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Cytoplasmic dynein/dynactin drives kinetochore
protein transport to the spindle poles and has a role in
mitotic spindle checkpoint inactivation
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e discovered that many proteins located in the
W kinetochore outer domain, but not the inner core,

are depleted from kinetochores and accumulate
at spindle poles when ATP production is suppressed in
PtK1 cells, and that microtubule depolymerization inhibits
this process. These proteins include the microtubule motors
CENP-E and cytoplasmic dynein, and proteins involved
with the mitotic spindle checkpoint, Mad2, Bub1R, and the
3F3/2 phosphoantigen. Depletion of these components did
not disrupt kinetochore outer domain structure or alter
metaphase kinetochore microtubule number. Inhibition of
dynein/dynactin activity by microinjection in prometaphase
with purified p50 “dynamitin” protein or concentrated

70.1 anti-dynein antibody blocked outer domain protein
transport to the spindle poles, prevented Mad2 depletion
from kinetochores despite normal kinetochore microtubule
numbers, reduced metaphase kinetochore tension by 40%,
and induced a mitotic block at metaphase. Dynein/dynactin
inhibition did not block chromosome congression to the
spindle equator in prometaphase, or segregation to the poles
in anaphase when the spindle checkpoint was inactivated by
microinjection with Mad2 antibodies. Thus, a major
function of dynein/dynactin in mitosis is in a kinetochore
disassembly pathway that contributes to inactivation of the
spindle checkpoint.

Introduction

Mammalian kinetochores are functionally important for
mitosis, as they attach chromosomes to spindle microtubule
plus ends, contribute to force generation for chromosome
movement, and play a major role in the mitotic spindle
checkpoint (Rieder and Salmon, 1998; Maney et al., 1999;
Shah and Cleveland, 2000). Kinetochores have an inner core
of proteins embedded in the heterochromatin anchoring the
kinetochore to the centromere, plus an outer domain
containing binding sites for the plus ends of kinetochore
microtubules and a fibrous corona (Rieder, 1982; McEwen
et al., 1998; Rieder and Salmon, 1998; Maney et al., 1999).
Protein components of the inner core include the CREST
antigens CENP-A, CENP-B, and CENP-C (Maney et al.,

1999). Outer domain proteins include the microtubule mo-
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tor proteins CENP-E (a kinesin-related protein) and cytoplas-
mic dynein (and its associated protein complexes dynactin,
Zw10, Rod, and CLIP-170), and the mitotic spindle check-
point proteins Madl, Mad2, Bubl, BubR1 (a yeast Mad3
homologue), Bub3, and the 3F3/2 phosphoantigen (Rieder
and Salmon, 1998; Maney et al., 1999; Shah and Cleveland,
2000; Hoyt, 2001). Normally, as kinetochores interact with
microtubules in mitosis and form kinetochore microtubules,
the concentrations of many motor and spindle checkpoint
proteins become reduced (Hoffman et al., 2001). This re-
duction appears to be important for preventing errors in
chromosome alignment produced by individual kineto-
chores becoming attached to the ends of microtubules from
opposite poles (merotelic attachment) (Cimini et al., 2001),
as well as for inactivating the spindle checkpoint signal
(Howell et al., 2000).

The mitotic spindle checkpoint prevents errors in chro-
mosome segregation, thus preventing aneuploidy, tumor
progression, and cell death (Wassmann and Benezra, 2001).
Spindle checkpoint proteins were originally identified by
yeast genetic screens and were shown to concentrate at unat-
tached mammalian kinetochores with no or few kinetochore
microtubules (Maney et al., 1999; Shah and Cleveland,
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Figure 1.

Dynein

Outer domain kinetochore components localize to spindle poles after ATP reduction if the mitotic spindle is present. Ptk1 cells

were incubated for 30 min in either saline alone, saline supplemented with 5 mM Az/DOG, or saline + Az/DOG for 30 min followed by a
10-min rinse in saline (Az/DOG + wash). This assay was done both in the absence (A, C, and E) and presence (B and D) of 20 uM nocodazole.
Mad2, BubR1, CENP-E, dynein (A), and 3F3/2 (C) fluorescence diminished at kinetochores and concentrated at spindle poles after inhibitor
treatment in the absence of nocodazole. After washout of the inhibitors, Mad2, BubR1, CENP-E, and dynein fluorescence recovered at
kinetochores and diminished at spindle poles, similar to the localization pattern seen with saline alone (A) (Az/DOG + Wash). 3F3/2 fluorescence
reappeared on most kinetochores and was reduced at the spindle poles after inhibitor washout (C) (Az/DOG + wash). Incubation of cells
with 20 pM nocodazole for 15 min before and during inhibitor treatment blocked this redistribution pattern for Mad2, BubR1, CENP-E,
dynein, and 3F3/2 (B and D). In contrast to the outer domain kinetochore components, the inner domain CREST antigens remained localized
to kinetochores after inhibitor treatment (E). For each cell, phase-contrast images are on the left and the corresponding fluorescent images are

on the right. Bars, 10 pwm.

2000; Hoffman et al., 2001; Hoyt, 2001). In mammalian
tissue cells, Mad2 is essential for spindle checkpoint activ-
ity (Chen et al., 1996; Li and Benezra, 1996; Gorbsky et
al., 1998; Waters et al., 1998; Canman et al., 2000; Dobles
et al., 2000) and exchanges rapidly at kinetochores with
the cytoplasmic pool (half-life is ~25 s at kinetochores)
(Howell et al., 2000). This rapid exchange helps explain
how a single unattached kinetochore may delay anaphase
onset (Rieder et al., 1995), i.e., by rapidly catalyzing the
formation of inhibitory Mad2-Cdc20 complexes and re-
leasing them into the cytosol where they can prevent acti-

vation of the anaphase-promoting complex/cyclosome
(APC/C)* (Kallio et al., 1998; Howell et al., 2000; Shah
and Cleveland, 2000). BubR1 has also been shown to bind
and inhibit Cdc20 activation of APC (Sudakin et al.,,
2001; Tang et al., 2001). Other spindle checkpoint pro-
teins at unattached kinetochores are thought to catalyze
Mad2 or BubR1 complex formation with Cdc20 (Shah

*Abbreviations used in this paper: APC/C, anaphase-promoting com-
plex/cyclosome; DOG, 2-deoxyglucose; Az, sodium azide; TCA, trichlo-
ric acetic acid.



and Cleveland, 2000; Hoyt, 2001; Skoufias et al., 2001;
Sudakin et al., 2001).

The molecular mechanisms for checkpoint inactivation
are not well understood, but checkpoint inactivation has
been correlated with loss of kinetochore-bound Mad2 and
dephosphorylation of the kinetochore 3F3/2 antigen (Gorb-
sky and Ricketts, 1993; Nicklas, 1997; Rieder and Salmon,
1998; Maney et al., 1999; Shah and Cleveland, 2000). Loss
of kinetochore Mad2 depends mainly on kinetochore micro-
tubule formation, whereas loss of 3F3/2 staining depends on
tension generated by pulling forces at metaphase kineto-
chores (Nicklas et al., 1995; Waters et al., 1998). Mad2, cy-
toplasmic dynein, dynactin, CLIP-170, Rod, and Zwl10
are unique in that they become substantially depleted at
metaphase kinetochores (Williams et al., 1996; Starr et al.,
1997, 1998; Maney et al., 1999; Scaérou et al., 1999; How-
ell et al., 2000; King et al., 2000; Hoffman et al., 2001),
whereas Bubl, BubR1, Bub3, and the motor CENP-E are
moderately depleted (Maney et al., 1999; Hoffman et al.,
2001).

In our recent studies of Mad2 assembly dynamics in vivo
(Howell et al., 2000), we developed a simple cellular ATP
reduction assay and live cell imaging methods to demon-
strate that Mad2 and its binding sites are transported from
prometaphase kinetochores along spindle microtubules to
the spindle poles. Upon ATP reduction, Mad2 disappeared
from kinetochores and accumulated at spindle poles only in
the presence of a spindle (i.e., no nocodazole treatment) and
failed to accumulate when kinetochores lacked Mad2 as they
do in metaphase (Howell et al., 2000). Here we use this
ATP reduction assay to show that CENP-E, BubR1, cyto-
plasmic dynein, and the 3F3/2 antigen also undergo micro-
tubule-dependent spindle pole accumulation in PtK1 cells.
Cytoplasmic dynein, a minus-end—directed microtubule
motor, has the correct polarity to produce depletion of ki-
netochore proteins and to transport them poleward. Inhibi-
tion of dynein/dynactin by microinjection of prometaphase
cells with p50 “dynamitin” or the 70.1 anti-dynein antibody
blocked protein redistribution from kinetochores to the
poles, prevented anaphase onset, and resulted in accumula-
tion of Mad2 at metaphase kinetochores with normal num-
bers of kinetochore microtubules. In contrast, dynein/dy-
nactin inhibition did not prevent chromosome congression
to the metaphase plate nor block anaphase chromosome seg-
regation or cytokinesis when the spindle checkpoint was
inactivated by microinjection of Mad2 antibodies in pro-
metaphase.

Results

Redistribution of kinetochore proteins to the spindle
poles occurs for outer domain but not inner

core Components

To test for kinetochore protein transport along spindle mi-
crotubules to the poles we used the ATP reduction assay de-
veloped by Howell et al. (2000). For outer domain proteins
we tested Mad2, BubR1, CENP-E, and cytoplasmic dynein
(Fig. 1, A and B) and the 3F3/2 antigen (Fig. 1, C and D).
Consistent with previous studies (Kallio et al., 1998; Waters
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et al., 1998; Howell et al., 2000; Hoffman et al., 2001),
prometaphase PtK1 cells treated with saline alone showed
strong staining for Mad2, cytoplasmic dynein, and 3F3/2 at
unattached and partially attached prometaphase kineto-
chores, whereas BubR1 and CENP-E localized to all kineto-
chores (Fig. 1, A and C). After a 30-min incubation with 5
mM sodium azide and 1 mM 2-deoxyglucose to reduce ATP
to 5-10% of normal levels (see Materials and methods),
Mad2, BubR1, CENP-E, and 3F3/2 fluorescence dimin-
ished at kinetochores and concentrated at spindle poles (Fig.
1, A-C). Cytoplasmic dynein fluorescence also increased at
the spindle poles, but dim fluorescence was occasionally evi-
dent on a few kinetochores and along spindle microtubules
(Fig. 1 A). After a 10-min washout period in saline, ATP re-
covered to 50-75% normal levels, and fluorescence returned
at kinetochores and diminished at the spindle poles for all
these outer domain proteins (Fig. 1, A and C). Notably,
Mad2 and cytoplasmic dynein fluorescence returned only to
unattached or partially attached kinetochores and were not
evident on fully attached, metaphase-aligned kinetochores
after inhibitor washout (Fig. 1 A). Unlike Mad2 and cyto-
plasmic dynein, the kinetochore components CENP-E and
BubR1 were evident on all kinetochores after inhibitor
washout, consistent with previous findings (Fig. 1 A; Hoff-
man et al., 2001). After washout, most kinetochores in 3F3/
2 stained cells appeared labeled, perhaps because tension is
not fully regained during the brief washout period (Fig. 1
C). Quantification of kinetochore and pole fluorescence for
these experiments is presented in Table I. Microtubule de-
polymerization with nocodazole prevented redistribution of
outer domain proteins from kinetochores to the poles (Fig.
1, B and D; Table II), showing that this process depends on
spindle microtubules. Quantification of kinetochore fluores-
cence in nocodazole cells treated = ATP inhibitors revealed
similar values between controls and inhibitor treatments,
with exception of the 3F3/2 antigen which was reduced
50% after azide/deoxyglucose treatment (Table II), an effect
likely due to dephosphorylation of the 3F3/2 epitope. Un-
like the outer domain proteins tested, we found no loss in
kinetochore staining or increase in concentration at the
spindle poles for the inner domain CREST antigens after
30-min treatment of cells with ATP inhibitors (Fig. 1 E; Ta-
ble I).

ATP reduction does not disrupt kinetochore fibers or
the kinetochore outer plate

ATP inhibitor treatment at similar concentrations has previ-
ously been shown to reduce spindle microtubule dynamics
and induce astral microtubule growth, but have little effect
on spindle morphology (Wadsworth and Salmon, 1988). To
examine overall spindle structure during our ATP reduction
assay, we obtained confocal images of immuofluorescently
stained spindles in prometaphase PtK1 cells incubated with
or without sodium azide (Az)/2-deoxyglucose (DOG) for 30
min. As seen in Fig. 2 A, prometaphase spindles remained
bipolar and robust kinetochore fibers persisted after inhibi-
tor treatment. Astral microtubule assembly was enhanced af-
ter inhibitor treatment as reported previously for BSC1 cells
(Fig. 2 A; Wadsworth and Salmon, 1988). Cells progressed
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Table I. Integrated fluorescence of prometaphase kinetochores and spindle poles from cells treated == ATP inhibitors and immunostained

for various spindle checkpoint components and motor proteins

Prometaphase kinetochores Saline Azide/DOG Washout
Mad2
n 61 65 47
mean = SD 43+ 2.1 0.4+0.8 53 *=35
ratio to control 1 0.10 1.23
BubR1
n 48 85 87
mean = SD 199+ 75 29+29 22179
ratio to control 1 0.15 1.11
CENP-E
n 61 76 72
mean = SD 10.7 £ 4.8 1.3+23 8.1 =3.5
ratio to control 1 0.12 0.76
Dynein
n 105 72 113
mean = SD 33*+27 0.8*+1.3 2.1 +1.2
ratio to control 1 0.24 0.64
3F3/2
n 51 51 43
mean = SD 2.2+0.8 0.3 *+0.4 2.1+0.6
ratio to control 1 0.12 0.93
CREST
n 47 34 51
mean = SD 2.8 0.7 29+0.7 2.7 0.6
ratio to control 1 1.04 0.96
Spindle poles
Mad2 12 14 10
n 25,5 £ 11.7 147.8 £ 41.2 28.1 = 15.8
mean = SD 1 5.79 1.10
ratio to control
BubR1 12 12 12
n 0.1 = 0.04 0.3 *+0.3 0.1 = 0.06
mean = SD 1 2.77 0.87
ratio to control
CENP-E 14 14 12
n 33.1 =377 141.8 = 79.7 29.5 + 30.1
mean = SD 1 4.28 0.90
ratio to control
Dynein 16 12 10
n 43.8 = 15.5 140.3 = 45.8 26.8 = 10.1
mean = SD 1 3.20 0.61
ratio to control
3F3/2 10 10 12
n 399 +22 57.7 £ 10.4 36.0+1.9
mean = SD 1 1.45 0.90
ratio to control
CREST 12 12 10
n 233 %09 23.3+1.0 22.7 0.6
mean *= SD 1 1 0.97

ratio to control

To identify kinetichores, cells were double labeled with CREST antibodies for each treatment. Spindle poles were identified using phase contrast and/or
fluorescence microscopy, and imaging conditions remained identical. With the exception of CREST, all other kinetochore components demonstrated
significantly different mean fluorescence intensities at kinetochores and poles after azide/DOG treatment compared with saline and washout (P < 0.01).

n = number of kinetochores and spindle poles measured per condition.

normally through mitosis after inhibitor washout (DeBra-
bender et al., 1981; unpublished data).

Electron microscopy of metaphase-aligned chromosomes in
cells fixed 30 min after ATP inhibitor treatment showed sev-
eral important structural features of kinetochores (Fig. 2 B).
First, significant reduction of the outer domain checkpoint
and motor proteins tested did not disrupt the kinetochore

outer plate or kinetochore microtubule plus-end anchorage
within the outer plate (Fig. 2 B). Second, coronal filaments
appeared reduced after inhibitor treatment (Fig 2 B). Third,
kinetochores in inhibitor-treated cells had similar numbers of
kinetochore microtubules (24.8 * 4.8, » = 18) compared
with untreated kinetochores (24.3 * 4.9, n = 62) (McEwen
et al., 1997). Thus, loss of most of the outer domain proteins
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Figure 2. ATP reduction does not disrupt kinetochore fibers,
kinetochore outer plate structure, or microtubule attachment. (A)
Prometaphase PtK1 cells were processed for tubulin immunofluores-
cence after treatment with saline alone, saline plus ATP inhibitors,
or saline + ATP inhibitors followed by a 10-min rinse. Single plane
images were taken by confocal microscopy. (B) Electron micrographs
of kinetochores from metaphase-aligned chromosomes from an
untreated PtK1 cell and a cell treated with AzZDOG for 30 min.
Bars: (A) 10 pwm; (B) 0.2 pm.

tested did not alter the integrity of the outer plate or mainte-
nance of kinetochore microtubule attachment.

Inhibition of dynein/dynactin blocks protein
redistribution from kinetochores to spindle poles
We found 3F3/2 phosphorylation (Gorbsky and Ricketts,
1993; Fig. 1, C and D) and the motor activity responsible
for the microtubule-dependent redistribution of outer do-
main proteins (Fig. 1, A and C) were not inhibited by the
30-min treatment with Az/DOG that reduced ATP to
5-10% of normal levels (see Materials and methods). Pas-
chal and Vallee (1987) showed dynein has good motility at
low ATP concentrations (10 wM) in in vitro motility assays,
ie., at ~0.3-0.4% of the normal 2-3-mM cellular ATP
concentration reported for tissue culture cells (Ikehara et al.,
1984). Therefore, it seemed likely that dynein activity could
be retained in our ATP reduction assays.

To examine dynein/dynactin function in the microtubule-
dependent protein redistribution from kinetochores to the

Dynein inactivates the spindle checkpoint | Howell ecal. 1163

o Dynein

a Dynein

o BubR1

Figure 3. p50 injection prevents dynein localization to kineto-
chores (A) and blocks poleward transport of kinetochore outer
domain components (B and C) in cells treated with Az/DOG. (A)
Nocodazole-treated PtK1 cells were uninjected (top) or injected
with p50 (bottom), incubated for 30 min, and then processed for
dynein immunofluorescence. (B) p50 injected PtK1 cells incubated
in Az/DOG for 30 min and processed for Mad2 (top), BubR1 (mid-
dle), and CENP-E + tubulin (bottom) immunofluorescence. (C) 70.1
mAb—injected PtK1 cells incubated in Az/DOG for 30 min and pro-
cessed for Mad2 (top) and CENP-E (bottom) immunofluorescence.
Bars, 5 pm.

poles, we repeated our ATP inhibitor assay in prometaphase
cells microinjected with high concentrations of the dynactin
component, p50 dynamitin (Echeverri et al., 1996). High
p50 levels have been shown to disrupt the dynactin complex
(Echeverri et al., 1996; Whittman and Hyman, 1999; Mer-
des et al., 2000), prevent cytoplasmic dynein/dynactin local-
ization to kinetochores (Echeverri et al., 1996), inhibit cy-
toplasmic dynein—dependent translocation of membrane
vesicles in interphase cells (Burkhardt et al., 1997), and
block poleward transport and accumulation at spindle poles
of two non-kinetochore proteins, NuMA (Merdes et al.,
2000) and TPX2 (Whittman et al., 2000). Dynein normally
concentrates 55-fold at kinetochores in nocodazole-treated
cells, compared with unattached kinetochores in untreated
cells (Hoffman et al., 2001), but p50 injection depleted
most if not all dynein from these kinetochores by 30 min
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Table II. Integrated fluorescence of kinetochores from nocodazole cells treated = ATP inhibitors and immunostained for various spindle

checkpoint components and motor proteins

Kinetochores Saline Azide/DOG Washout
Mad2

n 27 28 29

mean = SD 4.6 1.0 4.1+0.8 4.4 +0.8

ratio to control 1 0.89 0.96
BubR1

n 46 31 36

mean *= SD 9.2*+2.0 72+£29 9.0+ 2.2

ratio to control 1 0.78 0.98
CENP-E

n 30 40 30

mean = SD 21.6 = 12.1 19574 23.1+3.9

ratio to control 1 0.90 1.07
Dynein

n 40 26 24

mean = SD 24+1.1 25+0.6 24 +05

ratio to control 1 1.04 1
3F3/2

n 46 30 44

mean = SD 15.7 £ 5.1 7.4 %39 12.2 £ 3.1

ratio to control 1 0.47 0.78

Integrated kinetochore fluorescence was measured using identical imaging conditions. With the exception of BubR1 and 3F3/2, all other kinetochore
components demonstrated similar mean fluorescence intensities after azide/DOG treatment when compared to saline and washout treatment (P > 0.01). n
= number of kinetochores measured per condition. Mean = SD = actual values/1,000.

(Fig. 3 A; Table III). Importantly, we found p50 injection
into mid-prometaphase cells, 15 min before addition of Az/
DOG, blocked redistribution from kinetochores to the spin-
dle poles of all three outer domain proteins tested, i.e.,
Mad2, BubR1, and CENP-E, without substantially disrupt-
ing the spindle or spindle poles (Fig. 3 B).

Another approach commonly used to inhibit dynein func-
tion is microinjection of cells with concentrated antibodies
to dynein intermediate light chain 70.1 (Heald et al., 1996;
Gaglio et al., 1997; Faulkner et al., 2000; Merdes et al.,
2000; Waterman-Storer et al., 2000). Therefore, we micro-
injected prometaphase cells with 70.1 anti-dynein antibody,
waited 15 min before treating them with the ATP inhibitors
for 30 min, and then processed the cells for Mad2 immuno-
fluorescence. As expected from the p50 studies, Mad2 pro-
tein remained at kinetochores and did not accumulate at the
spindle poles in 70.1 mAb-injected cells (Fig. 3 C). The
same effect was seen for CENP-E and BubR1 (Fig. 3 C; un-
published data). These p50 and anti-70.1 studies suggest
that dynein/dynactin produces poleward transport along mi-

Table IlI. Integrated fluorescence for dynein at kinetochores in
nocodazole-treated noninjected and p50-injected cells

(+) 20 uM nocodazole

(30 min)
Noninjected p50 injected
Dynein
n 35 32
mean * SD 3824 = 1611 210 = 559
ratio to control 1 0.055

Cells were incubated for 30 min in 20 pM nocodazole to enhance
visualization of dynein at kinetochores (Hoffman et al., 2001). n = number
of kinetochores.

crotubules of kinetochore outer domain proteins like Mad2,
BubR1, and CENP-E.

Inhibition of dynein/dynactin function induces a
Mad2-dependent mitotic arrest and blocks Mad2
depletion from attached kinetochores
To examine the effect of dynein/dynactin inhibition on mi-
totic progression in PtK1 cells, prometaphase cells containing
an established bipolar spindle were microinjected with either
p50 protein or 70.1 antibody and imaged by phase-contrast
microscopy. Chromosome congression and oscillations
continued in dynein-inhibited cells, yet cells arrested in
metaphase, i.e., p50 or 70.1 antibody— injected cells never en-
tered anaphase during the time of observation (up to 3.5 h af-
ter metaphase arrest; 7 = 12) (Fig. 4 A; Video 1, available at
htetp://www.jcb.org/cgi/content/full/jcb.200105093/DC1).
Normally, PtK1 cells enter anaphase 22 min after the last
chromosome begins congression to the metaphase plate
(Rieder et al., 1995) and within 11 * 2 min after the last
kinetochore becomes depleted of Mad2 (Howell et al.,
2000). Therefore, we asked whether the metaphase block
induced by inhibition of dynein/dynactin function de-
pends on Mad2 activity. Prometaphase cells were microin-
jected with p50 protein (Fig. 4 B) or 70.1 antibodies (un-
published data), allowed to arrest in metaphase for at least
45 min, and subsequently microinjected with function-
blocking Mad2 antibody (Fig. 4 B). Previous studies have
shown that microinjection of prometaphase PtK1 cells
with this Mad2 antibody results in precocious anaphase
onset (Canman et al., 2000). Consistent with Canman et al.
(2000), we found control cells injected with Mad2 anti-
bodies alone entered precociously into anaphase ~14.5
min after microinjection (z = 8). Microinjection of anti-

Mad2 antibodies into p50 or 70.1 mAb-blocked cells re-
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Figure 4.  Dynein/dynactin inhibition induces a Mad2-dependent

mitotic arrest in PtK; cells, but does not block chromosomes
congression to the spindle equator or anaphase chromosome
segregation and cytokinesis after the checkpoint is inactivated

by microinjection of Mad2 antibody. (A) Time-lapse of early
prometaphase cell microinjected with p50 (time, 00:00) shows
chromosome congression and metaphase arrest. (B) Time-lapse of a
prometaphase PtK1 microinjected with p50 (time, 00:02) to induce
a mitotic block, and then further injected with Mad2 antibodies to
inactivate the checkpoint (00:56), inducing anaphase chromosome
segregation and cytokinesis. Time, hrs:min. (C) Graph of anaphase
A kinetochore to pole movements for four chromosomes measured
(K-P, @, &) and anaphase B spindle pole elongation (P-P, H) for
cell in (B). Not all measured chromosomes are plotted for clarity.
Bar, 10 pm.

sulted in a release from the metaphase arrest and entry into
anaphase ~16 min after Mad2 antibody injection (z = 7)
(Fig. 4 B; Video 2, available at http://www.jcb.org/cgi/
content/full/jcb.200105093/DC1). Therefore, Mad2 ac-
tivity is necessary for the observed mitotic block in dynein-

inhibited cells.
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Table IV. Integrated fluorescence of Mad2 at aligned versus
unaligned kinetochores in noninjected and p50-injected cells

Noninjected Noninjected p50 injected

Aligned Unaligned Aligned
Mad2
n 36 62 59
mean = SD 104 = 227 9298 = 8554 2441 = 1534
ratio to control 1 89 24

p50-injected cells were processed for Mad2 immunofluorescence after a
45-min block in metaphase. n = number of kinetochores.

Next, we tested whether dynein/dynactin inhibition pre-
vents the normal depletion of Mad2 from kinetochores of
metaphase-aligned chromosomes (Waters et al., 1998; Fig. 5
A). Prometaphase cells were microinjected with p50 or 70.1
antibodies, allowed to arrest in metaphase, and then pro-
cessed for Mad2 and tubulin immunofluorescence. Mad2
was seen at almost all kinetochores on metaphase-aligned
chromosomes in either p50 (Fig. 5 A) or 70.1 mAb—injected
cells (unpublished data). Quantitative analysis of Mad2
fluorescence showed that kinetochores on aligned chromo-
somes in the p50 microinjected cells had 25 times more
Mad2 than kinetochores on aligned chromosomes in unin-
jected cells (Table IV). This amount of Mad2 represents
~25% of the Mad2 that binds to unattached prometaphase
kinetochores.

One way that dynein/dynactin inhibition could prevent
depletion of Mad2 from kinetochores is by blocking kineto-
chore microtubule formation (Waters et al., 1998). How-
ever, kinetochores on metaphase-aligned chromosomes in
p50-injected cells exhibited robust fluorescent kinetochore
fibers in tubulin immunofluorescence images (Fig. 5 A) and
in thin-section electron micrographs (Fig. 5, B and C). Mi-
crotubule attachment to metaphase kinetochores in the p50-
microinjected cells appeared normal (Fig. 5 C), and counts
of kinetochore microtubule numbers (25.5 = 6.1, n = 47)
were nearly identical to those in control cells (24.3 * 4.9,
n = 62), as determined by electron microscopy. In addition,
microinjection of p50 into metaphase cells pretreated with
10 wM taxol to stabilize kinetochore microtubules (Mc-
Ewen et al., 1997; Waters et al., 1998) induced Mad2 accu-
mulation at almost all kinetochores (unpublished data), al-
though very few kinetochores in uninjected cells exhibit
Mad2 (Waters et al., 1998). Collectively, these results
demonstrate the inhibition of dynein/dynactin in pro-
metaphase prevents depletion of Mad2 from kinetochores
on metaphase-aligned chromosomes without preventing
normal kinetochore microtubule formation.

Live-cell analysis of Mad2 at kinetochores and loss of
poleward transport following

dynein/dynactin inhibition

Recently, we found by live cell analysis that Mad2 binding
sites are moved along spindle fibers to the poles (Howell et
al., 2000). This transport explains why Mad2 disappears
from spindle fibers and poles after Mad2 is depleted at ki-
netochores during kinetochore microtubule formation and
chromosome alignment (Howell et al., 2000). If cytoplasmic
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Figure 5. Dynein/dynactin inhibition
prevents Mad2 depletion from attached
kinetochores with normal numbers of
metaphase kinetochore microtubules.
(A) Phase contrast and fluorescence
images of metaphase PtK1 cells were
either uninjected (top) or injected with
p50 in early prometaphase (bottom).
Cells were fixed 60 min after p50 micro-
injection and processed for tubulin
(a-th, green) and Mad2 (a-Mad2, red).
Note, the gluteraldhyde fixation used to
preserve microtubules results in particulate
Mad2 throughout the cytoplasm. Low
magnification (B) and high magnification
(C) electron micrographs of metaphase
kinetochore fibers in cells microinjected
with p50 in early prometaphase. Counts
of kinetochore microtubule numbers at
metaphase kinetochores in p50 injected
cells (25.5 = 6.1) were nearly identical
to those in uninjected cells (24.3 *+ 4.9).
Bars: (A) 5 pm; (B) 1 pm; (C) 0.5 pm.
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dynein produces the transport of Mad2 and/or Mad2 bind-
ing sites to the poles along spindle microtubules as predicted
from the ATP reduction assay, then we expected inhibition
of dynein/dynactin activity should also induce loss of Mad2
localization to the spindle fibers and spindle poles.

To visualize Mad2 dynamics in dynein-inhibited cells, we
microinjected late prometaphase PtK1 cells containing 1-3
unaligned chromosomes with fluorescent Mad2, and then im-
mediately imaged the cell with fluorescence microscopy. As
seen in Fig. 6 and demonstrated in our previous studies
(Howell et al., 2000), fluorescent Mad2 localizes strongly to
partially attached kinetochores, to the proximal spindle pole,
and along the spindle in between the labeled kinetochore and
pole. Fluorescent Mad2 is not detectable on fully attached,
metaphase-aligned chromosomes. In contrast to previous ob-
servations of Mad2 dynamics (Howell et al., 2000), we found
Mad2 fluorescence at the spindle poles and fibers proximal to
unattached and partially attached kinetochores disappeared
quickly (10-15 min after p50 injection) after p50 microinjec-
tion, despite the fact that those kinetochores nearby retained
Mad2 fluorescence for >1 h (Fig. 6). Mad2 fluorescence also
reappeared gradually on kinetochores of some metaphase-
aligned chromosomes (Fig. 6). Fluorescent Mad2 remained at
kinetochores in p50-injected cells as chromosomes congressed
to the spindle equator, further supporting dynein/dynactin ac-
tivity in Mad2 depletion from kinetochores.

To test whether Mad2 is exchanging with cytoplasmic
pools at normal rates in p50-blocked cells, we measured
fluorescence recovery after photobleaching (FRAP) as de-
scribed by Howell et al. (2000). The mean half-life of Mad2
at kinetochores in p50-injected cells (33 * 16's, » = 8 kinet-
ochores) was similar to that measured in uninjected cells
(28 = 15 s, n =19) (Howell et al., 2000). These results
show that Mad2 has a normal turnover rate at kinetochores
in the absence of kinetochore dynein/dynactin or dynein/
dynactin-driven poleward transport of kinetochore proteins.

Kinetochore tension on metaphase chromosomes is
reduced 40% by dynein/dynactin inhibition
Cytoplasmic dynein has been proposed to have a major role
in generation of poleward forces for chromosome movement
(Maney et al., 1999; Sharp et al., 2000; Banks and Heald,
2001). However, we found chromosomes were able to con-
gress and align near the spindle equator (Fig. 4), and kineto-
chores accumulated normal numbers of kinetochore mi-
crotubules in prometaphase cells microinjected with p50
protein (Fig. 5). To obtain an estimate of the average
strength of the pulling forces at metaphase kinetochores in
dynein/dynactin-inhibited cells, we measured the average
stretch of the centromere between sister kinetochores. Cells
were microinjected with p50 and allowed to arrest at
metaphase. Control cells and microinjected cells were pro-
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Fluorescent Mad2 transport and localization to spindle poles disappears in vivo upon inhibition of dynein/dynactin. Time-lapse

of a late prometaphase PtK1 cell microinjected with fluorescence Mad2 protein before (time, —00:10:25) and after further injection with p50
(time, 00:00:00). Fluorescent Mad2 localized to unattached or partially attached kinetochores, the spindle fibers in between these kinetochores
and the pole, and the proximal spindle pole (arrowheads). No Mad2 fluorescence was evident on the kinetochores of metaphase-aligned
chromosomes (top). Following microinjection with p50, fluorescent Mad2 disappeared at the spindle pole but remained bright on the
unattached or partially attached kinetochores. Fluorescent Mad2 also accumulated over time on kinetochores of metaphase-aligned chromosomes

(arrows). Bar, 5 pm.

cessed for Mad2 and tubulin immunofluorescence and
viewed using confocal microscopy. We found the average in-
terkinetochore distance measured between the ends of sister
kinetochore fibers in p50 injected cells (1.9 * 0.4 pm, n =
61) was significantly shorter than for noninjected metaphase
cells (2.6 = 0.6 pwm, » = 44; P < 0.01). We recently deter-
mined the length of an unstretched centromere by measur-
ing the distance between late prophase centromeres in PtK1
cells (0.9 = 0.1 pm, » = 48) (Hoffman et al., 2001). From
these numbers, the centromeric stretch in dynein-inhibited
cells is ~ 60% that of control cells, (i.e., [1.9 — 0.9]/[2.6 —
0.9] = 0.59).

Anaphase A velocity is not substantially reduced by the
dynein/dynactin inhibition that activates the

spindle checkpoint

In our experiments, control Ptkl cells induced prematurely
into anaphase with anti-Mad2 antibodies during mid-
prometaphase (7 = 6 cells) showed anaphase A kinetochore-
to-pole movements at rates of ~1.3 = 0.3 wm/min (18
chromosomes), and anaphase B spindle pole separation at
rates of ~1.0 = 0.1 pm/min. Similarly, in all healthy, dou-
ble-injected, dynein-inhibited cells like the one shown in
Fig. 4 B (four cells injected with p50 and three injected with
70.1 antibody), anaphase chromosome segregation and sub-
sequent cytokinesis between separated chromosomes oc-
curred after anaphase onset with timing similar to controls.

For the cell seen in Fig. 4 B, we found anaphase A kineto-
chore-to-pole movement occurred at ~0.9 um/min (6 chro-
mosomes measured), whereas anaphase B spindle pole sepa-
ration occurred at ~1.1 um/min (Fig. 4 C), similar to rates
seen in control cells (see above). Overall, we were able to ob-
tain reliable measurements of anaphase A and B from three
out of seven dynein-inhibited cells in which visibility of the
spindle poles was not inhibited by the cell-rounding that oc-
curred during the metaphase block. The average values (7 =
3 cells, 13 chromosomes) for dynein-inhibited cells were
0.9 £ 0.2 pm/min (P < 0.01) for anaphase A, and 1.2 *
0.2 pm/min (P > 0.01) for anaphase B pole-to-pole elonga-
tion. Thus, dynein/dynactin inhibition appears to signifi-
cantly reduce anaphase A velocities by ~33%, and anaphase
B movements remain similar to controls.

Discussion

The dynamic assembly of motor and checkpoint
proteins at kinetochores depends on dynein/dynactin
interactions with spindle microtubules

Our results indicate that outer domain kinetochore motors
CENP-E and cytoplasmic dynein and the checkpoint-
related proteins Mad2, BubR1, and the 3F3/2 antigen, are
in a dynamic assembly at kinetochores with the rate of asso-
ciation from cytoplasmic pools balanced by either the rate of
dissociation driven by dynein/dynactin interactions with
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Figure 7. Model of dynein/dynactin-driven poleward transport of
kinetochore proteins along spindle microtubules, and the role of
this transport in inactivation of the spindle checkpoint activity at
kinetochores. (A) Mad2 + Mad2 complexes (blue oval) and other
motor and checkpoint proteins (corona filament) assemble from
cytoplasmic pools onto unattached kinetochores where the check-
point proteins catalyze formation of Mad2-Cdc20 inhibitory com-
plexes. (B) Dissociation of Mad2 and other outer domain
components occurs either by direct exchange with cytoplasmic
pools or through dynein/dynactin-interactions with non-kinetochore
(nkMT) or kinetochore (kMT) microtubules. Motor and checkpoint
protein complexes are transported poleward by dynein/dynactin
where they dissociate into the cytoplasm. (C) Full kinetochore
microtubule occupancy on metaphase-aligned chromosomes
prevents association of outer domain components, thereby blocking
formation of Mad2—Cdc20 inhibitory complexes and allowing for
spindle checkpoint inactivation.

spindle microtubules, or by direct dissociation into the cyto-
plasm (Fig. 7). Our ATP reduction assay should be useful
for identifying other kinetochore proteins which undergo
dynamic assembly at kinetochores, which proteins are more
stable (e.g., like the inner core CREST antigens), and which
outer plate proteins are responsible for attachment to the
plus ends of kinetochore microtubules (Fig. 2 B).

At normal ATP concentrations, our data predict that dy-
nein/dynactin continuously remove outer domain motor
and spindle checkpoint proteins from kinetochores and

transport them poleward, as we previously proposed for the
Mad2 binding site from our live-cell fluorescent Mad2 im-
aging (Howell et al., 2000). In support of this prediction,
Drosophila embryos with mutations in cytoplasmic dynein
have recently been shown to accumulate dynein, p50 dyna-
mitin and ZW10 at metaphase kinetochores, implying that
their depletion from metaphase kinetochores depends on
dynein motor function (Wojcik et al., 2001).

It is important to recognize that the poleward transport
we infer from our ATP inhibitor assay or by direct observa-
tions of fluorescent Mad2 in living cells occurs poleward
from unattached, partially attached, and fully attached ki-
netochores. This indicates that dynein/dynactin-dependent
transport of proteins from kinetochores occurs by kineto-
chore lateral interactions with non-kinetochore microtu-
bules (Fig. 7 A) as well as by lateral and end-on interactions
with kinetochore microtubules (Fig. 7, B and C). We found
dynein/dynactin-dependent poleward transport of Mad2
particles occurs at velocities of 2-3 pwm/min (Howell et al.,
2000). Interestingly, similar velocities have been reported for
dynein/dynactin-dependent poleward transport of NuMA
(Merdes et al., 2000).

Our results show that after washout of the ATP inhibitors,
the outer domain kinetochore proteins tested, including cy-
toplasmic dynein, reaccumulate rapidly (within 10 min) to
normal levels at kinetochores (Table I), indicating that the
association of these complexes to kinetochores is prevented
by the ATP reduction. Because these proteins do not de-
crease from kinetochores upon ATP depletion in nocoda-
zole-treated cells (with exception of 3F3/2) (Table II) or in
dynein/dynactin-inhibited cells, interactions between micro-
tubules and dynein/dynactin are required for protein deple-
tion by ATP inhibition. The conclusion from our ATP in-
hibitor assay that dynein/dynactin can transport various
kinetochore outer domain components along microtubules
to the poles suggests that dynein/dynactin is likely involved
in removing a protein responsible for regulating or contrib-
uting attachment of other outer domain proteins, perhaps,
for example, a protein localized to the base of the corona fil-
ament (Fig. 7 B), a structure which likely contains binding
sites for CENP-E, dynein/dynactin, and various checkpoint
proteins (Howell et al., 2000; Maney et al., 1999). Interest-
ingly, ZW10 and Rod are required for accumulation of dy-
nein/dynactin at unattached or partially attached kineto-
chores (Starr et al., 1998; Chan et al., 2000). Whether
ZW10 or Rod are essential for dynein/dynactin-dependent
transport of kinetochore proteins poleward along microtu-
bules is an important unanswered question (Chan et al.,
2000).

Kinetochore microtubule formation may normally func-
tion to block the association pathways (Fig. 7 C) such that
constitutive dissociation pathways, including direct disso-
ciation into the cytosol and dynein/dynactin-driven deple-
tion from kinetochores, results in protein depletion from
metaphase kinetochores. So far, we only know the approxi-
mate relative contributions of these two dissociation path-
ways for the Mad2 binding site at kinetochores. Inhibition
of dynein/dynactin-dependent transport prevents the com-
plete depletion of Mad2 from metaphase kinetochores (Ta-
bles IIT and IV) that are capable of accumulating normal



numbers of kinetochore microtubules (Fig. 5), but a 75%
reduction does occur indicating the presence of dissociation
pathways independent of dynein/dynactin.

In addition to the dynein/dynactin-dependent pathway of
disassembly, outer domain proteins may also have individual
dissociation rates from their binding sites into the cytosol
(Fig. 7). Mad2 clearly does, as its turnover at Mad2 binding
sites has a half-life of 2030 s, even in the presence of dy-
nein/dynactin inhibition as measured by FRAP analysis.
Similar data is needed to identify the other motor and
checkpoint proteins that dynamically exchange with cyto-
plasmic pools.

How dynein/dynactin may contribute to spindle
checkpoint inactivation

Consistent with others, we found inhibition of dynein/dy-
nactin induces a strong mitotic block (Echeverri et al., 1996;
Gaglio et al., 1997; Faulkner et al., 2000; Merdes et al.,
2000; Wojcik et al., 2001). Inhibition of dynein/dynactin
before mitosis and spindle formation can profoundly disrupt
bipolar spindle organization and prevent chromosome con-
gression to a metaphase plate (Vaisberg et al., 1993; Eche-
verri et al., 1996). In contrast, our studies show that inhibi-
tion of dynein/dynactin by p50 microinjection after bipolar
spindle formation in prometaphase cells slows but does
not block chromosome congression and alignment at the
metaphase plate (Fig. 4), and spindle bipolarity is not sub-
stantially disrupted during the 45-60-min metaphase block
(Fig. 5); however, occasionally, spindles broadened and
poles became more displaced during extended metaphase ar-
rests (>1 h). Kinetochores on aligned chromosomes accu-
mulated normal numbers of kinetochore microtubules (Fig.
5). Thus, unlike CENP-E, which appears to be required for
recruitment and attachment of kinetochore microtubules
(Schaar et al., 1997; Yao et al., 2000; McEwen et al., 2001),
dynein/dynactin primarily contributes to checkpoint inacti-
vation by another mechanism.

One way dynein/dynactin may contribute to checkpoint
inactivation is by removing Mad2 binding sites from kineto-
chores by microtubule-dependent transport. This mecha-
nism is supported by our ATP inhibition studies (Figs. 1
and 3), the persistence of substantial Mad2 at kinetochores
of metaphase-aligned chromosomes (Table IV) with normal
numbers of kinetochore microtubules in cells blocked in
metaphase by dynein/dynactin inhibition (Fig. 5), and the
transport and the inhabition of Mad2 transport from ki-
netochores to poles seen by live cell imaging (Fig. 6; Howell
et al., 2000).

A second way dynein/dynactin may contribute to check-
point inactivation is by removing ZW10 and Rod from ki-
netochores. In support of this hypothesis, depletion of
ZW10 or Rod from kinetochores by antibody inhibition
(Chan et al., 2000) or protein mutations (Basto et al., 2000)
disrupts the spindle checkpoint. In addition, Drosophila em-
bryos with mutant dynein become blocked in metaphase
with elevated concentrations of ZW10 at their kinetochores
(Wojcik et al., 2001).

Dynein/dynactin could also help inactivate the check-
point by contributing to tension at kinetochores of aligned
chromosomes. In our studies, inhibition of dynein/dynactin
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induced a 40% reduction in this tension either by reducing
force production at kinetochores or by disrupting microtu-
bule anchorage at the spindle poles (Gordon et al., 2001).
CENP-E depletion from mammalian tissue cell kineto-
chores or microtubule stabilization with taxol is accompa-
nied by 80-90% reduction of tension without preventing
MaD2 depletion from kinetochores with nearly normal
numbers of kinetochore microtubules (Yao et al., 2000;
McEwen et al., 2001). As a result, it seems unlikely that the
40% reduction of tension upon dynein/dynactin inhibition
contributes to maintenance of kinetochore Mad2. However,
this reduction in tension could contribute to checkpoint ac-
tivation by other mechanisms, such as those that regulate
BubR1 inhibition of Cdc20 activation of the APC/C (Skou-
fias et al., 2001; Sudakin et al., 2001; Tang et al., 2001).

Dynein/dynactin may have a more critical function in
spindle checkpoint inactivation than in

chromosome movement

Typically in mammalian tissue cells, cytoplasmic dynein is
barely, if at all, detectable at kinetochores in metaphase and
anaphase (Hoffman et al., 2001). Here we found that inhi-
bition of dynein/dynactin in prometaphase cells did not
block pre-anaphase chromosome oscillations, chromosome
congression to the spindle equator, or anaphase chromo-
some segregation when the spindle checkpoint was inacti-
vated. Anaphase A velocities were reduced by ~30%, similar
to the 40% reduction in tension measured for kinetochores
on chromosomes at the metaphase plate. In general, chro-
mosome movements in mammalian cells appear less sensi-
tive to dynein/dynactin inhibition (Echeverri et al., 1996;
Gaglio et al., 1997; Faulkner et al., 2000; O’Connell and
Wang, 2000), in comparison with recent findings for Dro-
sophila meiosis and embryonic mitosis (Savoian et al., 2000;
Sharp et al., 2000). The insensitivity of chromosome move-
ment to dynein/dynactin inhibition and our ATP reduction
results indicate that, for mammalian tissue cells, proteins
other than cytoplasmic dynein and CENP-E are critical for
the anchorage of kinetochore microtubule plus ends to the
outer plate, and for dynamically coupling plus end polymer-
ization/depolymerization to chromosome movement (Inoue

and Salmon, 1995; Desai and Mitchison, 1997).

Materials and methods

ATP inhibitor assay

All chemicals were purchased from Sigma-Aldrich unless otherwise noted.
PtK1 cells (American Type Culture Collection) were cultured as described
previously (Howell et al., 2000). For the ATP inhibitor studies, cells were
rinsed in saline (140 mM NaCl, 5 mM KCl, 0.6 mM MgSO,, 0.1 mM
CaCl,, T mM Na,HPO,, T mM KH,PO,, pH 7.3) to remove tissue culture
medium and placed in either saline g (saline with 4.5 g/liter d-glucose) or
saline plus 5 mM Az and T mM DOG for 30 min at 37°C. Cells were then
either processed for immunofluorescence (see below) or rinsed two times
for 5 min each in saline g and then processed. For the microtubule depoly-
merization assays, 20 wM nocodazole was added to all solutions. Using a
Trypan blue exclusion assay, we found no decrease in cell viability after
ATP inhibitor treatment.

ATP levels were quantitatively measured using a luciferan/luciferase-
based assay essentially as described previously (Kangas et al., 1984; Gare-
wal et al., 1986). Two different methods, trichloric acetic acid (TCA) (Kan-
gas et al., 1984) and boiling (Garewal et al., 1986), were used to release
ATP from PtK1 cells with both yielding similar results. Each ATP assay was
performed in duplicate or triplicate per assay condition and the overall ex-
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periment was repeated three times for each method described. An ATP de-
termination kit containing substrate, enzyme, and buffer was purchased
from Molecular Probes. In brief, PtK1 cells were grown in 6-well plates to
cell density of 2 X 10° cells/mL. For the boiling method, cells were
trypsinized, pelleted at 1,000 rpms, rinsed in HBSS (GIBCO BRL), repel-
leted, and then resuspended in either 1 mL of saline g or saline + ATP in-
hibitors for 30 min at 37°C. Cell counts were determined during this incu-
bation period using a hemacytometer. Cells were then pelleted at 1,000
rpms for 4 min, resuspended in 100 pL deionized water = ATP inhibitors,
immediately boiled for 5 min, and frozen at —20°C until ATP measure-
ments were made. For washout conditions, cells were incubated with ATP
inhibitors for 30 min, pelleted and resuspended in saline g for 10 min at
37°C, counted, and then repelleted and boiled as described above. For
TCA method, cells were grown to 2 X 10° cells/mL, rinsed with HBSS, and
incubated in either saline g or saline * inhibitors for 30 min. After the re-
moval of saline = inhibitors, 250 wL of 1% cold TCA was added, incu-
bated on ice for 10 min, and then removed and frozen at —20°C. Washout
conditions were performed as described above.

ATP measurements were made essentially as described in the ATP-
determining kit protocol (Molecular Probes). In brief, a SLM-Aminco
model 8100 Spectrofluorometer was used to measure light output at 560
nm, and ATP levels were quantitated by comparing light output from a test
sample with that from a standard ATP solution. We found ATP to be
5-10% the level of saline g controls after a 30-min treatment with 5 mM
Az and 1 mM DOG, and a recovery of 50-75% after a 10-min washout
period. These measurements are similar to those reported previously for
PtK1 cells (DeBrabender et al., 1981; Bershadsky and Gelfand, 1983;
Spurck et al., 1986).

Immunofluorescence

For Mad2, BubR1, CENP-E, and cytoplasmic dynein staining, cells were
rinsed briefly in PHEM (60 mM Pipes, 25 mM Hepes, pH 6.9, 10 mM
EGTA, 4 mM MgSO,) and lysed in 0.5% Triton-X 100/PHEM for 5 min at
37°C. Cells were fixed in 4% formaldehyde/PHEM for 20 min at 37°C. For
3F3/2 staining, 100 nM Microcystin was added to the lysis buffer, and cells
were fixed in 1% formaldehyde/PHEM as described above. After a brief
rinse in PBS (0.14 M NaCl, 2.5 mM KCI, 10 mM Na,HPO,, 1.5 mM
KH,PO,, pH 7.4), cells were blocked in 10% boiled donkey serum/PHEM
at 25°C for 1 h. Primary antibody dilutions were performed in 10% boiled
donkey serum/PHEM for 1 h at 25°C as follows: 1:100 anti-Mad2; 1:500
BubR1, a gift of Dr. Tim Yen (Fox Chase Cancer Center, Philadelphia,
PA); 1:750 CENP-E, a gift of Dr. Gordan Chan (Fox Chase Cancer Cen-
ter); 1:2,000 cytoplasmic dynein 70.1 intermediate chain (Sigma-Aldrich);
1:5,000 3F3/2, a gift of Dr. Gary Gorbsky (University of Oklahoma, Okla-
homa City, OK); 1:750 CREST serum, a gift of Dr. Bill Brinkley (Baylor Col-
lege of Medicine, Houston, TX), and 1:300 DM1A tubulin (Sigma-Aldrich).
After four 5-min rinses in PBST (PBS supplemented with 0.05% Tween-20),
cells were incubated with appropriate secondary antibodies diluted into
5% boiled donkey serum/PHEM at 25°C for 1 h. Secondary antibodies
were conjugated to either Rhodamine Red X (Jackson Laboratories) or Al-
exa 488 (Molecular Probes), and dilutions were as follows: 1:100 donkey
anti-rabbit (Mad2, BubR1, CENP-E); 1:200 donkey anti-mouse (cytoplas-
mic dynein, 3F3/2, tubulin), and 1:100 donkey anti-human (CREST). Cells
were then rinsed four times for 5 min in PBST, and mounted as described
previously (Howell et al., 2000). For immunofluorescent studies of Mad2
and tubulin, cells were lysed (see above), fixed for 20 min in PHEM con-
taining 4% formaldehyde/0.5% grade gluteraldehyde, quenched with 1
mg/ml NaBH, in PHEM three times for 5 min at 25°C, and stained for
Mad2 and tubulin.

Quantitation of fluorescence intensities was performed exactly as de-
scribed in detail by Hoffman et al. (2001). Computer generated 9 X 9 and
13 X 13 pixel circles (for kinetochores) and 18 X 18 and 24 X 24 pixel cir-
cles (spindle poles) were used to measure kinetochore, spindle pole, and
background fluorescence (Hoffman et al., 2001). Each coverslip was co-
stained for CREST to allow precise identification of kinetochores. Spindle
poles were identified by fluorescence and/or phase-contrast microscopy.
Images were collected using identical imaging settings.

Microinjection

PtK1 cells were grown on coverslips, mounted into modified Rose cham-
bers, and microinjected as described previously (Howell et al., 2000).
Stage temperature was maintained at 36-38°C using a Sage air curtain in-
cubator. Immediately after injection, growth media was replaced with dye-
free F12 medium, and time-lapse images were obtained as described by
Canman et al. (2000). Cells were microinjected with either 10 mg/ml puri-
fied p50 (Whittman and Hyman, 1999) or concentrated 70.1 anti-dynein

antibody (~7-8 mg/ml) (Waterman-Storer et al., 2000) in injection buffer
(10 mM Na,HPO,, pH 7.4, 100 mM KCI, T mM MgCl,), and time-lapse
images were taken every 20 s using a MetaView image acquisition system
(Universal Imaging Corp.) For the Mad2 antibody microinjection studies,
prometaphase cells were first injected with either p50 or concentrated
anti-70.1 dynein antibody, allowed to block in metaphase for 45-60 min,
and finally microinjected with affinity-purified, anti-Mad2 antibody as pre-
viously described (Waters et al., 1998; Canman et al., 2000).

For studies of fluorescent Mad2 localization in dynein-inhibited cells,
prometaphase cells were microinjected with Alexa 488-Mad2 protein (Fig.
6; Howell et al., 2000) and subsequently injected ~5 min later with p50.
Fluorescent and phase-contrast images were collected as described below.

Microscopy and laser photobleaching

Immunofluorescence and live cell digital images were acquired using
wide-field eip-fluorescence and phase microscopy using procedures and
instrumentation described by Howell et al. (2000). Confocal images of
fixed cells were obtained with an Orca-ER CCD camera (Hamamatsu Pho-
tonics) on a Nikon TE300 inverted microscope equipped with a spinning
disk confocal module (PerkinElmer Wallac) and scanner (Yokagawa), and
acquired using a 100X 1.4 NA Plan Apochromat phase objective, a
100mW Argon-Krypton laser, and a Sutter filter wheel for selecting and
shuttering of 488-, 568-, or 647-nm wavelengths. All images were ac-
quired at 0.2-pm steps using MetaMorph software controlling the Nikon
TE300 focus motor. Laser photobleaching and FRAP analysis were as de-
scribed by Howell et al. (2000).

Electron microscopy

After cell treatment and fixation (see above), coverslips were flat embed-
ded in Epon and serial 80-nm-thick sections were cut, stained, and imaged
at 5,000X as previously described (McEwen et al., 1997; Rieder and Cas-
sels, 1999). Microtubule counts for individual kinetochores were deter-
mined in duplicate counting trials as described by McEwen et al. (1997).
Counting variation was 1.3% for unextracted cells, and 0.4% for extracted
cells. Statistical computations were preformed using Microsoft Excel.

Measurements of interkinetochore distances and

chromosome movements

Distances between sister kinetochores were measured in control and p50
blocked metaphase cells, as described by Hoffman et al. (2001). Anaphase
chromosome movements and spindle elongation were measured from
time-lapse images of cells obtained from the microinjection microscope
system (see above) using MetaMorph image analysis software (Universal
Imaging Corp.). Distance measurements were obtained between the lead-
ing edges of separating sister chromosomes, the leading edges of chromo-
somes and their poles, and the separation of the poles. The leading edges
of separating chromosomes were easy to detect in the phase-contrast im-
ages, but the position of the poles was more difficult, particularly when
poles were disrupted by dynein/dynactin inhibition. In phase-contrast, the
spindle excludes dark cytoplasmic organelles. The spindle pole was usu-
ally identified as the polar end of the less dense region occupied by the
spindle at the focal point of most chromosome movements.

Online supplemental material

Video 1 is a QuickTime movie of a prometaphase PtK1 cell microinjected
with 10 mg/ml p50 dynamitin. Images were collected every 1-2 min.
Time, hr:min:sec. Video 2 is a QuickTime movie of a prometaphase PtK1
cell microinjected with 10 mg/ml p50 dynamitin that arrested in
metaphase and was subsequently injected with Mad2 antibodies. Images
were collected every 1-2 min. Time, hr:min:sec. Videos are available at
http://www.jcb.org/cgi/content/full/jcb.200105093/DC1.
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