ated protein-1; PAR, poly-ADP-ribose; PCM, pericentriolar material.

of such kinases and phosphatases are proposed to underlie
the transition from G, to S and exit from cytokinesis, both
of which require centrosomes (Hinchcliffe et al., 2001;
Khodjakov and Rieder, 2001; Piel et al., 2001).

In our original analysis of centrosomal dynactin function
we noted that centrosomes stained differentially for dynactin
and dynein; most exhibited dynactin, but only some dynein.
The present study is aimed at gaining a better understanding
of the roles of centrosomal dynactin and dynein, specifically
with respect to interphase microtubule organization and cell
cycle progression. We find that dynactin is concentrated at
centrosomes throughout interphase, but that dynein is de-
tected only during S and G,. Thus, maintenance of the G,
microtubule array appears not to require centrosomally ac-
cumulated dynein. Dynactin is associated preferentially with
the mother centriole in G; cells, providing further support
for its proposed role as a microtubule anchor. The functions
of centrosomal dynactin and dynein were probed further by
dynactin subunit overexpression. As expected, based on their
inhibitory effects on centrosomal dynactin, overexpression
of certain inhibitors prevented dynein recruitment but did
not affect cell cycle progression until mitosis. Inhibitors that
cause just p150°"? to be lost from centrosomes did not
block dynein accumulation, suggesting a novel mechanism
for dynein recruitment. Surprisingly, these inhibitors caused
abnormal centriole splitting in G; and delayed entry into S
phase. Our findings suggest that the integrity of centrosomal
dynactin contributes to proper centriole pairing and timely
entry into S phase, and provide further evidence that S phase
entry is regulated by centrosome-dependent events.

Results
Dynein binds centrosomes

in a cell cycle-dependent manner
Because p150“"* can bind both microtubules and dynein,
our previous study (Quintyne et al., 1999) did not clearly dis-
tinguish a novel microtubule-anchoring role for dynactin at
centrosomes from its more common role as a dynein targeting
factor. To resolve this ambiguity, we determined the preva-
lence of centrosomal dynactin and dynein in unsynchronized
Cos-7 fibroblasts. The vast majority (80-95%) of cells exhib-
ited centrosomal dynactin, whereas dynein was seen at cen-
trosomes in only about two thirds of the cells in the popula-
tion (Table I, top row). A possible explanation is that dynein
binding to centrosomes is cell cycle dependent. To test this
possibility, we synchronized cells at the G;—S boundary using
a double thymidine block, and then stained for dynein or dy-
nactin ac different times after thymidine washout (Fig. 1).
Our criteria for cell cycle progression was centriole duplica-
tion, as indicated by the centriole-associated protein centrin.
Centrosomal dynactin was observed at all cell cycle stages, but
centrosomal dynein was detected only in cells that contained
two centriole pairs, suggesting that dynein accumulates at cen-
trosomes late in the cell cycle (starting in mid-S phase) and is
lost immediately after mitosis. That high concentrations of
centrosomal dynein do not appear to be required for microtu-
bule organization during interphase further emphasizes the
importance of centrosomal dynactin as a microtubule anchor.
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Table I. Effects of dynactin subunit overexpression on centrosomal dynein and dynactin localization

Overexpressed protein Centrosomal p150 Centrosomal Arp1 Centrosomal dynein Mitotic cells Nuclear PAR
None (untransfected) 92 = 4.3 83 = 5.1 64 = 3.1 5+43 0.5 0.3
Control (B-Gal) 93 £2.6 84+ 1.4 66 £2.3 5*+32 ND
Dynamitin 19 40 7%20 12 = 5.1 ND
p150217->48 22 30 7*x14 1214 1.0 £0.5
p150926-1049 37 89 46 = 3.6 5+28 0.7 £ 0.3
p24 39 85 50 £ 4.2 0 8.8 14

Unsynchronized cell populations were transfected with dynactin subunit expression constructs, processed for immunofluorescence, and scored for
centrosomal p150°“d, Arp1, dynein (intermediate chain), mitotic spindles (a-tubulin), or nuclear accumulation of the apoptotic cell marker PAR.
Overexpressing cells were identified by GFP (dynamitin, p150%2¢"'%*, and p24) or DsRed (p150*'7**) fluorescence. The percentage of cells scoring positive

is provided for each condition. Values for p150°“® and Arp1 are from Quintyne et al. (1999). 8-Gal, 8-galactosidase.

Dynactin is localized to the mother centriole

Fibroblast microtubules appear to be anchored to the mother
centriole exclusively (Piel et al., 2000). We therefore exam-
ined dynactin’s distribution within centrosomes more closely
(Fig. 2). Double staining of unsynchronized cells for dynactin
and centrin revealed that dynactin localized to a single centri-
ole. Cells were then stained for dynactin and e-tubulin, a
marker for the mother centriole in G; (Chang and Stearns,
2000). Both plSOGlucd and Arp1 staining showed close over-
lap with e-tubulin. Deconvolution of these images (Fig. 2,
bottom) suggested that dynactin enveloped the mother cen-
triole in a horseshoe- or cup-shaped structure, similar to the
localizations of the proposed microtubule anchors ninein and

CEP100 (Mogensen et al., 2000; Ou et al., 2002).

Dynein and dynactin can bind centrosomes

by different mechanisms

Overexpression of dynactin shoulder/sidearm subunits re-
sults in a loss of p150"™? from centrosomes (Quintyne et
al., 1999). Because pl50Glued is critical for dynein binding; it
seemed likely that targeting of dynein to centrosomes would
also be perturbed. To test this hypothesis, we analyzed dy-
nein distribution in these cells (Table I; Quintyne et al.,

1999). Overexpression of dynamitin or a dynein-binding
fragment of p150°" (p150%7-%; referred to as CCl in
Quintyne et al., 1999) was strongly inhibitory; only 7% of
cells contained detectable centrosomal dynein in comparison
with ~65% of controls. Surprisingly, overexpression of two
other dynactin inhibitors, p24 or a second plSOGILlEd frag-
ment (p150926'1049; referred to as CC2 in Quintyne et al.,
1999), had only a minor effect on centrosomal dynein re-
cruitment.

Cells overexpressing dynactin shoulder/sidearm subunits
show relatively normal patterns of initial microtubule nucle-
ation and PCM recruitment, but centrosomes and the mi-
crotubule array disintegrate over time (Quintyne et al.,
1999). Given the unexpected behavior of dynein in cells
overexpressing the latter two inhibitors, we thought it would
be informative to examine centrosomal recruitment of dy-
nactin and dynein under conditions of initial microtubule
growth (Fig. 3). Cells whose microtubules have been depoly-
merized by nocodazole and cold no longer exhibit centroso-
mal dynactin (Paschal et al., 1993; Quintyne et al., 1999;
Fig. 3, 0 min time points), but both dynactin and dynein re-
accumulate after nocodazole washout (Fig. 3 A) with kinet-
ics similar to microtubule regrowth (Quintyne et al., 1999).
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Figure 1.

Cell cycle localization of dynein and dynactin to the centrosome. (

A) Cells were synchronized using a double thymidine block

and then released for increasing intervals before being fixed and labeled with Abs to the centriole marker, centrin, dynein (IC), or Arp1. Bars,
10 wm. (B) Cell populations were scored for either a centrosomal focus of dynein IC or dynactin subunit (p1 SOG‘“‘Ed or Arp1) and for four
centrin foci. At each time point, the number of mitotic cells was also determined on the basis of the characteristic mitotic patterns of centrin
and dynein—-dynactin staining (as in A). At least 400 cells were scored per time point in two independent experiments.
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Figure 2. Localization of dynactin at centrioles. (Large panels)
Cells were double labeled with Abs to p150°"**® or Arp1 (green) and
centrin or e-tubulin (red); fiduciary markers were used to verify that
the offset seen here is real. Insets show the boxed centrosome
enlarged 5X. (Bottom) Deconvolution microscopy of the centrosome
boxed in the panels above. Right panels, merge. Bars, 10 um.

Overexpression of dynamitin or p150*"7~% completely pre-

vented accumulation of dynactin and dynein at centrosomes
(Fig. 3 B). This result was dramatic but expected. Because
dynamitin and p150%"7-% are thought to block dynein—
dynactin binding, they will prevent dynein-based transport
of dynactin to the centrosome. Dynein is not expected to
bind centrosomes that lack dynactin.

Overexpression of p24 or p150°“'°* had no effect on dy-
nactin accumulation at centrosomes initially, but over time
p1509" was lost whereas Arp1 remained behind (Fig. 3 C).
After ~3 h, the steady-state condition was reached in which
>85% of centrosomes labeled for Arp1 but only ~40% la-
beled for plSOGlued (Table I). Dynein also accumulated at
centrosomes, but much more slowly than in control cells
(Fig. 3, compare A and C). This suggests that centrosomal
dynein targeting to centrosomes in cells overexpressing p24
or p150°21% occurs via a different mechanism from that
operating under normal conditions. At even later time
points (>210 min), we commonly observed centrosomes
that stained for dynein but not p150“" (unpublished
dara), suggesting that binding is p150“"**! independent.

Effects of the loss of centrosomal dynactin and dynein
on progression through S, G,, and M phases

Dynein accumulates at centrosomes during S and G, phases
and is highly enriched at mitotic spindle poles, suggesting
that it is recruited in preparation for mitosis. Inhibition of
dynein—dynactin function profoundly affects spindle forma-
tion and pole maintenance in many systems (for reviews see
Compton, 1998; Heald, 2000). Dynamitin overexpression
causes cells to arrest in pseudoprometaphase with frag-
mented or monopolar spindles (Echeverri et al., 1996; Du-
jardin et al., 1998), consistent with our observation that
such cells lack centrosomal dynein and the consequent loss

>

o]
o
1

2]
o
A

—e— Arp1 (control)
—&— p150 (control)
~—— DIC (control)

S
(o)
I

Centrosome staining
(% of cells)

Ny
o
I

0¥—— Linas

T v T T T 1
0 3 60 9 120 150 180 210
Time after nocodazole washout (min)

—e— Arp1 (DM)
—a— pi150 (DM)
——g— DIC (DM)
@ Arpl (p150217-548)
weefem=e p150 (p150217-548)
o DIC (p150217-548)

Centrosome staining
(% of celis)

0 30 60 9 120 150 180 210
Time after nocodazole washout (min)

100
C .

—e— Arp1 (p24)
e Arpl (p150926-1049)

—&— p150 (p24)
—— DIC (p24)
FEm—— p1 50 (p1 50926-1049) <
-=-g- DIC (p150926-1049) .- -

Centrosome staining
(% of cells)

- T T T 1
0 30 60 90 120 150 180 210

Time after nocodazole washout (min)

Figure 3. Effects of dynactin subunit overexpression on accumulation
of centrosomal dynein and dynactin during microtubule regrowth.
Microtubules in transiently transfected cells were depolymerized by
nocodazole/cold treatment and then allowed to regrow (see Materials
and methods for details). The appearance of a centrosomal focus of
dynein intermediate chain (DIC; similar results were obtained using
Abs to dynein light IC) or dynactin (Arp1 or p150%"**) was analyzed
by immunofluorescence. Overexpressing cells were identified by GFP
(dynamitin, p24, and p150°27'%%) or DsRed (p150*"7~>*®) fluorescence.
(A) Nonexpressing cells in the transfected population. (B) Cells over-
expressing dynamitin or p150*'-*, (C) Cells overexpressing p24 or
p150 2671949 DM, dynamitin.

of dynein focusing activity from spindle poles. p150*'7>%

overexpression has very similar effects to dynamitin on mi-
crotubule, centrosome, and Golgi organization, so it seemed
likely that it would also interfere with mitotic progression.
When we examined mitotic index and spindle morphology
in unsynchronized cells overexpressing p150217'548, we noted
an increased percentage of mitotic cells (Table I) with mal-
formed spindles, as expected.

Dynein recruitment to centrosomes slightly precedes cen-
triole duplication (Fig. 1), suggesting that dynein function
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Figure 4. Effects of dynactin subunit overexpression on S phase
events. Cells were synchronized using a double thymidine block,
microinjected with cDNAs encoding dynactin subunits, and then
released from the block and incubated at 37°C for increasing
lengths of time (the experimental scheme is cartooned above the
graphs). Some cells were fixed and labeled with Abs to centrin
or treated with BrdU to label DNA before fixation and BrdU Ab
labeling. The percent of cells in the population showing BrdU
incorporation (A) or four centrioles (B) was determined. Over-
expressing cells were identified by GFP or DsRed fluorescence.
Ctrl, noninjected control cells on the coverslip; DM, dynamitin.
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might also contribute to centrosome doubling or another
late cell cycle event. To address this question we evaluated
the effects of dynein—dynactin inhibitors on late cell cycle
progression. Cells were synchronized at the G;—-S boundary
by double thymidine block, microinjected with dynamitin
or p150*7>* ¢DNAs, and then released from the block
(Fig. 4). Neither DNA synthesis, as assessed by BrdU incor-
poration, nor centriole duplication, as determined by cen-
trin staining, was affected.

Because dynein recruitment to centrosomes is altered in
cells overexpressing p150°27'% or p24 (Fig. 3), we evalu-
ated late cell cycle progression here as well. Unsynchronized
populations of cells overexpressing p150°**% progressed
into and through mitosis just like controls (Fig. 4), exhibit-
ing well-formed spindles in ~5% of the total population
(Table I). Overexpression of p24 affected cells differently, as
mitotic cells were never observed in unsynchronized popula-
tions (Table I; Karki et al., 1998). p24 overexpression ap-
peared to drive cells into apoptosis, as judged by staining
with the apoptosis marker poly-ADP-ribose (PAR; Table I),
with cell death occurring just before mitosis. In synchro-
nized cells, p24 overexpression did not inhibit DNA synthe-
sis or centriole duplication, but significantly fewer p24-over-
expressing cells remained as mitosis approached (Fig. 4) and
those that remained stained positive for nuclear PAR (un-
published data). The timing of cell death did not seem sim-
ply to be the consequence of accumulation of toxic amounts
of p24, as cells died just before mitosis regardless of the time
after synchronization at which they were microinjected with

p24 cDNA (unpublished data).

Loss of centrosomal p150¢"*¢ inhibits S phase entry
and induces G, centriole splitting

Overexpression of dynactin shoulder/sidearm subunits pro-
foundly destabilizes centrosomes (Quintyne et al., 1999),
but progression through S and G, appears unaffected
(Fig. 4). This is not necessarily surprising, because the
centrosome-associated surveillance mechanism that
governs S phase entry may already be satisfied in cells syn-
chronized at the G,—S boundary. To determine how the
loss of centrosomal dynactin might impact this mecha-
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trosomal accumulation). Bars, 10 pm.
(Right) Unsynchronized cells were trans-
fected with dynactin shoulder/sidearm
expression vectors and scored for
expression of S phase markers. Over-
expressing cells were identified by
GFP or DsRed fluorescence. Ctrl, non-
expressing control cells in the transfected
population; DM, dynamitin.

B N

!

926-1049

p24 p150

construct overexpressed



250 The Journal of Cell Biology | Volume 159, Number 2, 2002

Inject Timepoints taken
0 10 24 36 48h
[Block G JS G,[M] G, [ S GJM[G, |
release

from thymidine
A ....... Oeene Ctrl

11007 ..o~ DM

___(e | 217-548

3 807 :_ 3128926-1049 .5 .

e o / .

? 601 —a— D24 ,"l' '~,‘

3 ] 2 \

c 407] ﬁﬁ

g 20] A

<

024 28 32 36 40 44 48

Time after synchronization at G,/S boundary (hr)

o

1007
c Y
g 80 7] xd '-‘l .
S @0 {F y
282407 2
2> I g‘\ﬁg
g 207 . o
O T
24 28 32 36 40 44 48
Time after synchronization at G,/S boundary (hr)
Figure 6. Effects of dynactin subunit overexpression on cell cycle

progression. Cells were synchronized using a double thymidine
block, released, and allowed to proceed through mitosis, and then
microinjected with cDNAs encoding dynactin subunits. At different
times after microinjection, cells were fixed and stained for centrin
(A) or labeled with BrdU and fixed and stained with BrdU Abs (B).
Ctrl, noninjected control cells on the coverslip; DM, dynamitin.

nism, we evaluated cell cycle progression from G; into S
(Fig. 5). The proportion of unsynchronized cells in G; ver-
sus later in the cell cycle was determined by examining
BrdU incorporation, centrin staining, PCNA (a protein
that accumulates in S phase nuclei; Bravo and Celis, 1985),
and the protein kinases Nek2 and IAK-1, two potential
regulators of cell cycle progression that accumulate at cen-

trosomes in S phase (Schultz et al., 1994; Gopalan et al.,
1997). Approximately 30% of unsynchronized control
cells revealed no BrdU incorporation or nuclear PCNA, in-
dicating that they were still in G;. 50-60% of cells showed
no evidence of centriole duplication (two centrin foci or no
centrosomal Nek2 or TAK-1). When we repeated this anal-
ysis in cells overexpressing dynactin subunits, dynamitin
and p150%"7~% were seen to have no effect. However, sig-
nificantly more cells overexpressing p150926_1°49 or p24 ap-
peared to be Gy, as judged by the behavior of PCNA and
the three centriole markers. p150926'1049 had a particularly
potent effect on centrosomal Nek2 recruitment; <20% of
overexpressing cells stained for this marker compared with
~50% of controls. These results were strongly suggestive
of a G;-S delay in these cells.

We then evaluated progression through G; and S in more
detail. To do this, we synchronized cells by double thymi-
dine block, allowed them to complete mitosis and enter G,
and then microinjected them with cDNAs (Fig. 6). Dyna-
mitin or p150*"7~% overexpression had no effect on S phase
entry, as judged by the onset of centriole duplication and
DNA synthesis. p150926'1049 or p24 overexpression, how-
ever, caused a noticeable delay in S phase entry.

In this experiment, and in our analysis of unsynchro-
nized cells (above), we observed that centrin foci in G, cells
expressing p150°2'%% or p24 were no longer tightly cou-
pled (Table II), in contrast to centrioles in the same cells in
S phase. This behavior differed from that of controls or
cells overexpressing other dynactin inhibitors that showed
tightly paired or clustered centrin foci throughout the cell
cycle. We extended these findings by evaluating the behav-
ior of centrosomal Nek2-associated protein-1 (CNAP-1), a
Nek?2 substrate that is proposed to be a component of the
centrosome “bridge” that underlies centrosome cohesion
G, (Fry et al., 1998; Mayor et al., 2000; Uto and Sagata,
2000). The pattern of CNAP-1 staining across the cell cy-
cle was identical to centrin. Apparently, the loss of centri-
ole cohesion we see is not due to the absence of CNAP-1,
as centriole pairs and clusters were stained in all cells.
Taken together, our results suggest that centriole coupling
must be achieved before cells are permitted to pass from G,
into S phase. An imbalance of centrosome-associated dy-
nactin subunits interferes with coupling and results in de-

layed S phase entry.

Table I1. Effects of dynactin subunit overexpression on centrosome separation

Overexpressed protein

Distance between centrioles (um)

centrin (2 foci) centrin (4 foci) CNAP-1 CNAP-1 (BrdU") CNAP-1 (BrdU™)
None (untransfected) 0.7 0.3 0.6 £ 0.5 0.6 0.4 0.6 £0.2 0.4 £0.2
Control (B-gal) 0.6 £0.3 0.6 £0.4 0.6 £0.4 ND ND
Dynamitin 0.8 0.5 0.6 £0.3 0.7 = 0.42 0.6 0.3 0.5*+0.2
p150%17-54 0.7 0.5 0.6 =0.3 0.5*+04 0.6 £0.2 0.4=03
p1507926-10%9 1.5+ 0.6 0.7 £ 0.6 1.6 0.7 1.8+ 1.6 0.6 0.3
p24 1.7 0.6 0.8 0.6 1.7 £0.7 1.4 0.7 0.5+0.2

Centriole spacing was measured between the centers of centrin or CNAP-1 foci (on TIFFs). For cells with four centrin foci, distance was measured between
the larger of each pair. Cell cycle phase was determined by BrdU incorporation. Overexpressing cells were identified by GFP or DsRed fluorescence. At least
70 cells were scored for each condition. Averages and standard deviations were calculated from centrioles with spacing of 4 um or less, but spacings of up

to 20 um were observed in p150°2°'% and p24 overexpressers in G;.



Discussion
We showed previously (Quintyne et al., 1999) that cen-

trosomal dynactin is required for maintenance of the radial
microtubule arrays in fibroblasts. However, it has been as-
sumed by many that centrosomal dynactin functions solely
to bind dynein, which then maintains microtubule organiza-
tion by providing focusing activity. In the present study, we
show that dynein and dynactin bind centrosomes differently
across the cell cycle; dynactin is present at centrosomes at all
times, whereas centrosomal dynein is only detected during S
and G, phases and at mitotic spindle poles. This finding
suggests that dynein and dynactin provide distinct functions
at centrosomes and that dynactin may serve multiple roles
during the cell cycle. Dynein is most likely recruited to pro-
vide microtubule focusing activity at spindle poles. Impor-
tantly and unexpectedly, we found that perturbation of
dynactin specifically at centrosomes results in abnormal
centriole splitting and a delay in S phase entry, suggesting
that dynactin contributes in some way to the surveillance
mechanism that governs centrosome duplication and the G,
to S transition (Hinchcliffe et al., 2001; Khodjakov and
Rieder, 2001).

Targeting of dynein to centrosomes

The dynein—dynactin motor is of critical importance for mi-
totic spindle pole stability (for review see Compton, 2000),
but the lack of dynein accumulation at centrosomes during
G and early S suggests that its microtubule focusing activity
is not required across the cell cycle. A number of structural
and regulatory proteins, some of which are required for the
G, to M transition or early mitotic events, are recruited to
centrosomes during S and G, phases. Given its importance
in mitosis, it comes as no surprise that dynein also binds
centrosomes in a cell cycle-dependent manner. This may in-
volve modification of dynein, dynactin, or some other com-
ponent of the PCM.

When analyzed at steady-state, cells overexpressing some
dynactin inhibitors can target dynein to centrosomes despite
the absence of centrosomal p150Gllmd (Table I), but do so
more slowly (Fig. 3), suggesting a different mechanism. The
“slow” mode of binding may involve pericentrin, a centroso-
mal protein that can bind dynein directly (Purohit et al.,
1999; Tynan et al., 2000). Any pericentrin-dependent bind-
ing mechanism must be complex because centrosomal dy-
nein is not observed in cells overexpressing other dynactin
inhibitors whose centrosomes contain pericentrin (Quintyne
et al,, 1999). For example, dynein binding might utilize
pericentrin that is recently trafficked to centrosomes via the
dynein—dynactin motor itself (Young et al., 2000). In any
case, our data indicate that dynactin provides the primary
mechanism by which dynein associates with centrosomes
under normal circumstances.

Centrosomal dynactin function

Our findings suggest that centrosomal dynactin plays im-
portant roles in microtubule anchoring, dynein binding,
and recruitment and maintenance of cell cycle regulators.
That dynein cannot be detected at centrosomes during G,
strongly suggests that p150" anchors microtubules di-
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rectly. Aside from dynactin, few candidate microtubule an-
chors exist (for review see Bornens, 2002). The y-TuRC
can nucleate and cap microtubule minus ends but is not
thought to serve as an anchor (Doxsey, 2001). Other pro-
teins that are selectively associated with the mother cen-
triole include ninein (Mogensen et al., 2000), ODF2/cen-
exin (Nakagawa et al., 2001), and e-tubulin (Chang and
Stearns, 2000). Ninein is a large coiled-coil protein that
lacks defined microtubule binding motifs (Bouckson-Cas-
taing et al., 1996). Although the existing data support
our hypothesis that plSOGl“ed provides a key microtubule-
anchoring activity at centrosomes, it is possible that dynac-
tin is just one component of a microtubule-anchoring
complex or matrix that contains other structural and/or
regulatory components. Overexpression of the dynactin in-
hibitors used here would interfere with the recruitment of
any protein that is targeted to centrosomes via p150<**4, so
the exact nature of the anchoring mechanism remains an
open question.

Centrosome duplication involves amplification of the
PCM, a process that depends on dynein—dynactin-depen-
dent transport (for review see Zimmerman and Doxsey,
2000). Overexpression of inhibitors of the dynein—dynactin
interaction would be predicted to interfere with the cen-
trosome cycle but, remarkably, they have no effect until mi-
tosis. Even more surprising is the fact that dynactin inhibi-
tors that have no measurable effect on dynein-based motility
(Quintyne et al., 1999) somehow delay S phase entry. Over-
expression of p24 also drives cells into apoptosis just before
mitosis. This may reflect a normal biological function of
p24, but is more likely an artifact of overexpression.

Centrosomal dynactin, centriole duplication,

and S phase entry

The daughter centriole in some cells moves independently of
the mother in G; but the two become linked during S and
G, (Piel et al., 2000), demonstrating that formation of a sin-
gle, coherent centrosomal unit correlates with centriole du-
plication. Our observations suggest that centriole coupling is
required for centriole duplication and S phase entry. That
the centrosome must behave as a single copy organelle dur-
ing duplication is an appealing notion, as this would allow
concerted and efficient recruitment of PCM components
and ensure that centrosome-associated signaling molecules
(for review see Lange, 2002) become equally apportioned via
the spindle poles into the two daughter cells.

Insight into how overexpression of different dynactin sub-
units might cause such distinct effects on the cell cycle can
be gained by considering how each class of inhibitor affects
centrosome structure and dynamics (Fig. 7; Quintyne et al.,
1999). In control cells, microtubules are anchored by dynac-
tin, centrosome components are transported to the cen-
trosome via dynein as usual, and G,—S progression occurs
normally. When dynein—dynactin binding is blocked, mi-
crotubule nucleation persists but microtubules are no longer
retained. Dynein-based trafficking of other centrosomal
components is prevented, although some PCM proteins
may reach their target in other ways. Despite this, the centri-
ole coupling mechanism is maintained, centriole duplication
proceeds, and cells enter S phase at the expected time. In
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Figure 7. Model figure summarizing the
effects of dynactin subunit overexpression on
microtubule anchoring and centrosomal
protein targeting on G, centrosomes. For
simplicity, the centrosome is depicted as

a single object and mother and daughter

—— anchored MTs

newly assembled MTs
ww dynein

£ dynactin

S S-phase activator/
centriole cohesion factor
G, G,-stabilizer/
centriole splitting factor

centrioles are not shown. In dynamitin and
p150?'7>*8 gverexpressers, dynein-based
delivery of proteins to centrosomes is blocked,
but an acceptable balance of S phase activators
and G; stabilizers is maintained to allow cells
to enter S phase at the normal time. In p24
and p150°%¢71%% overexpressers, dynein-
based transport brings the normal complement
of cell cycle regulators to the centrosome, but
G; stabilizing activities predominate due
directly or indirectly to the localized
perturbation of dynactin integrity. S phase
entry is delayed.

normal cells

centrosomal dynactin
MTs anchored
S-activator > G -stabilizer
S-phase entry normal

p150926-1049’ p24

centrosomal Arpl
MTs not anchored
S-activator < G,-stabilizer
G1 delay

0217-548

dynamitin, p15
no centrosomal dynactin
MTs not anchored
S-activator > G,-stabilizer
S-phase entry normal

cells overexpressing p150°27'%% or p24, the story is more
complex. Centrosomes nucleate microtubules and dynein-
based movement of dynactin and other centrosome compo-
nents continues on the newly assembled pool (Fig. 3;
Quintyne et al., 1999). However, p150%“, microtubules,
and any associated proteins are gradually released, leaving
behind the naked Arpl filament and residual PCM. This
may result in an inappropriate balance of centriole cohesion
factors, centriole splitting factors, G, stabilizers, and/or S
phase activators.

Factors that might impact centrosome cohesion, and thus
duplication and S phase progression, include kinases and
protein phosphatase 1o (PP1) that have been linked to cen-
triole separation (for review see Hinchcliffe and Sluder,
2001; Meraldi and Nigg, 2001). Current models state that
centriole separation is triggered by phosphorylation of the
PCM component nucleophosmin, which targets it for deg-
radation (for reviews see Doxsey, 2001; Hinchcliffe and
Sluder, 2001). An imbalance in centrosome-associated ki-
nase/phosphatase activities may allow premature nucleo-
phosmin degradation and thus aberrant splitting. Alterations
in centrosomal Cdk2/cyclin A/E (a putative nucleophosmin
kinase), Nek2, and the Nek2 binding protein PP1 (protein
phosphatase 1o) (Helps et al., 2000) all induce premature
centriole separation (Meraldi and Nigg, 2001). Nek2 is
proposed to trigger degradation of the centrosome “bridge”
during G, by phosphorylating CNAP-1, so conditions
that interfere with Nek2 accumulation would be predicted
to delay centrosome separation. Our results contradict the
above simple model for Nek2 function, but support the idea
that the activity of this kinase favors assembly of the cen-
trosome bridge. Centriole splitting is also observed in cells
treated with nocodazole (Jean et al., 1999; Meraldi and
Nigg, 2001), in strong support of the notion that cen-
trosome cohesion depends on microtubule-dependent trans-
port of structural components and regulators. Additional
analysis of the effects of dynactin inhibitors on centrosome
composition should facilitate identification of relevant mole-
cules.

Materials and methods

Antibodies

The following antibodies were used in this study: (p150°"“%) mAb P41920
(BD Biosciences) and pAb UP502 (E. Holzbaur, University of Pennsylva-
nia, Philadelphia, PA); (Arp1) mAb 45A (Schafer et al., 1994) and rabbit
antibody to recombinant Arp1 (gift from J. Lees Miller, Cold Spring Harbor
Laboratory, Cold Spring Harbor, NY); (dynein IC) mAb 74.1 (Chemicon);
(dynein LIC) pAb JH92 made against recombinant dynein LIC-A (Gill et al.,
1994); (tubulin) a-tubulin mAb DM1A (Sigma-Aldrich), affinity-purified
rabbit antibody against peptide KVEGEGEEEGEEY (gift from E. Karsenti,
EMBL), and 650952 rabbit anti-tubulin (ICN Biomedicals); (y-tubulin)
mAb GTU88 (Sigma-Aldrich) and rabbit antiserum pAb (Sigma-Aldrich)
against peptide EEFATEGTDRKDVFFYK; (e-tubulin) -1 polyclonal anti-
body (Chang and Stearns, 2000); (centrin) mAb 20H5 (Sanders and Salis-
bury, 1994); (BrdU) mAb 3D4 (BD Biosciences); (CNAP-1) anti-CNAP-1
pAb (Fry etal., 1998); (PCNA) mAb P56720 (BD Biosciences); (IAK-1) mAb
171320 (BD Biosciences); (Nek2) mAb N52120 (BD Biosciences); and
(PAR) mAb 10H (BD Biosciences).

Expression constructs

To make DsRed-p150?"7~*%, a fragment containing p150%"~*® was ampli-
fied from CMV-p150 (Quintyne et al., 1999) by PCR, inserted directly into
the pTA vector, and then subcloned into pDsRed-N1 (CLONTECH Labora-
tories, Inc.) using EcoRI. p150%¢"%*-GFP was made by subcloning the re-
gion encoding p150%267'%% from CMV-p150°2¢'%% (Quintyne et al., 1999),
using Bglll and EcoRl, into pEGFP-C1 (CLONTECH Laboratories, Inc.). The
clones were transiently transfected into Cos-7 cells to confirm that the ef-
fects of overexpression of these constructs were identical to those previously
reported with untagged p150?"7~*® and p150%2¢* (Quintyne et al., 1999)
by scoring for microtubule disruption, Golgi dispersal, y-tubulin fragmenta-
tion, and centrosomal dynactin. cDNAs encoding p24-GFP and dynamitin—
GFP were described previously (Quintyne et al., 1999).

Cell culture, transfection, and microinjection

COS-7 cells were grown in DME (GIBCO BRL; Life Technologies) supple-
mented with 10% FCS (Atlas). For transient transfections, cells were elec-
troporated and seeded as previously described (Quintyne et al., 1999). For
microinjection, cells were seeded onto gridded 18 X 18 mm? coverslips
(Bellco) and either grown overnight or synchronized as described below.
Dynactin subunit expression vector cDNAs (0.1 mg/ml in buffer containing
2 mM KH,PO,, 8 mM K,PO,, and 100 mM KCl) were injected into nuclei
using an Eppendorf micromanipulator. Cells were incubated at 37°C for
4-24 h before being fixed and processed for immunofluorescence. Over-
expression could be detected by GFP fluorescence after 2 h, and the char-
acteristic effects of overexpression on Golgi complex morphology could
be detected as early as 4.5 h after injection. For cell cycle experiments,
cells were either injected 2-5 h before release from thymidine block (Fig.
4), or between 14 and 18 h after release (Fig. 6).



Immunofluorescence microscopy

Immunofluorescence was performed as previously described (Quintyne et
al., 1999). In brief, cells were fixed for 5 min in —20°C methanol, treated
with blocking solution, treated with primary antibodies, washed, and then
treated with secondary antibodies and DAPI. Samples were scored using
an Axiovert 35 microscope (ZEISS). For experiments involving electropo-
rated or synchronized cells, at least 200 overexpressing (or control) cells
were scored per construct per experiment or time point, and each experi-
ment was repeated at least twice. For experiments involving microinjected
cells, 50-70 cells were scored per construct per time point, and each ex-
periment was repeated at least twice. Stacks for deconvolution were ac-
quired and processed using a DeltaVision deconvolving microscope sys-
tem (Applied Precision). All images were imported into Adobe Photoshop®
(Adobe Systems) as TIFFs for contrast manipulation and figure assembly.

Microtubule regrowth assay

Microtubule regrowth assays were performed as previously described
(Quintyne et al., 1999). In brief, transfected cells were seeded on coverslips,
grown overnight, and treated with 33 uM nocodazole (Sigma-Aldrich) on
ice for 25 min to depolymerize microtubules. Cells were washed with no-
codazole-free medium, refed, and incubated at room temperature for vary-
ing times before being fixed and processed for immunofluorescence.

Cell synchronization and release

Cells were seeded onto coverslips at an initial density of 1.5 X 107 cells per
10-cm dish and grown overnight. A double thymidine block was performed
by treating cells with fresh DME containing 2 mM thymidine (Sigma-
Aldrich) for 12 h, releasing for 12 h in normal medium, and then incubating
them again in 2 mM thymidine for 12-14 h. Essentially, all cells were syn-
chronized at the G;-S boundary, as determined by the presence of two cen-
trin foci, before release from the block. For BrdU incorporation, cells were
incubated in DME + 10 pM BrdU (BD Biosciences) at 37°C for 3 h before
fixing and processing for immunofluorescence as described above.
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