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Abstract. NuMA (Nuclear protein that associates with
the Mitotic Apparatus) is a 235-kD intranuclear protein
that accumulates at the pericentrosomal region of the
mitotic spindle in vertebrate cells. To determine if
NuMA plays an active role in organizing the microtu-
bules at the polar region of the mitotic spindle, we have
developed a cell free system for the assembly of mitotic
asters derived from synchronized cultured cells. Mitotic
asters assembled in this extract are composed of micro-
tubules arranged in a radial array that contain NuMA
concentrated at the central core. The organization of
microtubules into asters in this cell free system is de-
pendent on NuMA because immunodepletion of
NuMA from the extract results in randomly dispersed

microtubules instead of organized mitotic asters, and
addition of the purified recombinant NuMA protein to
the NuMA-depleted extract fully reconstitutes the or-
ganization of the microtubules into mitotic asters. Fur-
thermore, we show that NuMA is phosphorylated upon
mitotic aster assembly and that NuMA is only required
in the late stages of aster assembly in this cell free sys-
tem consistent with the temporal accumulation of
NuMA at the polar ends of the mitotic spindle in vivo.
These results, in combination with the phenotype ob-
served in vivo after the prevention of NuMA from tar-
geting onto the mitotic spindle by antibody microinjec-
tion, suggest that NuMA plays a functional role in the
organization of the microtubules of the mitotic spindle.

found physical changes during mitosis. These physi-

cal changes are necessary for the accurate segrega-
tion of the genetic material and include the dissolution of
the nuclear envelope, the depolymerization of the nuclear
lamina, and the condensation of the chromosomes (New-
port and Forbes, 1987; Gerace and Burke, 1988). After the
physical rearrangement of these nuclear components, they
each follow one of three known segregation pathways for
nuclear components during mitosis. First, the chromo-
somes attach to the microtubules of the mitotic spindle,
and the segregation of the sister chromatids into each
daughter cell is precisely controlled at anaphase through
the dynamics of microtubules and their associated micro-
tubule-dependent motor proteins (Mitchison, 1989a; Rieder,
1991). The second segregation pathway for nuclear com-
ponents is followed by the nuclear lamins and the nuclear
envelope as these two nuclear components are both dis-
tributed into each daughter cell through passive diffusion
(McKeon, 1991; Nigg, 1992; Wiese and Wilson, 1993). Fi-
nally, the NuMA protein (Nuclear protein that associates
with the Mitotic Apparatus)! defines a third pathway for

THE nucleus of a vertebrate cell undergoes pro-
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the segregation of nuclear components during mitosis, and
is equally distributed into each daughter cell by accumu-
lating at the pericentrosomal region of the mitotic spindle
(Lydersen and Pettijohn, 1980; for reviews see Compton
and Cleveland, 1994; Cleveland, 1995).

The unique cell cycle distribution of NuMA has spawned
two broadly defined views for the function of this protein.
One view holds that NuMA is performing a structural role
for the nucleus during interphase. Support for this func-
tional role comes from the fact that NuMA is a coiled coil-
containing protein (Compton et al,, 1992; Yang et al.,
1992; Maekawa and Kuriyama, 1993; Tang et al., 1993)
that is localized to a subset of the core filaments of the nu-
clear matrix (Kallajoki et al., 1991; Zeng et al., 1994), and
is localized in the nucleus of terminally differentiated
(nonmitotic) cells (Kallajoki et al., 1992; Tang et al., 1993).
Further support for this view comes from the induction of
multiple small nuclei (micronuclei) following both the mi-
croinjection of a NuMA -specific antibody and the expres-
sion of truncated forms of the NuMA protein (Kallajoki et
al., 1993; Compton and Cleveland, 1993). In each of these
experiments, micronuclei formed after mitosis in the ab-
sence of any detectable alterations of the mitotic spindle
suggesting that the phenotype of postmitotic micronucle-
ation was due to a perturbation of NuMA function during
nuclear assembly. Contrary to these results, however,
Yang and Snyder (1992) have demonstrated that a mor-
phologically normal nucleus will assemble in the absence
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of NuMA after the antibody-induced aggregation of NuMA
in the cell cytoplasm. Taken together, these data suggest
that NuMA may serve a functional role within the nucleus,
but that assembly of a morphologically normal nucleus
does not strictly require the NuMA protein.

A second view for the function of the NuMA protein is
that it acts as an organizing or stabilizing agent for the mi-
nus ends of the microtubules in the mitotic spindle. Sup-
port for this proposed function comes from the fact that
the localization of NuMA at the polar end of the mitotic
spindle requires intact microtubules (Price and Pettijohn,
1986; Kallajoki et al., 1991; Maekawa et al., 1991; Tousson
et al., 1991), and that NuMA is associated with the polar
ends of mitotic asters that assemble after the removal of
the microtubule destabilizing drug nocodazole (Tousson
et al., 1991). Further evidence that NuMA may play a
functional role in the assembly of the mitotic spindle
comes from the failure of cells to assemble a typical bipo-
lar spindle after the microinjection of NuMA-specific anti-
bodies (Kallajoki et al., 1991, 1992; Yang and Snyder,
1992). In fact, Yang and Snyder (1992) demonstrated that
microinjection of a NuMA-specific polyclonal antibody
into metaphase cells was sufficient to cause the collapse of
the preexisting mitotic spindle suggesting that NuMA was
necessary for both the assembly and maintenance of the
mitotic spindle. Finally, we have recently shown that ex-
pression of mutant forms of NuMA that are incapable of
targeting to the mitotic spindle induce a dominant nega-
tive phenotype that is characterized by the failure to com-
plete mitosis due to the assembly of mitotic spindles that
lack clearly defined polar domains (Compton and Luo,
1995). Collectively, these data support the view that
NuMA is involved in the organization of the mitotic spin-
dle, however, none of these experiments demonstrate that
NuMA has a required role in this process.

In this article we present data using two complementary
approaches that support the hypothesis that NuMA func-
tions in the organization of the microtubules of the mitotic
spindle. First, we have found that NuMA is accurately tar-
geted to and accumulates at the central core of mitotic as-
ters assembled in a cell free extract prepared from syn-
chronized cultured cells. NuMA is required for the formation
of these mitotic asters because depletion of NuMA from
the extract using a NuMA-specific antibody results in the
assembly of randomly arranged microtubules, and the ad-
dition of the purified recombinant NuMA protein to this
NuMA-depleted extract is sufficient to reconstitute the as-
sembly of organized mitotic asters. Second, we describe a
polyclonal anti-NuMA antibody that prohibits NuMA
from binding to the mitotic spindle when microinjected
into cultured cells. These microinjected cells are signifi-

Figure 1. Assembly of mitotic asters in a cell free mitotic extract.
Mitotic (A-D) and interphase (F) extracts were supplemented
with ATP and incubated at either 0° or 33° with or without the
addition of taxol as indicated and processed for indirect immu-
nofluorescence (A-F) using a tubulin-specific mouse monoclonal
antibody DM1a (TUBULIN) and a rabbit NuMA -specific anti-
body (NuMA). After a 30-min incubation, the extracts were sub-
jected to centrifugation at 10,000 g and separated into soluble ()
and insoluble (P) fractions and subjected to immunoblot analy-
sis (F) using either a tubulin-specific mouse monoclonal anti-
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cantly delayed in their progression through mitosis and
have disorganized mitotic spindles. These results suggest
that NuMA is necessary for the organization of the mam-
malian mitotic spindle.

Materials and Methods
Cell Culture

The human HeLa cell line and the monkey CV-1 cell line were both main-
tained in DME containing 10% FCS, 2 mM glutamine, 100 i.u./ml penicil-
lin, and 0.1 pg/ml streptomycin. Cells were grown at 37°C in a humidified
incubator with a 5% CO, atmosphere.

Antibody Preparation and Purification

The recombinant human NuMA protein was expressed using the baculo-
virus expression system and purified to ~90% homogeneity (Compton,
D. A, P. A. Coulombe, and D. W. Cleveland. 1993. Mol. Biol. Cell. 4:80a).
This purified protein was used to generate a rabbit polyclonal antibody af-
ter the procedures outlined by Harlowe and Lane (1988). Briefly, ~500 ng
of protein was suspended in Freund’s complete adjuvant and administered
to a rabbit by subcutaneous injection. After this initial immunization, the
rabbit was boosted with the same quantity of protein in Freund’s incom-
plete adjuvant at three week intervals until there was a strong immune re-
sponse detectable (three boosts). Serum was collected from the rabbit and
stored at —80°C.

The IgG fraction was purified from 1-ml aliquots of this serum by affin-
ity chromatography using protein A-agarose (Boerhinger Mannheim, In-
dianapolis, IN) as described by Harlowe and Lane (1988). The purified
IgG fraction was dialyzed into 100 mM KCl, 1¢ mM KPO,, pH 7.0, and
concentrated using a Centricon-30 (Amicon, Beverly, MA) to ~10 mg/ml.

Microinjection and Immunological Techniques

CV-1 cells growing on photo-etched a-numeric glass coverslips (Bellco
Glass Co., Vineland, NJ) were microinjected using the procedures of
Compton and Cleveland (1993) and Capecchi (1980). Interphase cells
were microinjected in the cytoplasm with either the preimmune IgG or
the immune IgG and monitored by phase contrast microscopy as they pro-
gressed into mitosis. Cells were followed for up to 4 h after injection, and
then processed for immunofluorescence microscopy.

Indirect immunofluorescence microscopy was performed essentially as
described by Compton et al. (1991). Cells were immersed in microtubule
stabilization buffer (MTSB; 4 M glycerol, 100 mM Pipes, pH 6.9, 1 mM
EGTA, and S mM MgCl,) for 1 min at room temperature, extracted in
MTSB + 0.5% Triton X-100 for 2 min, and then returned to MTSB for 2
min. Cells were then fixed in —20°C methanol for 10 min and rehydrated
in TBS (10 mM Tris-HCI, pH 7.5, 150 mM NaCl) containing 1% albumin
and all antibody incubations and washes were performed in TBS + 1% al-
bumin. NuMA was detected with either a human-specific mouse mono-
clonal antibody (mAb1F1; Compton et al., 1991), a human autoimmune
serum (courtesy of Dr. D. Pettijohn, University of Colorado), or the rab-
bit polyclonal antibody described here. Tubulin was detected using the
monoclonal antibody DM1a (Blose et al., 1984). Each primary antibody
was incubated on the coverslip for 30 min followed by 5-min washes in
TBS + 1% albumin, and the bound antibodies were detected using either
fluorescein- or Texas red—conjugated species-specific secondary antibod-
ies at dilutions of 1:500 (Vector Labs, Burlingame, CA). The DNA was
detected using DAPI (4',6-diamidino-2-phenylindole) at 0.4 pg/ml (Sigma
Chemical Co., St. Louis, MO). After a final wash the coverslips were
mounted in FITC-guard-mounting medium {Testog, Inc., Chicago, IL)
and observed on a Nikon Optiphot microscope equipped for epifluores-
cence.

Proteins were analyzed by immunoblot analysis after SDS-PAGE
(Laemmli, 1970). Cells were washed three times in ice-cold PBS and lysed
directly in SDS-PAGE sample buffer, and proteins from mitotic extracts
were solubilized directly with SDS-PAGE sample buffer. Proteins were
separated by size using SDS-PAGE and transferred to PVDF membrane
(Millipore Corp., Bedford, MA). The membranes were blocked in TBS
containing 5% nonfat milk for 30 min at room temperature, and the pri-
mary antibody incubated for 6 h at room temperature in TBS containing
1% nonfat milk. Nonbound primary antibody was removed by washing

Gaglio et al. Mitotic Aster Organization Depends on NuMA

TUBULIN NuMA

30" . .
B
2' ,9
C .
15' ' .
30' “ .

Figure 2. Kinetics of mitotic aster assembly in the cell free mi-
totic extract. Mitotic asters were assembled under optimal condi-
tions with taxol and ATP at 33° for the indicated times and pro-
cessed for indirect immunofluorescence using a tubulin-specific
mouse monoclonal antibody DMla (TUBULIN) and a rabbit
NuMA -specific antibody (NuMA). Bar, 10 pm.

five times for 3 min each in TBS and the bound antibody was detected us-
ing either horseradish peroxidase—conjugated protein A or horseradish
peroxidase-conjugated goat anti-mouse (Bio-Rad Co., Hercules, CA).
The nonbound secondary reagent was removed by washing five times for
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3 min each in TBS and the signal detected using enhanced chemilumines-
cence (Amersham Corp., Arlington Heights, IL).

Preparation of Mitotic Extracts for Mitotic
Aster Formation

HeLa cells were synchronized in the cell cycle by double block with 2 mM
thymidine. After a release from thymidine block, the cells were allowed to
grow for 6 h and then nocodazole was added to a final concentration of 10
pg/ml. The mitotic cells that accumulated over the next 4 h were collected
by mitotic shake off and incubated for 30 min at 37°C with 20 pg/ml cy-
tochalasin B. The mitotic index of the population of cells isolated in this
fashion was >95% and we typically obtained between 107 and 10® cells
from five 150-cm? tissue culture flasks. The cells were then collected by
centrifugation at 1,500 rpm and washed twice with cold PBS containing 20
ug/ml cytochalasin B. Cells were washed one last time in cold KHM
buffer (78 mM KCl, 50 mM Hepes, pH 7.0, 4 mM MgCl,, 2 mM EGTA, 1
mM DTT; Burke and Gerace, 1986) containing 20 pg/ml cytochalasin B,
and finally Dounce homogenized (tight pestle) at a concentration of ~3 X
107 cells/ml in KHM buffer containing 20 p.g/ml cytochalasin B, 20 pg/ml
phenylmethylsulfonyl fluoride, and 1 ug/ml each of chymostatin, leupep-
tin, antipain, and pepstatin. The crude cell extract was then subjected to
sedimentation at 100,000 g for 15 min at 4°C (Beckman airfuge, 25 psi).
The supernatant was recovered and supplemented with 2.5 mM ATP or
AMP-PNP (prepared as Mg** salts in KHM buffer) and 10 mM taxol.
The total protein concentration of the extract prepared in this fashion was
routinely ~5 mg/ml, and the mitotic asters were stimulated to assemble by
incubation at 33°C for 30 min. After incubation, 5 ul of the extract was di-
luted into 25 wl of KHM buffer and spotted onto a poly-L-lysine—coated
glass coverslip, fixed by immersion in —20°C methanol, and then pro-
cessed for indirect immunofluorescence microscopy as described above.
The remainder of the extract containing the assembled mitotic asters was
subjected to sedimentation at 10,000 g for 15 min at 4°C. The supernatant
and pellet fractions were both recovered and solubilized in SDS-PAGE
sample buffer for immunoblot analysis.

To deplete NuMA from the extract before mitotic aster assembly, 10
wg of either the preimmune IgG or the anti-NuMA immune IgG were ad-
sorbed onto ~25 pl of protein A—conjugated agarose. The antibody-cou-
pled protein A—agarose was washed in KHM buffer, and then packed by
centrifugation to remove the excess fluid. The agarose was then resus-
pended with the mitotic extract and incubated with agitation for 2 h at
4°C. After this incubation the agarose was removed from the extract by
sedimentation at 15,000 g for 10 s. The extract was then collected and sup-
plemented with ATP and taxol and treated as described above.

Protein Phosphorylation and Kinase Assays

Histone H1 kinase activity was measured using 2.5 pg of the cell extract in
a reaction containing 0.2 mg/ml histone H1, 20 mM Tris, pH 7.2, 2 mM
DTT, 1 mM EGTA, 10 uM MgCly, 10 uM ATP, and 2 uCi y-[*P]ATP
(3,000 Ci/mmol; Amersham Corp.). Reactions were incubated at 30° for
15 min and stopped by the addition of SDS-PAGE sample buffer. The his-
tone was separated from the nonincorporated nucleotide on a 12.5%
SDS-PAGE, the gel dried and exposed to X-ray film. Quantitation of the
histone H1 kinase activity present in the extract was performed by densi-
tometric scanning of multiple different film exposures.

The phosphorylation of NuMA in the mitotic extract was determined
by adding y-[**P]ATP (6,000 Ci/mmol; Amersham Corp.) into 100 .l of
the extract at a final concentration of 0.8 uM in the presence of either 1.6
mM ATP or AMP-PNP. The reaction was incubated at 33° for 30 min and
separated into 10,000 g soluble and insoluble (i.e., asters) fractions. The

Figure 3. Mitotic asters assembled in a cell free mitotic extract do
not contain known centrosomal components. Mitotic asters were
assembled under optimal conditions with taxol and ATP for 30
min at 33° and processed for indirect immunofluorescence using a
tubulin-specific mouse monoclonal antibody DMla (TUBU-
LIN), and either a rabbit NuMA-specific antibody (NuMA), a
rabbit pericentrin-specific antibody (Pericentrin), a rabbit y-tubu-
lin-specific antibody (y-tubulin), or the mouse mpm-2 mono-
clonal antibody (mpm-2). After a 30-min incubation, the extracts
were subjected to centrifugation at 10,000 g and separated into
soluble (§) and insoluble (P) fractions and subjected to immuno-
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Bar, (A-D) 10 pm.
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Figure 4. Mitotic aster assembly in the cell free extract requires
ATP. Mitotic asters were assembled under optimal conditions
with taxol for 30 min at 33° either with (A) or without (B) the ad-
dition of ATP or in the presence of AMP-PNP (C) or 50 uM van-
adate (D) and processed for indirect immunofluorescence using a
tubulin-specific mouse monoclonal antibody DM1a (TUBULIN)
and a rabbit NuMA-specific antibody (NuMA). (E) After the in-
cubation, the extracts were subjected to centrifugation at 10,000 g
and separated into soluble (S) and insoluble (P) fractions and
subjected to immunoblot analysis using either a tubulin-specific
mouse monoclonal antibody DMla (TUBULIN) and a rabbit
NuMA-specific antibody (NuMA). (F) Total cell extracts from
cells in interphase (Interphase), mitosis in the presence of no-
codazole (mitotic + nocodazole), or mitosis in the presence of
taxol (mitotic + taxol) were harvested and subjected to immuno-
blot analysis using a rabbit NuMA-specific antibody. (G) Asters
were assembled in the mitotic extract with y-[?P]ATP in the
presence of ATP or AMP-PNP as indicated, the microtubule
structures collected by sedimentation at 10,000 g, the proteins sol-
ubilized, and NuMA isolated by immunoprecipitation. The im-
munoprecipitates were size fractionated on a 5% SDS-PAGE

and the proteins identified by immunoblot (left panel) followed by autoradiographic exposure for incorporated P (right panel). The
migration position of myosin (200), B-galactosidase (116), and phosphorylase B (97) are indicated on the left of panels ¥ and G and are

indicated in kD. Bar, (A-D) 10 pm.

insoluble fractions were resuspended in 150 pl of extraction buffer (2%
SDS, 50 mM Tris-HCL, pH 6.8, 1 mM EDTA, 2 mM EGTA, 1 mM DTT,
10 mM Sodium fluoride, and 10 mM sodium pyrophosphate) and heated
to 100° two times for 3 min each with vigorous agitation between each in-
cubation. After this extraction, the samples were cooled to room tempera-
ture and diluted eightfold with 20 mM Tris-HCI, pH 7.4, 140 mM NacCl, 10
mM sodium pyrophosphate, 3.4% Triton X-100. 10 g of rabbit anti-
NuMA IgG was added to each and incubated at 4° for 12 h with gentle ag-
itation. After this incubation, 50 pl of protein A-conjugated agarose (50%
slurry in TBS) was added and the extracts were incubated for 2 h at 4° with
gentle agitation. The protein A—conjugated agarose containing the IgG
was then collected by centrifugation at 10,000 g for 15 s, washed three
times with 20 mM Tris-HCI, pH 7.4, 140 mM NaCl, 30 mM sodium pyro-
phosphate, 1.5% Triton X-100, washed twice in 20 mM Tris-HC, pH 7.4,
250 mM Na(l, 30 mM sodium pyrophosphate, 1.5% Triton X-100, and fi-
nally solubilized in 50 u! SDS-PAGE sample buffer. The immunoprecipi-
tated material was then subjected to size fractionation on 5% SDS-PAGE
and processed for immunoblotting using enhanced chemiluminescence
(exposure times varied from 5 to 30 s at room temperature without an in-
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tensifying screen). The chemiluminescence signal was then allowed to ex-
tinguish overnight and the blot subsequently exposed to film at —70° with
an intensifying screen for 2-10 h.

Results

NuMA Is a Component of Mitotic Asters Assembled in
a Cell Free Mitotic Extract

To test directly if NuMA participates in the organization
of microtubules into mitotic arrays, we analyzed whether
NuMA was a component of mitotic asters induced with
taxol in a cell free mitotic extract prepared from synchro-
nized HeLa cells. Hela cells were synchronized in mitosis
with nocodazole after a release from thymidine block and
collected by shake-off. The cells were chilled on ice,
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washed twice in PBS to remove the nocodazole, homoge-
nized, and separated into 100,000 g soluble and insoluble
fractions. The 100,000 g soluble fraction was retained and
had histone H1 kinase activity 10 times higher than the ac-
tivity of an extract prepared under the same conditions
from nonsynchronized cells (Fig. 1 G). A majority of the
tubulin and NuMA are recovered in the 100,000 g soluble
fraction, while the chromosomes and other particulate
matter from the cell are discarded in the 100,000 g pellet.
Microtubule assembly was stimulated in the extract by
the addition of 10 pM taxol and incubation at 33°C. Under
these conditions the microtubules polymerized and spon-
taneously organized into radial arrays ~10 pm in diameter
(i.e., asters) that contained NuMA concentrated at the
central core (Fig. 1 D). If the extract was incubated in the
absence of taxol at either 0°C or 33°C or with taxol at 0°C
there was no detectable microtubule polymerization and
the NuMA protein was not found in concentrated aggre-
gates that could be detected by immunofluorescence mi-
croscopy (Fig. 1, A-C). The organization of the microtu-
bules into astral arrays appears to be an intrinsic property
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of an extract prepared from mitotic cells since only ran-
domly arranged microtubule arrays were found in extracts
prepared under identical conditions from interphase cells
(Fig. 1 E). The lack of staining for NuMA in the inter-
phase extract is due to the fact that NuMA is in the inter-
phase nucleus and is discarded as a component of the
100,000 g insoluble material during the preparation of the
extracts. Based on previous experiments demonstrating
that the microtubules in taxol-induced mitotic asters are
oriented with their minus ends inward and their plus ends
extending outward (Maekawa et al., 1991; Verde et al.,
1991), our results support the conclusion that NuMA is lo-
calizing to the minus ends of the microtubules of the mi-
totic asters formed in these extracts.

To determine the efficiency of aster assembly under
these conditions, we subjected the extract to sedimenta-
tion at 10,000 g after the assembly reaction. The extract
was then separated into 10,000 g soluble and insoluble
fractions, the proteins solubilized in SDS-PAGE sample
buffer and subjected to immunoblot analysis for both tu-
bulin and NuMA. Consistent with the immunofluores-
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Figure 5. NuMA is required for the formation of mitotic asters in
the cell free mitotic extract. The cell free mitotic extract was
treated with protein A-conjugated agarose alone (No Treat-
ment), protein A—conjugated agarose containing IgG from the
preimmune rabbit serum (Preimmune), or protein A—conjugated
agarose containing IgG from the NuMA-specific rabbit serum
(Anti-NuMA Immune). After incubation at 4° for 2 h, the protein
A-—conjugated agarose was removed and the mitotic asters assem-
bled under optimal conditions with taxol and ATP for 30 min at
33° and processed for indirect immunofluorescence (A-C) using a
tubulin-specific mouse monoclonal antibody DM1a (TUBULIN)
and a rabbit NuMA-specific antibody (NuMA). After these treat-
ments, the protein A—conjugated agarose was recovered (Py)
and the remainder of the extracts were separated into soluble (.5)
and insoluble (P) fractions by centrifugation at 10,000 g and sub-
jected to immunoblot analysis (D) using either a tubulin-specific
mouse monoclonal antibody DMla (TUBULIN) and a rabbit
NuMA-specific antibody (NuMA). The proteins bound to the
protein A-conjugated agarose containing either the IgG from the
preimmune rabbit serum (Preimmune) or the anti-NuMA im-
mune serum (Anti-NuMA Immune) were analyzed by silver
staining of SDS-PAGE (E). The migration position of myosin
(200), B-galactosidase (116), phosphorylase B (97), bovine serum
albumin (66), and ovalbumin (45) are indicated on the left of
panel E and are indicated in kD. Bar, (A-C) 10 pm.
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cence data, the conversion of both tubulin and NuMA
from a soluble form to an insoluble form is dependent on
the presence of taxol and incubation at 33°C (Fig. 1 F).
Elimination of taxol and/or incubation at 0°C prevented
microtubule assembly, and neither NuMA nor tubulin
were found in the insoluble fraction. Based on the conver-
sion of both NuMA and tubulin from a soluble form into
an insoluble form, we have calculated that the average ef-
ficiency of mitotic aster assembly in these extracts is
~80%, however, there is some variability between prepa-
rations that yield assembly efficiencies that range between
50 and 95%. These data indicate that the solubility of
NuMA in these extracts is dependent on the assembly
state of the microtubules, and strongly suggest that the
fraction of NuMA observed in the 10,000 g pellet derives
from the concentration of NuMA at the core of the mitotic
asters that are observed by immunofluorescence microscopy.

Next, we analyzed how these structures assemble as a
function of time. For this experiment we induced microtu-
bule assembly under optimal conditions, and then fixed
and processed the extract for immunofluorescence to lo-
calize both NuMA and tubulin at various time intervals
during the assembly reaction. The first signs of aster as-
sembly are observed as the accretion of both NuMA and
tubulin into aggregates detectable by immunofluorescence
microscopy as early as 2 min after the initiation of incuba-
tion at 33°C (Fig. 2 B). Indeed, there is a nearly perfect cor-
relation between the appearance of NuMA staining and
tubulin staining although no clearly identifiable microtu-
bules are detectable at this early time point. Over time,
these aggregates seem to “mature” by accumulating further
NuMA staining, extending the microtubules, and organiz-
ing the microtubules into aster-like arrays (Fig. 2, C-D).
After 30 min of incubation the assembly of the mitotic as-
ters is complete and is characterized by the organization of
the microtubules into radial arrays concomitant with the
concentration of NuMA at the central core (Fig. 2 E).

The accretion of both NuMA and tubulin during the
early stages of aster assembly (i.e., 2 min; Fig. 2 B) sug-
gests that these proteins may be associating with one or
more components of the centrosome present in the ex-
tract. To test this possibility we performed immunofluo-
rescence analysis on the mitotic asters using antibodies
against the centrosomal components pericentrin (Doxsey
et al.,, 1994; antibody courtesy of S. Doxsey) and y-tubulin
(Stearns and Kirschner, 1994; Joshi et al., 1992; antibody
courtesy of H. Joshi) at antibody concentrations that yield
pronounced centrosomal staining in cultured cells. In both
cases, there was no detectable staining of the taxol-induced
mitotic asters assembled in this extract (Fig. 3, B and C).
Furthermore, immunoblot analysis of the 10,000 g soluble
and insoluble fractions prepared after the assembly of the
mitotic asters demonstrates that, contrary to NuMA and
a-tubulin, the y-tubulin present in our extract is not en-
riched in the insoluble fraction containing the assembled
mitotic asters (Fig. 3 E). Conversely, the core of these mi-
totic asters did contain an antigen(s) recognized by the
monoclonal antibody mpm-2 (courtesy of P. Rao) indicat-
ing that an additional protein(s) that contain mitosis-spe-
cific phosphoepitopes is present on these structures (Fig. 3
D). Thus, while we cannot discount the possibilities that
minor, undetectable quantities of either pericentrin or
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Figure 6. Reconstitution of mi-
totic aster formation in the
NuMA-depleted mitotic extract
using the purified recombinant
NuMA protein. A cell free ex-
tract was prepared from either
interphase cells (F) or mitotic
cells (A-E). The cell free mitotic
extract was treated with protein
A-conjugated agarose contain-
ing IgG from the preimmune
rabbit serum (A) or protein
A-conjugated agarose contain-
ing IgG from the NuMA -specific
rabbit serum (B-E). After incu-
bation at 4° for 2 h the protein
A-conjugated agarose was re-
moved and the mitotic asters as-
sembled under optimal condi-
tions with taxol and ATP for 30
min at 33° in the absence (A and
B) or the presence of various con-
centrations of the purified re-
combinant NuMA protein (C-
E). After the incubation, the ex-
tracts were processed for indi-
rect immunofluorescence (A-F)
using a tubulin-specific mouse
monoclonal antibody DMla
(TUBULIN) and a rabbit
NuMA-specific antibody (NuMA).
The protein A—conjugated agar-
ose was recovered (P,;) and the
remaining extracts were sepa-
rated into soluble (S) and insol-
uble (P) fractions by centrifuga-
tion at 10,000 g and subjected to
immunoblot analysis (G) using
either a tubulin-specific mouse
monoclonal antibody DMla
(TUBULIN) and a rabbit NuMA-
specific antibody (NuMA). Bar,
(A-F) 10 um.



v-tubulin are localized at the core of these structures or
that additional (as yet unidentified) centrosomal proteins
are participating in the assembly of these mitotic asters,
these results demonstrate that these asters lack conven-
tional centrosomes consistent with the centrosome-inde-
pendent assembly of taxol-induced mitotic asters observed
in vivo (Maekawa et al., 1991; Maekawa and Kuriyama,
1991; Kallajoki et al., 1992).

We next tested the sensitivity of the assembly of the mi-
totic asters to ATP and nonhydrolyzable ATP analogs. In
the absence of any exogenously added ATP both the effi-
ciency of microtubule polymerization (Fig. 4 E) and the
histone H1 kinase levels were similar to those found in an
extract containing ATP (data not shown). NuMA associ-
ated with the microtubules, however, it did not concen-
trate at any one position that resembled the central core
of a mitotic aster and the microtubules were arranged in
poorly organized aggregates rather than astral arrays (Fig.
4 B). A similar pattern of microtubule organization and
NuMA distribution was found if the nonhydrolyzable ana-
log of ATP, AMP-PNP, was added to the extract (Fig. 4
C). These results indicate that the organization of micro-
tubules into astral arrays in our extracts, like centrosome
assembly and mitotic aster formation in Xenopus egg ex-
tracts (Felix et al., 1994; Verde et al., 1991), is an ATP-depen-
dent process.

Based on the results of Verde et al. (1991) who demon-
strated that cytoplasmic dynein is required for the assem-
bly of taxol-induced mitotic asters in extracts prepared
from Xenopus eggs, we next tested whether vanadate would
inhibit mitotic aster assembly in this system. Fig. 4 D shows

NUMA 4 _

——

ATP

-

NuMA

TUBULIN

that in the presence of 50 pM vanadate the mitotic asters
fail to organize correctly, NuMA fails to concentrate effi-
ciently at a central core, and the microtubuies tend to be
highly bundled. The effect of vanadate was dose depen-
dent and would not alter mitotic aster formation unless the
concentration was greater than 10 pM. While we cannot
discount any nonspecific effects of vanadate on protein
phosphatases and other microtubule-dependent motor pro-
teins, these results are consistent with the findings of
Verde et al. (1991) and suggest that cytopiasmic dynein is
playing a functional role in the organization of microtu-
bules into mitotic asters in both egg and somatic extracts.
Finally, we have noticed a consistent retardation in the
mobility of the NuMA protein in SDS-PAGE when it be-
comes associated with the mitotic asters (Figs. 1 and 4).
This alteration in NuMA'’s mobility in SDS-PAGE ap-
pears to be a microtubule-dependent phosphorylation be-
cause it is only observed after the stimulation of microtu-
bule polymerization, it is only detected in the fraction of
the NuMA protein that is associated with the microtubules
(i.e., 10,000 g pellets), and it is inhibited by the presence of
AMP-PNP or the absence of ATP (Fig. 4 E). To verify
that this retardation in NuMA’s mobility is not an artifact
arising from the assembly of the mitotic asters under these
in vitro conditions, we examined the mobility of NuMA by
immunoblot analysis using total cell protein derived from
cells with varying degrees of mitotic spindle assembly (Fig.
4 F). Cells were harvested in interphase, mitosis in the
presence of nocodazole, mitosis after the removal of no-
codazole (data not shown), and mitosis after the removal
of nocodazole with the addition of taxol and analyzed for

e
~

Figure 7. Mitotic aster assembly requires both ATP and NuMA. Mitotic asters were assembled under optimal conditions with taxol and
incubation for 30 min at 33° in the presence (A and B) or absence (C and D) of ATP and with (A and C) or without (B and D) the
NuMA protein and processed for indirect immunofluorescence using a tubulin-specific mouse monoclonal antibody DMla (TUBU-

LIN) and a rabbit NuMA-specific antibody (NuMA). Bar, 10 pm.
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the relative mobility of NuMA by immunoblot. The results
demonstrate that NUMA is subjected to two discrete mo-
lecular weight shifts in vivo, one of which is dependent on
the assembly state of the microtubules (Fig. 4 F; compare
mitotic+nocodazole with mitotic+taxol) similar to the
molecular weight shift that is observed in our in vitro ex-
tract after the induction of mitotic aster assembly (Figs. 1
F and 4 E). To test directly if NuMA is subjected to phos-
phorylation upon aster assembly, we added y-[*’P]ATP
into the extract in the presence of either ATP or AMP-
PNP, induced microtubule assembly, and subsequently
isolated the NuMA protein that was associated with the
microtubule structures in each case by immunoprecipita-
tion. Fig. 4 G shows that approximately equal quantities of
NuMA are immunoprecipitated from the microtubule
structures formed in the presence of either ATP or AMP-
PNP (Fig. 4 G, immunoblot), but that only the NuMA pro-
tein isolated from the extract containing ATP shows a re-
tarded mobility in SDS-PAGE and is phosphorylated (Fig.
4 G, ¥P). These results are consistent with the modifica-
tion of NuMA by at least two discrete phosphorylation
events during mitosis. The first phosphorylation event oc-

A B

TUBULIN
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curs at the transition from interphase to mitosis (Compton
and Luo, 1995; Price and Pettijohn, 1986), and the second
phosphorylation event occurs upon NuMA’s association
with microtubules. The identity of the protein kinases re-
sponsible for these phosphorylation events is unknown at
this time and currently under investigation.

NuMA Is Required for Mitotic Aster Formation

To determine if the formation of mitotic asters in these ex-
tracts requires the NuMA protein, we examined whether
the mitotic asters assembled normally after the specific de-
pletion of NuMA from the extract. In control samples we
added either protein A—conjugated agarose alone or pro-
tein A—conjugated agarose coupled with IgG isolated from
preimmune rabbit serum. Treatment of the extracts with
these two reagents did not alter either the morphology of
the mitotic asters that form after microtubule polymeriza-
tion or the distribution of the NuMA protein at the core of
these structures (Fig. 5, A and B). Also, these treatments
did not affect the histone H1 kinase levels in the extract
(data not shown) or the assembly efficiency of the extract

Figure 8 NuMA is required
late in the assembly of mi-
totic asters. (A) Mitotic as-
ters were assembled in the
NuMA-depleted mitotic ex-
tract under optimal condi-
tions with taxol and ATP at
33° for the indicated times
and processed for indirect
immunofluorescence using a
tubulin-specific mouse mono-
clonal antibody DMla (TU-
BULIN). (B) Mitotic asters
were assembled in the
NuMA-depleted mitotic ex-
tract under optimal condi-
tions with taxol and ATP at
33° and the purified recombi-
nant NuMA protein was
added at the indicated times
after the initiation of micro-
tubule polymerization. 30 min
after the addition of the puri-
fied recombinant NuMA pro-
tein to the assembly reactions,
the samples were processed
for indirect immunofluores-
cence using a tubulin-specific
mouse monoclonal antibody
DMla (TUBULIN) and a
rabbit NuMA-specific anti-
body (NuMA). Bar, 10 pm.
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as judged by the sedimentation of both NuMA and tubulin
at 10,000 g after the assembly reaction (Fig. 5 D). Treat-
ment of the extract with protein A-conjugated agarose
coupled with the IgG purified from the anti-NuMA serum,
however, inhibited the assembly of the mitotic asters and
yielded randomly arranged microtubules (Fig. 5 C). Nei-
ther the histone H1 kinase levels (data not shown) nor the
polymerization efficiency of the microtubules in the ab-
sence of NUMA were appreciably altered, but the microtu-
bules failed to organize into recognizable mitotic asters
(Fig. 5, C and D). As the immunoblot demonstrates (Fig. 5
D), the depletion of NuMA from the extract using this
procedure is nearly 100%. We failed to detect any NuMA
in the 10,000 g soluble or insoluble fractions after the de-
pletion step even after gross overexposure of the film.
Thus, these results demonstrate that NuMA (or a NuMA
containing complex) is required for the organization of mi-
crotubules into aster-like arrays in these extracts.

To test whether the NuMA protein that is precipitated
from the extracts using this antibody is contained in a
multi-protein complex, we analyzed the immunoprecipi-
tate by SDS-PAGE followed by silver staining. On both
7.5% (Fig. 5 E) and 12.5% SDS-PAGE (data not shown),
we were unable to detect any proteins that appeared to be
in a 1:1 stoichiometric complex with NuMA, although we
cannot rule out the presence of a ~50-kD protein due to
the antibody heavy chain. The minor protein species ob-
served at the 180-200-kD size range are either proteolytic
products of the full-length NuMA protein or the putative
isoforms of the NuMA protein (Tang et al., 1993) because
they are all reactive with a NuMA antibody by immuno-
blot analysis (data not shown). Furthermore, there was no
detectable protein kinase activity associated with these im-
munoprecipitates as judged by autophosphorylation (data
not shown). These results corroborate the findings of Kal-
lajoki et al. (1993), and demonstrate that the NuMA pro-
tein purified from extracts prepared from nocodazole-
treated mitotic cells is not present in a 1:1 stoichiometric
complex with any additional detectable proteins.

Finally, to test directly if NuMA is the only functional
component depleted from the extract using the polyclonal
antibody, we tested if the purified recombinant NuMA
protein would reconstitute mitotic aster formation in the
NuMA-depleted extracts. As described above, extracts
treated with protein A—conjugated agarose coupled with
IgG from preimmune serum had no effect on mitotic aster
formation whereas protein A—conjugated agarose coupled
with IgG from the immune serum prohibited the assembly
of mitotic asters (Fig. 6, A and B). When the NuMA-
depleted extract was supplemented with the purified re-
combinant human NuMA protein mitotic aster formation
was restored. The restoration of mitotic aster formation by
the recombinant NuMA protein was dose dependent (Fig.
6, C-E), and cell cycle-dependent because mitotic aster
formation was not induced if the purified recombinant
protein was added to an extract prepared from interphase
cells (Fig. 6 F). The purified recombinant NuMA protein
was required in the NuMA-depleted extract at a concen-
tration of ~3.3 pg/ml to fully restore mitotic aster forma-
tion (Fig. 6 D). This concentration of the recombinant
NuMA protein (equivalent to 2.8 X 10° copies of NuMA
per cell equivalent in our extract) is very similar to the
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concentration of the endogenous NuMA protein (esti-
mated to be 2.5 X 10° copies per cell based on quantitative
immunoblot analysis; Compton et al., 1992). Addition of
the recombinant NuMA protein into the NuMA-depleted
extract at quantities below the normal endogenous levels
led to the formation of mitotic aster-like structures that
contain a small core of NuMA with only a few associated
microtubules (Fig. 6 C). Addition of the recombinant
NuMA protein into the NuMA-depleted extracts at quan-
tities in excess of the normal endogenous levels led to mi-
totic asters that are fairly typical, although the central core
staining pattern of NuMA is noticeably larger and more
intense (Fig. 6 E). Finally, we have verified the dose-
dependent reconstitution of mitotic aster formation in
these NuMA-depleted extracts using the purified recombi-
nant NuMA protein by immunoblot analysis of the 10,000 g
soluble and insoluble fractions after mitotic aster assembly
(Fig. 6 G). The results of this immunoblot demonstrate
that the quantity of the recombinant protein associated
with the mitotic asters (i.e., 10,000 g pellets) varies with the
amount added, and further shows that the recombinant
protein is, like the endogenous protein (Figs. 1 and 4), sub-
jected to a specific modification that retards its mobility in
an SDS-PAGE. These results demonstrate that NuMA is
the only functional component of the extract that is de-
pleted by our NuMA-specific antibody, that the purified
recombinant NuMA protein is capable of functionally re-
placing the endogenous NuMA protein, and that NuMA is
functionally required for the organization of the microtu-
bules into ordered mitotic asters.

So far, our results appear to define two distinct phases in
the assembly of mitotic asters in this cell free system: an
ATP-dependent phase (Fig. 4) and a NuMA-dependent
phase (Figs. 5 and 6). To test if there is a temporal order
between these two phases of mitotic aster formation, we
performed two experiments. In the first experiment we ex-
amined the products of the mitotic aster assembly reaction
performed in the absence of both NuMA and ATP (Fig.
7). In the absence of NuMA the microtubules are ran-
domly dispersed (Figs. 5 C and 7 B) and in the absence of
ATP the microtubules form disorganized aggregates (Figs.
4 B and 7 C). In the absence of both NuMA and ATP the
microtubules form disorganized aggregates that are indis-
tinguishable from the microtubule aggregates formed in
the absence of ATP alone (Fig. 7 D). Similar to previous
findings, the extract remained mitotic under all of these
experimental conditions as judged by the histone H1 ki-
nase levels (data not shown). In the second experiment we
tested if the purified recombinant NuMA protein was capa-
ble of reconstituting mitotic aster formation in the NuMA -
depleted extract at various times after the stimulation of
microtubule polymerization. The assembly of mitotic as-
ters in the NuMA-depleted mitotic extract proceeds
through a series of steps that resemble the assembly of the
mitotic asters in the presence of NuMA until the microtu-
bule aggregates disperse into random microtubule ar-
rangements (compare Fig. 8 A with Fig. 2). The purified
recombinant NuMA protein was capable of reconstituting
mitotic aster formation in the NuMA-depleted extract if it
was added as late as 15 min after the initiation of microtu-
bule polymerization (Fig. 8 B). However, despite the fact
that the extract remained mitotically active throughout
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this experiment as judged by the histone H1 kinase levels
(data not shown), the purified recombinant NuMA pro-
tein did not restore mitotic aster formation if it was added
30 min after the stimulation of microtubule polymeriza-
tion, a time at which the microtubules had become com-
pletely dispersed (Fig. 8 B). Taken together, these data
show that NuMA is required late in the process of mitotic
aster assembly and further suggest that an ATP-depen-
dent step in the process of mitotic aster formation may
precede the NuMA-dependent phase of mitotic aster for-
mation.

The Mitotic Spindle Is Disorganized in the Absence
of NuMA

To test if NuMA plays a required role in the assembly of
the mitotic spindle in vivo, we have microinjected a NuMA-
specific antibody into cultured cells and determined the ef-
fect of that antibody on mitotic spindle structure and the
distribution of NuMA. The polyclonal rabbit serum used
in these experiments was raised against the purified re-
combinant NuMA protein and detects a single protein
species of ~210 kD in total cell extracts prepared from hu-
man as well as cells from other primate species. In addi-
tion, this antibody decorates interphase nuclei and the po-
lar region of the mitotic spindle in the canonical NuMA-
like pattern by immunofluorescence microscopy (data not
shown). To test if this antibody would affect the function
of the NuMA protein in vivo, we microinjected the puri-
fied IgG fraction from this serum into monkey CV-1 cells
and followed the progression of these cells through mito-
sis. At concentrations of ~12 mg/ml this antibody signifi-
cantly delayed the cells in mitosis. In 80 cells that entered
mitosis after microinjection, 64 cells (80%) failed to com-
plete mitosis within the subsequent 3 h after their entrance
into mitosis. In contrast, in 41 cells injected with the IgG
fraction purified from the preimmune serum (~14 mg/ml)
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only four cells failed to complete mitosis within an hour.
None of these four cells had detectable alterations in the
organization of the mitotic spindle. Thus, at high concen-
tration the IgG from the NuMA-specific polyclonal serum
delays the completion of mitosis.

To localize the injected antibody and examine the mor-
phology of the mitotic spindle in these cells, we processed
the cells for indirect immunofluorescence using Texas red—
conjugated goat anti-rabbit and a mouse monoclonal anti-
tubulin antibody (DM1a). In the mitotically blocked cells,
the injected antibody consistently localized to between 1
and 15 brightly staining Triton X-100 insoluble aggregates
within the cell cytoplasm (Fig. 9 A). If the injected cells were
fixed before extraction with Triton X-100, the brightly
staining aggregates were still detectable, but there was dif-
fuse cytoplasmic staining due to the excess injected anti-
body. A majority of the mitotically blocked cells lacked a
typical bipolar mitotic spindle as compared to a control in-
jected mitotic cell (Fig. 9, compare A and G), and in most
cells the brightly staining aggregates of the injected anti-
body did not show a consistent association with the micro-
tubules (Fig. 9 A).

To localize the endogenous NuMA protein relative to
both the injected rabbit antibody and the mitotic spindles
in these mitotically blocked cells, we performed indirect
immunofluorescence microscopy using a NuMA -specific
human autoimmune sera (courtesy of Dr. D. Pettijohn).
When we stained these cells for both the injected antibody
and the endogenous NuMA protein, we found that the en-
dogenous NuMA protein consistently colocalized with the
insoluble aggregates that are identified by staining for the
injected rabbit antibody (Fig. 9 B). When we compared
the localization of the endogenous NuMA protein with the
mitotic spindles in these cells, we found that in some of
these cells (26.5%) the endogenous NuMA protein ap-
peared to colocalize with the pericentrosomal region of
the mitotic spindle although it was aggregated and did not
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show the typical crescent shaped staining pattern (com-
pare Fig. 9, B and C with G) similar to the results of anti-
body injections performed by Yang and Snyder (1992). In
contrast, however, in a majority (73.5%) of these mitoti-
cally blocked cells the antibody-induced aggregates of
NuMA were not in the proximity of the centrosomes of
the cell (Fig. 9, D-F). The centrosomes are clearly visible
in these cells as the microtubule organizing centers and ap-
pear to be nucleating microtubules normally (Fig. 9, D-F,
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Figure 9. Organization of the mitotic
spindle requires the pericentrosomal lo-
calization of NuMA. Monkey CV-1 cells
were monitored as they progressed
through mitosis after microinjection of a
NuMA -specific rabbit antibody (A-F) or
a preimmune control antibody (G). The
mitotic cells were fixed and processed
for indirect immunofluorescence using a
DNA -specific dye (DAPI), the tubulin-
specific mouse monoclonal antibody
DMla (TUBULIN), Texas red—conju-
gated goat anti-rabbit (injected Ab), and
a human NuMA-specific autoimmune
serumn (NuMA). Bar, 10 pm.

arrows), but the mitotic spindles are disorganized and do
not have a typical bipolar morphology compared to a con-
trol-injected mitotic cell (Fig. 9 G). Thus, unlike the results
of previous anti-NuMA microinjection experiments that
resulted in the aggregation of NuMA on the centrosomes
(Yang and Snyder, 1992; Kallajoki et al., 1991), the results
of the antibody microinjection experiments shown here in-
dicate that the mitotic spindle is not properly organized if
NuMA (and any associated protein[s]) is prohibited from
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interacting with the microtubules at the polar region of the
mitotic spindle.

Discussion

The most striking feature of the NuMA protein is that it is
strictly localized in the cell nucleus during interphase and
interacts with microtubules of the mitotic spindle after nu-
clear envelope breakdown at prometaphase. During the
course of events in mitosis the centrosomes nucleate and
organize the microtubules into astral arrays during pro-
phase and prometaphase before the release of NuMA
from the nuclear compartment. When the nuclear enve-
lope breaks down NuMA associates with the microtubules
and becomes concentrated at the polar ends of the mitotic
spindle during prometaphase concomitant with the con-
vergence of the microtubules toward the chromosomes
into the typical fusiform array. The results of our microin-
jection experiments show that if NuMA is prevented from
localizing onto the microtubules of the developing mitotic
spindle in vivo, then the centrosomes continue to nucleate
microtubules leading to typical astral arrays that fail to
progress to form fusiform spindles (Fig. 9, D-F). Further-
more, by using taxol to stimulate microtubule assembly in
our in vitro system we obviate the need for centrosomes as
microtubule-organizing centers and show that NuMA is
required for the organization of aster-like mitotic arrays.
Collectively, these data support a model in which, upon
nuclear envelope breakdown, NuMA concentrates at the
polar ends of the microtubules emanating from the cen-
trosomes where it is involved in a second level of microtu-
bule organization that is necessary for the formation of a
typical bipolar fusiform microtubule array. This proposed
functional activity of NuMA is summarized in Fig. 10
which shows how NuMA, either alone (Fig. 10 A) or in
combination with other cellular proteins (Fig. 10 B), may
be stabilizing the parallel arrays of microtubules of the mi-
totic spindle by forming a matrix or lattice through which
the microtubules extend from the centrosomes to the
chromosomes.

Interestingly, recent experiments using grasshopper
spermatocytes have pointed to nonchromosomal compo-
nents of the nucleus, the so-called “nuclear sap,” that are
involved in the stability of the mitotic spindle (Zhang and
Nicklas, 1995a). These authors found that the mitotic spin-
dle was stable if the chromosomes were removed from the
spindle by micromanipulation after nuclear envelope break-
down, but similar to the findings of Sluder et al. (1986)
working with echinoderm embryos, the spindle failed to
form if the nucleus was removed from the cell before nu-
clear envelope breakdown. Based on our findings, NuMA
may be an active component of the nuclear sap that is nec-
essary for the stability of the spindle in this system after
the removal of the chromosomes. However, in this context
NuMA (and/or other components of the nuclear sap) may
not be sufficient to organize the mitotic spindle in the ab-
sence of chromosomes because Zhang and Nicklas (1995b)
have found that the spindle failed to form if they removed
the chromosomes but not the nuclear sap from the prophase
nucleus before nuclear envelope breakdown.

It is important to emphasize that the functional ability of
NuMA to organize microtubules appears to act indepen-
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Figure 10. Model for NuMA'’s function in the assembly of the po-
lar region of the mitotic spindle. NuMA accumulates adjacent to
the centrosomes of the mitotic spindle and participates in the or-
ganization of the microtubules into the highly ordered array as a
component of the mitotic spindle matrix. NuMA may interact
with the microtubules directly (option A) or be one component of
a multi-protein complex that associates with the microtubules
(option B; only two of many different possibilities are depicted).
Assembly of the mitotic spindle matrix is likely to structurally
stabilize the mitotic spindle permitting the release of the minus
ends of the microtubules from the centrosome for tubulin subunit
exchange during poleward microtubule flux.

dently of the centrosomes which have the primary respon-
sibility for microtubule nucleation (and orientation). Sev-
eral lines of evidence are consistent with this conclusion.
First, NuMA is a nuclear protein during interphase and
does not localize to the polar ends of the mitotic spindle
until it is released from the nuclear compartment after
nuclear envelope breakdown at prometaphase. Second,
NuMA is not an integral component of the centrosome be-
cause NuMA does not colocalize with the centrosome in
mitotic cells as determined by double-label immunofluo-
rescence microscopy (Maekawa and Kuriyama, 1991; Mae-
kawa et al., 1991; Kallajoki et al., 1992; Compton et al.,
1992; Yang et al., 1992), and NuMA requires intact micro-
tubules to concentrate at the polar end of the mitotic spin-
dle (Price and Pettijohn, 1986; Tousson et al., 1991). Third,
in cells where NuMA is prevented from localizing onto the
mitotic spindle (Fig. 9, D-F), the centrosomes continue to
nucleate microtubules normally into astral arrays, although
those arrays do not organize correctly into a bipolar mi-
totic spindle. Finally, the organization of microtubules into
mitotic asters in the presence of taxol is independent of
the centrosomes and requires NuMA both in vitro and in
vivo (Kallajoki et al., 1992). Therefore, because NuMA is
required for the organization of microtubules into mitotic
arrays, and is not a component of the centrosome per se, it
satisfies the criteria as a functional component of the hy-
pothesized “mitotic spindle matrix.”

The existence of such a spindle matrix has been pro-
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posed by several investigators based on theoretical argu-
ments (McIntosh, 1980; Rebhun and Pallazzo, 1988; Pick-
ett-Heaps et al., 1982), and recent experimental evidence
has emerged in support of such a spindle matrix or lattice.
Mitchison and coworkers (Mitchison, 1989b; Sawin and
Mitchison, 1991, 1994) have demonstrated through the
process of poleward microtubule flux that both the plus
and minus ends of the microtubules in a mammalian meta-
phase spindle remain free to exchange tubulin subunits.
An inherent prediction of this poleward microtubule flux,
however, is that the cell must have a mechanism to main-
tain the overall spindle organization (i.e., spindle matrix)
while permitting tubulin subunit exchange at both the plus
and minus ends of the microtubules. Additional support
for spindle matrix or lattice comes from spindle severing
experiments (Nicklas et al., 1989). These authors demon-
strated the existence of a minus-end organizing function
within the body of the mitotic spindle by showing that the
mitotic spindle remained well organized despite the physi-
cal removal of the centrosome from the spindle leaving the
minus ends of the microtubules free.

The essential question regarding the mechanism that
NuMA employs to organize the microtubules is whether it
is interacting with the microtubules directly (Fig. 10, op-
tion A) or whether it interacts with the microtubules indi-
rectly in association with other cellular proteins to form a
complex that organizes the mitotic spindle (Fig. 10, option
B). Based on the fact that we have reconstituted mitotic
aster formation in the NuMA-depleted extract by the ad-
dition of the purified recombinant NuMA protein to levels
as high as 7X the normal endogenous level of the NuMA
protein (data not shown), we favor option A. However, if
a functional complex containing NuMA is formed during
the assembly of the mitotic spindle (option B), then it must
be actively forming in our extracts, because both we and
others (Kallajoki et al., 1992) have shown that NuMA is
not part of a multi-protein complex in extracts prepared
from nocodazole-treated mitotic cells. In any event, the
most likely candidates for proteins that might cooperate
with NuMA in organizing the mitotic spindle are the mi-
crotubule-dependent motor proteins kinesin (and kinesin-
like proteins) and cytoplasmic dynein, and several investi-
gators have proposed an interaction between NuMA and
various microtubule-dependent motors (Sawin et al., 1992;
Compton et al., 1992; Yang and Snyder, 1992). The kine-
sin-like protein Eg5 has been shown to be necessary for
the organization of mitotic spindles assembled in vitro us-
ing extracts prepared from frog eggs (Sawin et al., 1992),
and the phenotype of the spindles that formed in the ab-
sence of Eg5 led those investigators to speculate on the
presence of a spindle matrix. In addition, cytoplasmic dy-
nein has been shown to be necessary for the formation of a
normal bipolar spindle in vivo (Vaisberg et al., 1993) and
mitotic asters in vitro (Verde et al.,, 1991), and may be re-
quired for the assembly of mitotic asters assembled in our
somatic cell extracts (see Fig. 4 D). Interestingly, the
model for mitotic aster formation proposed by Verde et al.
(1991) for the role of cytoplasmic dynein in the assembly
of mitotic asters explicitly mentioned the need for an in-
soluble proteinacious material to anchor cytoplasmic dy-
nein during force production and microtubule sliding.
Thus, as a component of the spindle matrix, NuMA may
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be providing a solid support to counter-balance the force
production on microtubules for any one of these motor
proteins.

Finally, despite our efforts to reduce the problem of mi-
totic spindle assembly by inducing mitotic asters that lack
both centrosomes and chromosomes, we have found that
the assembly of mitotic asters in our cell free system is a
multi-step reaction that may be subdivided into at least
three functional steps. The first step is represented by the
nucleation of microtubules in small bundles or aggregates.
The microtubules in these aggregates continue to poly-
merize and begin to reorganize in the second step which is
ATP dependent. The ATP in this phase of mitotic aster as-
sembly is probably acting both energetically to power mi-
crotubule-dependent motors and chemically in protein
kinase reactions that are required during the assembly
process. The final phase of the assembly of these mitotic
asters is dependent on the functional activity of NuMA.
The microtubules are actively reoriented into astral arrays
with their minus ends inward and their plus ends outward
that will dissociate and disperse in the absence of NuMA.
Thus, consistent with the temporal accumulation of NuMA
at the polar ends of the mitotic spindle in vivo, NuMA
function is required relatively late in the process of mitotic
aster formation in vitro and appears to “hold” the micro-
tubules together in an astral array. Given that the organi-
zation and dynamics of the minus ends of the microtubules
in the mitotic spindle has recently been compared in com-
plexity to the organization and dynamics of the pius ends
of the microtubules at the kinetochores {Sawin and Mitch-
ison, 1994), we feel that the cell free system developed
here will allow us to identify and characterize other pro-
teins of the mitotic spindie matrix that participate with
NuMA in organizing the microtubules at the polar end of
the mitotic spindle.
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