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INTRODUCTION

 

Microtubule-mediated motile processes influence numerous
aspects of cell behavior, including chromosome segregation, cell
division, organelle transport and changes in cell shape. These
processes are critical to the life and growth of both individual
cells and multicellular organisms. In 

 

Drosophila development,
the distributions and contributions of microtubules during early
embryogenesis have been extensively characterized (Fullilove
and Jacobson, 1971; Turner and Mahowald, 1976; Foe and
Alberts, 1983; Walter and Alberts, 1984; Karr and Alberts,
1986; Warn et al., 1987; Kellogg et al., 1989; Theurkauf, 1992;
Baker et al., 1993; reviewed by Fyrberg and Goldstein, 1990).
After fertilization, microtubules are involved in the fusion of the
male and female pronuclei and in the subsequent rapid and
nearly synchronous mitotic divisions that occur in the interior
of the syncytial embryo. After the first seven of these nuclear
divisions, the centrosomes and associated nuclei begin a micro-
tubule-dependent migration to the surface of the syncytial
embryo and are positioned in a cortical layer of cytoplasm that
is packed with cytoskeletal filaments. Following the thirteenth
nuclear division, the syncytial blastoderm is transformed into the
cellular blastoderm. During this time the elongation of nuclei
and extensive saltatory transport of membranous organelles also
appear to be dependent on the microtubule cytoskeleton
(Fullilove and Jacobson, 1971; Foe and Alberts, 1983). 

The motors that associate with cytoplasmic microtubules are
likely to power many of these motile processes in Drosophila.
Microtubule motors are energy-transducing enzymes that
convert the energy derived from nucleotide binding and
hydrolysis into the sliding of microtubules and/or the
movement of organelles or vesicles relative to the microtubule
(reviewed by Gibbons, 1988; McIntosh and Porter, 1989;
Vallee and Shpetner, 1990; Bloom, 1992; Skoufias and
Scholey, 1993). To date, two major classes of microtubule
motors have been characterized, the kinesins and the dyneins.
In most cases, kinesins translocate along the microtubule
lattice toward the plus end, while the dynein motors that have
been assayed to date move toward the minus end of the micro-
tubule. 

Drosophila offers several advantages for the study of cyto-
plasmic dynein and its role in development. Using methods
applied to the characterization of microtubule-associated
motors in other organisms and tissues (Vale et al., 1985;
Scholey et al., 1985; Lye et al., 1987; Paschal et al., 1987;
Bloom et al., 1988; Porter et al., 1988; Collins et al., 1989),
cytoplasmic motors can readily be purified from Drosophila
embryos in quantities sufficient for biochemical and in vitro
motility assays. For example, kinesin has previously been
purified and characterized from embryos (Saxton et al., 1988).
With regard to the study of dynein motors in Drosophila, it is
important to note that the embryo apparently lacks ciliated
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We have characterized a cytoplasmic dynein motor isoform
that is present in extracts of 

 

Drosophila embryos. A
prominent high molecular weight (HMW) polypeptide
(>400 kDa) is enriched in microtubules prepared from
nucleotide-depleted embryonic extracts. Based on its ATP-
sensitive microtubule binding activity, 20 S sedimentation
coefficient, sensitivity to UV-vanadate and nucleotide
specificity, the HMW polypeptide resembles cytoplasmic
dyneins prepared from other organisms. The Drosophila
cytoplasmic dynein acts as a minus-end motor that

promotes microtubule translocation in vitro. A polyclonal
antibody raised against the dynein heavy chain polypeptide
was used to localize the dynein antigen in whole-mount
preparations of embryos by immunofluorescence
microscopy. These studies show that the dynein motor is
associated with microtubules throughout embryogenesis,
including mitotic spindle microtubules and microtubules of
the embryonic nervous system. 
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tissues (Smith, 1968; Kiefer, 1973) and therefore cytoplasmic
dynein isoforms can be purified in the absence of axonemal pre-
cursors. However, axonemal dyneins are present in the sperm
cells of male adult flies (Hardy et al., 1981; Gepner and Hays,
1993) and so will allow for a comparison between dynein
isoforms. These comparisons may shed light on domains of the
dynein polypeptides that account for their functional specificity;
for example, the targeting of the dynein motors to their proper
positions in the axoneme or to specific cytoplasmic cargoes. In
this study, we have identified and purified a cytoplasmic dynein
from Drosophila embryos. We demonstrate that the Drosophila
cytoplasmic dynein acts as a minus-end-directed MT motor and
we show that the dynein heavy chain polypeptide is found in
association with multiple microtubule arrays including mitotic
spindle and axonal microtubules. 

MATERIALS AND METHODS

Protein purification
Embryos (0-24 hour) were harvested from an Oregon-R strain of
Drosophila melanogaster and washed three times in PMEG (0.1 M
PIPES, pH 6.9, 5 mM EGTA, 0.9 M glycerol, 5 mM MgSO4, 0.1 mM
EDTA plus 10 

 

µg/ml aprotinin, leupeptin and pepstatin, 0.1 mg/ml
soybean trypsin inhibitor, n-tosyl-L-arginine methylester, benzami-
dine and 0.5 mM dithiothreitol (DTT)). The embryos were resus-
pended in 1.5 volumes PMEG and disrupted on ice using a Wheaton
glass homogenizer. The homogenization step was monitored by light
microscopy to ensure that the majority of the embryos had been
disrupted. All subsequent steps were carried out on ice or at 4°C,
except where noted. The embryo homogenate was spun at 57,000 g
for 45 minutes to pellet the insoluble material. A top layer of lipid
was removed and the remainder of the supernatant was collected and
further clarified at 140,000 g for 45 minutes. Microtubules were poly-
merized by adding 20 µM taxol (Natural Products Branch, Division
of Cancer Treatment, National Cancer Institute) and 1.0 mM GTP to
the supernatant and incubating the extract for 15 minutes at 25°C, and
30-45 minutes at 4°C (Vallee, 1982). For preparing dynein, the yield
was enhanced by the removal of ATP, so the supernatant was adjusted
to a final concentration of 100 mM glucose and 10 units/ml hexoki-
nase (Sigma, St Louis, MO) and further incubated for 45 minutes. The
extracts were layered onto a 2 ml 15% sucrose cushion and then cen-
trifuged in a Sorvall HB-4 swinging bucket rotor at 23,000 g for 60
minutes at 4°C to pellet the assembled microtubules and their associ-
ated proteins. The resultant microtubule protein was washed by resus-
pension in PMEG plus taxol and recentrifuged. The microtubule
protein was then extracted in 0.5-1.0 ml PMEG buffer containing 10
mM MgATP and 20 µM taxol, and pelleted by centrifugation as above
to obtain a supernatant referred to as the ‘ATP extract’. This ATP
extract was either fractionated immediately by centrifugation on 5%
to 20% sucrose gradients, or stored at −80°C after freezing in liquid
N2. 

Rebinding of ATP-extracted proteins to microtubules
The microtubule-associated proteins (MAPs) that were extracted with
ATP were dialyzed overnight at 4°C to remove ATP and then clarified
by centrifugation. MAP-free phosphocellulose-purified bovine brain
tubulin was prepared according to the method of Williams and Detrich
(1979). The clarified supernatant was incubated with taxol-preassem-
bled, phosphocellulose-purified brain tubulin (1 mg/ml) in the absence
or presence of 10 mM MgATP. Microtubules and MAPs were
collected by centrifugation at 100,000 g for 2 minutes in a Beckman
airfuge using an A100 rotor. The resulting supernatants and pellets
were analyzed by SDS-PAGE.

Sucrose gradient purification and NTPase measurements
A 0.5-1.0 ml sample of ATP extract was fractionated by centrifuga-
tion through a 5% to 20% sucrose gradient (11.6 ml) in PMEG at
125,000 g for 16 hours at 4°C in a Beckman SW41 rotor. ATP extract
frozen at −80°C was first clarified by centrifugation at 100,000 g for
20 minutes before use. The gradients were collected in twenty 0.6 ml
fractions, which were analyzed by standard SDS-PAGE (see below).
Protein concentration was determined by the method of Bradford
(1976). ATPase and CTPase activities in gradient fractions were
analyzed by a modification of the method of Cohn et al. (1987) as
described by Grissom et al. (1992).

Vanadate cleavage
Samples of the ATP extract or 20 S dynein fractions were cleaved in
the presence of vanadate as described by Lee-Eiford et al. (1986).
Drops (50-100 µl) of samples in the appropriate experimental buffers
were supplemented with vanadate, placed on parafilm, and irradiated
on ice for 45 minutes using a long wavelength UV lamp (model EN-
28, Spectronics Corp., Westburg, NY). For cleavage at the V1 site the
dynein samples were dialyzed into V1 buffer containing 0.45 M
sodium acetate, 0.1 mM EDTA, 7 mM β-mercaptoethanol, 10 mM
HEPES, pH 7.5, and supplemented with 100 µM sodium vanadate,
0.5 mM ATP, and 1 mM magnesium acetate. For cleavage at the V2
site the dynein samples were dialyzed into V2 buffer containing 0.45
M sodium acetate, 0.1 mM EDTA, 1 mM Na2SO4, 5 mM glutathione,
10 mM HEPES, pH 7.5, and supplemented with 100 µM sodium
vanadate, 0.5 mM ATP and 1 mM manganese acetate. The irradiated
samples were subsequently analyzed by SDS-PAGE.

Gel electrophoresis and immunoblot procedures
SDS-polyacrylamide gel electrophoresis was on 0.75 mm thick slab
gels using the buffer system of Laemmli (1970). All polyacrylamide
gels shown were stained by Coomassie Blue. The bis/acrylamide ratio
was 1/100 (w/w) to allow better visualization of high molecular
weight polypeptides (Porter and Johnson, 1983). Higher resolution of
the dynein heavy chain region was achieved by electrophoresis on 3%
polyacrylamide gels with a 0 to 8 M urea gradient and a borate-sulfate
buffer system as described by Neville (1971). Proteins were blotted
to nitrocellulose (Towbin et al., 1979) and probed with blot affinity-
purified antibodies (Olmsted, 1981), using either the immunoperoxi-
dase or alkaline phosphatase reaction for detection.

Motility assays
The sucrose gradient fractions were analyzed for their ability to
promote the movement of mcirotubules over a glass coverslip as
described previously (Vale and Toyoshima, 1988). Samples (5-15 µl)
of each fraction were allowed to adsorb onto the glass coverslip.
Taxol-stabilized microtubules (5 µl of a 0.2 mg/ml soln in PMEG)
prepared from MAP-free tubulin (Williams and Detrich, 1979) were
supplemented with 2 mM ATP and added to the samples. Coverslips
were inverted onto a glass slide and microtubule motility was assayed
using video enhanced DIC. Alternatively, a perfusion chamber was
used to assay microtubule motility in the presence of PMEG buffer
containing 10 µM vanadate, 5 mM AMP-PNP, 0.5 mM ATPγS, 1 mM
GTP, N-ethylmaleimide (NEM) or DTT. Three samples of the same
fraction were sequentially drawn into the perfusion chamber and each
sample was allowed to adsorb to the coverslip for 5 minutes. The
unadsorbed protein was removed by perfusion with a solution of
bovine serum albumin. Subsequently, taxol-stabilized microtubules in
the experimental buffer of interest (see above) were perfused into the
chamber and assayed for microtubule attachment and motility. Rates
of microtubule movement were determined from the analysis of
recorded video images as described previously (Porter et al., 1987).

To determine the polarity of motor activity, Chlamydomonas
flagellar axonemes were utilized as described by Paschal and Vallee
(1987). Samples (5-15 µl) of the fraction containing the peak of
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dynein ATPase activity were perfused into a slide/coverslip chamber
and allowed to adsorb onto a glass coverslip. Axonemes splayed at
the distal ends were perfused into the chamber in PMEG buffer con-
taining 2 mM ATP and the directionality of the movement of the
axonemes was determined.

Preparation of dynein antibodies
Antibodies that recognize a Drosophila dynein heavy chain polypep-
tide were raised in two New Zealand white rabbits. ATP extracts (~1
mg/ml) containing the Drosophila cytoplasmic dynein were fraction-
ated on 5% SDS-polyacrylamide gels and briefly stained in 0.1%
Coomassie Blue, 50% methanol, 10% acetic acid. After destaining,
the heavy chain polypeptide was excised from the gel, equilibrated
with PBS (140 mM NaCl, 3 mM KCl, 5 mM MgCl2, 1.5 mM
KH2PO4, 8 mM Na2HPO4, pH 7.4), emulsified with complete
Freund’s adjuvant, and injected into the back and hindquarters of the
rabbits. Rabbits were boosted at two-week intervals for 12 weeks with
antigen in incomplete Freund’s adjuvant. One of the rabbits produced
high titer antiserum against the Drosophila dynein heavy chain
polypeptide. At dilutions of 1:1000 the whole serum from this rabbit
recognized predominantly the dynein heavy chain, but also showed
minor reactivity to other lower molecular weight species. For this
reason, all experiments reported in this study utilized antibodies that
were affinity-purified against the the intact dynein heavy chain
polypeptide, or one of the two V1 vanadate cleavage fragments using
the blot affinity purification method of Olmsted (1981). 

Immunofluorescence
Embryos from Oregon R flies were collected, rinsed in 0.4% NaCl,
0.03% Triton X-100 and dechorionated in 50% bleach for 2 minutes.
The dechorionated embryos were rinsed again in 0.4% NaCl, 0.03%
Triton X-100, transferred to 100% heptane in a 50 ml conical tube,
and vigorously shaken for 30 seconds to permeabilize the vitelline
membranes. An equal volume of 33% formaldehyde was quickly
added to the heptane and the mixture containing the embryos was
incubated for 5 minutes with gentle shaking. Following fixation, the
aqueous fixative phase was removed, an equal volume of methanol
was added, and the tube vigorously shaken for 1 minute to disrupt
vitelline membranes. Embryos with ruptured vitelline membranes
were allowed to settle to the bottom of the methanol phase. The
overlying methanol/heptane mixture and any floating embryos,
whose vitelline membranes failed to rupture, were removed. The
settled embryos were rinsed three times with fresh methanol to
remove the remaining heptane and then rehydrated. Embryos were
incubated for 5 minutes each in a methanol:PBS series (70:30, 50:50,
30:70), incubated for 10 minutes in PBS and rinsed 3 times with PBT
(PBS + 0.1% Triton X-100). The collection, washing, fixation and
permeabilization steps described above were all conducted at room
temperature. Embryos were subsequently blocked in PBT contain-
ing 1% BSA (PBT-B) for 2 hours at room temperature before
antibody incubations. For comparison, embryos were also fixed in
methanol as previously described by Kellogg et al. (1988). In this
procedure, the dechorionated embryos were transferred to a 50 ml
conical containing 97% methanol/3% formaldehyde, 500 mM
EGTA, pH 7.5, an equal volume of heptane was added, and the tube
was vigorously shaken for 1 minute. Subsequent processing of the
embryos was the same as in the formaldehyde fixation procedure.
The pattern of antibody staining was comparable for both fixation
methods. 

Embryos were double-labelled with a mouse monoclonal antibody
raised against alpha tubulin (Piperno and Fuller, 1985) diluted 1:50
in PBT-B, and the affinity-purified rabbit polyclonal antibody that is
monospecific for the fly dynein heavy chain polypeptide diluted 1:1
in PBT-B. Goat anti-mouse Texas Red-conjugated (Jackson
ImmunoResearch, West Grove, PA) and goat-anti-rabbit fluorescein-
conjugated secondary antibodies (Boehringer Mannheim; Indianapo-
lis, IN) were preabsorbed against fixed Drosophila embryos as

described by Karr and Alberts (1986). Both secondary antibodies were
used at a final dilution of 1:100 in PBT-B plus 5% normal goat serum.
Incubations with primary antibodies were for 18-24 hours at 4°C on
a rotating wheel (Rotator; Cole Palmer; Chicago, IL); secondary
antibody incubations were for 2 hours at room temperature. Following
the incubations, embryos were washed eight times for 15 minutes each
in PBT-B. Stained embryos were counterstained in DAPI (1 µg/ml)
in PBT to visualize DNA, and mounted in PBS containing 90%
glycerol and 1 mg/ml ρ-phenylenediamine. Alternatively, stained and
counterstained embryos were redehydrated in ethanol and mounted in
benzyl benzoate:benzyl alcohol (1:2, v/v). Embryos were examined
on either a Zeiss Axioskop 10 microscope with epifluorescence illu-
mination using Plan-Neofluar 16×/0.5, 40×/0.75 lenses or a 63×/1.4
oil Planapochromat lens, or a Nikon Diaphot microscope with an
MRC-600 confocal imaging system (Bio-Rad) using a 60×/1.4
Planapochromat lens.

Immunofluorescence controls
The specificity of the affinity-purified dynein antibody and its
resultant staining pattern were examined in several control experi-
ments. First, samples stained with secondary antibodies alone showed
only a uniform, low level of background fluorescence relative to
embryos incubated with both primary and secondary antibodies.
Second, the whole rabbit serum was blot affinity-purified against a
random 120 kDa polypeptide present in the ATP extracts. This
antibody showed only a uniform, low level of fluorescence across the
embryo even at lower dilutions than were used with the antibodies
that were affinity-purified against the dynein polypeptide. In a third
set of control experiments, the polyclonal dynein antibody was sepa-
rately affinity-purified against each of vanadate-cleaved polypeptides.
Antibodies purified against either of the cleavage fragments recog-
nized only the expected dynein cleavage fragment on immunoblots of
UV-cleaved ATP-MAPS (see Fig. 5A). Moreover, these antibodies
produced the same staining pattern as that observed with dynein anti-
bodies that were affinity-purified against the intact dynein heavy
chain. The specificity of the affinity-purified dynein antibodies and
their staining patterns was further tested by preincubating the anti-
bodies with a strip of nitrocellulose to which the fly dynein heavy
chain had been blotted. Embryos stained with the resultant dynein
antibody-depleted serum showed no, or greatly reduced, staining of
the mitotic spindle or nerve chord when used at the same dilution as
affinity-purified antibody that had not been preincubated (see Fig.
9A). 

The similarity between the staining pattern observed with the
dynein antibodies and the pattern observed with tubulin antibodies is
not due to fluorescence cross-over in the double-labelled samples. The
same patterns are observed when specimens are labelled with each
antibody separately. In this case, we observed no Texas Red fluores-
cence crossing into the fluorescein channel, and conversely no fluo-
rescein signal in the Texas Red channel. Another possibility is that
the affinity-purified dynein antibody might crossreact with tubulin.
However, we found no evidence that the affinity-purified dynein anti-
bodies crossreacted with tubulin on immunoblots of Drosophila
microtubule protein (for example, see Figs 5B and 6B). Moreover,
preincubation of the affinity-purified dynein antibody with native
taxol-assembled Drosophila microtubules had no effect on the dynein
staining pattern observed in embryos (see Fig. 9B). As a positive
control for the preincubation method, two different monoclonal α-
tubulin antibodies, 3A5 (Piperno and Fuller, 1985) and a commerical
antibody (Amersham Corp; Arlington Heights, IL), were also preab-
sorbed against native microtubules. In both cases, microtubule
staining in the embryos was completely eliminated or greatly reduced
compared to the unabsorbed tubulin antibodies (see Fig. 9C). These
controls demonstrate that the staining patterns observed with the
dynein antibodies are due to the presence of a dynein antigen, and that
the immunolocalization of dynein to microtubule arrays is not due to
the crossreactivity of the dynein antibodies with tubulin.
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RESULTS

Nucleotide-sensitive binding of a Drosophila
embryonic MAP 
Microtubule-associated polypeptides (MAPs) that interact with
microtubules (MTs) in a nucleotide-sensitive fashion are
potential candidates for MT-based motors (Johnson et al.,
1984; reviewed by Gibbons, 1988; McIntosh and Porter, 1989).
We have identified a high molecular weight (HMW) MAP in
Drosophila embryos that exhibits ATP-sensitive binding to
MTs and resembles dynein in its properties. The HMW MAP
was identified and purified by virtue of its nucleotide-
dependent association with microtubules. Taxol-dependent
assembly of MTs was induced in high-speed extracts of 0-24
hour Drosophila embryos in the presence or absence of
endogenous nucleotides (Fig. 1). MTs assembled in extracts
that were pretreated with hexokinase/glucose (or apyrase; data
not shown) to reduce endogenous levels of nucleotide triphos-
phates were enriched for several MAPs when compared to
MTs assembled in untreated extracts. The most prominent of
the enriched polypeptides was a high molecular weight (>400
kDa) species that comigrates with heavy chain polypeptides of
sea urchin flagellar dynein (Fig. 1A). The candidate
Drosophila dynein heavy chain is enriched ~30-fold in MTs
prepared from nucleotide-depleted embyronic extracts as
compared to control extracts. This HMW Drosophila MAP
was released from MTs by extraction of the MT pellet with 10
mM MgATP in a buffer containing taxol to prevent MT
depolymerization. 

The ATP-extracted MAPs were dialyzed to remove ATP and
tested for their ability to rebind to MTs. When taxol-stabilized
MTs assembled from phosphocellulose-purified brain tubulin

are added to the dialyzed MAP fraction, and subsequently
pelleted, the HMW polypeptide is enriched in the MT pellet
(Fig. 1B; compare lanes 4 and 5). In addition to the HMW
polypeptide, several polypeptides of lower molecular weights
are present in the MT pellet. The rebinding of the HMW
polypeptide and the lower molecular weight species is
inhibited by the presence of 10 mM ATP (Fig. 1B; lanes 6 and
7). We have not characterized the lower molecular weight com-
ponents that may be associated with the HMW polypeptide as
part of a dynein complex. However, several of the lower
molecular weight polypeptides are similar in mass to polypep-
tides reported to associate with cytoplasmic dyneins prepared
from other sources (Schroer et al., 1989; Paschal et al., 1987).
In particular, a 150 kDa polypeptide appears enriched in
Drosophila MT pellets prepared from 0-24 hour embryos.
Moreover, immunoblot experiments (M. McGrail, A. Sil-
vanovich and T. S. Hays, unpublished data) suggest that this
150 kDa polypeptide is related to the glued polypeptide, a
homolog of the 150 kDa subunit of dynactin (Gill et al., 1991;
Holzbaur et al., 1991). 

The Drosophila HMW MAP is a cytoplasmic dynein
motor 
The characterization of axonemal dyneins from cilia and
flagella has established a set of criteria by which to identify
dyneins involved in microtubule-based motility (reviewed by
Pallini et al., 1982; Porter and Johnson, 1989; McIntosh and
Porter, 1989; Witman, 1992). In addition to ATP-sensitive
binding to MTs and component heavy chain polypeptides of
high molecular weight (>400 kDa), other characteristics of
multisubunit dynein complexes include: (1) a large native
particle size with a sedimentation coefficient of ~20 S; (2) an

T. S. Hays and others

Fig. 1. Nucleotide sensitive binding of
the fly HMW MAP to microtubules.
(A) Microtubule assembly was
induced in high-speed embryonic
extracts (E, lane 2) by the addition of
1 mM GTP and 30 µM taxol. The
extract was then divided into two
aliquots, and hexokinase (7.5
units/ml) and 100 mM glucose were
added to the second aliquot to reduce
the ATP concentration. The two
samples were then subjected to
differential centrifugation to yield two
microtubule pellets and two
microtubule-depleted embryonic
extracts (S1 and S2, lanes 3 and 4).
The two microtubule pellets were
resuspended, washed in extraction

buffer without nucleotide and recentrifuged to yield two wash supernatants (W1 and W2, lanes 5 and 6) and two microtubule pellets (MT1 and
MT2, lanes 7 and 8). The HMW MAP is greatly enriched in the hexokinase/glucose-treated sample (MT2, lane 8). The pellets were extracted
with 10 mM MgATP/ 0.1 M KCl and recentrifuged to yield ATP extracts (A1 and A2, lanes 9 and 10) and tubulin pellets (T1 and T2, lanes 11
and 12). Dots indicate the high molecular weight dynein heavy chain polypeptide. Molecular weight markers (M; lane 1) and a sea urchin
flagellar dynein sample (lane 13) are indicated. (B). Drosophila dynein binds to preassembled microtubules in an ATP-sensitive fashion. A 10
mM MgATP extract of taxol-assembled microtubules was exhaustively dialyzed to remove ATP and then clarified by centrifugation to yield a
pellet (lane 2) and a supernatant (lane 3) of ATP-MAPS. This material was then incubated with phosphocellulose-purified, taxol-assembled,
bovine brain tubulin in the absence and presence of 10 mM MgATP. Microtubules and MAPs were collected by centrifugation in a Beckman
airfuge, and the resulting supernatants and pellets (S and P) were analyzed by SDS-PAGE (lanes 4-7). The HMW MAP rebound to
microtubules in the absence of ATP (lane 5, upper pair of dots), but did not rebind to microtubules in the presence of ATP (lane 7). Several
lower molecular weight polypeptides also exhibit ATP-sensitive binding to microtubules. Sea urchin flagellar dynein and molecular weight
markers were electrophoresed as standards in lane 1. 

kDa

kDa
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ATPase activity that is inhibited by low concentrations of
vanadate; (3) a minus-end motor activity that promotes MT
translocation in vitro; and (4) the cleavage of dynein heavy
chains at specific sites (V1 or V2) when irradiated with near-
UV light in the presence of nucleotide and vanadate.

The HMW, ATP-sensitive MAP from Drosophila embryos
shares these properties and resembles cytoplasmic dyneins
isolated from other sources. When ATP extracts prepared as
described above are fractionated on sucrose density gradients,
the Drosophila HMW MAP sediments as a 20 S particle, and

is associated with a peak of ATPase activity (Fig. 2A and B).
The ATPase activity is significantly inhibited by 10 mM
vanadate (data not shown). The substrate specificity of
axonemal dynein (ATP > GTP > CTP; see Shimizu and
Johnson, 1983) differs from the cytoplasmic forms of dynein
(CTP > GTP > ATP; see Shpetner et al. 1988; Pallini et al.,
1982) that have been tested and appears to distinguish between
the two isoforms of the enzyme. The Drosophila MAP, like
other cytoplasmic dyneins, is also associated with a prominent
peak of CTPase activity (Fig. 2B). 

One of the most striking features of dyneins is the cleavage
of the heavy chain polypeptides at a single site (V1) by UV-
irradiation in the presence of ATP, Mg2+ and vanadate (Lee-
Eiford et al., 1986; Gibbons et al., 1987). When Mn2+ is sub-
stituted as the divalent cation, axonemal β heavy-chain dyneins
are cleaved at a second unique site (V2 site) (Gibbons et al.,
1987; Mocz et al., 1988), while the α and γ heavy chain
axonemal dynein polypeptides of Chlamydomonas are cleaved
at two or three sites (King and Witman, 1987, 1988). Vanadate-
mediated photolysis under the conditions used appears to be
diagnostic for dyneins. Other ATPases, including myosins and
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Fig. 2. Drosophila cytoplasmic dynein sediments as a 20 S particle
on sucrose density gradients. (A) The MgATP extract (SS) of
hexokinase/glucose-treated microtubules was loaded onto a 5% to
20% sucrose density gradient in extraction buffer and centrifuged at
125,000 g for 16 hours. The resulting fractions were then analyzed
by SDS-PAGE. The dynein heavy chain polypeptide sediments at
~19-20 S (lanes 7-11). The sucrose fractions were tested in vitro for
their ability to promote microtubule translocation (top line). A peak
of motility copurifies with the dynein complex on sucrose gradients.
A second peak of motility in sucrose fractions (15-16) coincides with
the sedimentation coefficient of kinesin. (B) The 20 S peak fractions
containing the purified dynein complex are associated with a peak of
ATPase and CTPase activity. 

kDa

Fig. 3. Comparison of the vanadate-sensitive UV cleavage of sea
urchin flagellar dynein (lanes 2-4) and Drosophila cytoplasmic
dynein (lanes 5-7). Molecular weight markers (lane 1). Intact sea
urchin flagellar dynein (lane 2) incubated on ice for 1 hour in 500
µM ATP, 100 µM Vi, 1 mM MgC2H3O2 in V1 buffer* (see below).
Flagellar dynein irradiated for 1 hour with 500 µM ATP, 100 µM Vi
and 1 mM magnesium acetate in V1 buffer (lane 3). Flagellar dynein
irradiated for 1 hour with 100 µM Vi, 1 mM manganese acetate in V2
buffer** (lane 4). Nonirradiated Drosophila 20 S cytoplasmic dynein
in 500 µM ATP, 100 µM Vi, 1 mM magnesium acetate in V1 buffer
(lane 5). Drosophila cytoplasmic dynein irradiated for 1.5 hours with
500 µM ATP, 100 µM Vi, 1 mM magnesium acetate in V1 buffer
(lane 6). Drosophila cytoplasmic dynein irradiated for 1.5 hours with
100 µM Vi, 1 mM manganese acetate in V2 buffer (lane 7). *V1
buffer: 0.45 M sodium acetate, 0.1 mM EDTA, 7 mM β-
mercaptoethanol, 10 mM HEPES, pH 7.5. **V2 buffer: 0.45 M
sodium acetate, 0.1 mM EDTA, 1 mM Na2SO4, 5 mM glutathione,
10 mM HEPES, pH 7.5.
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kinesins, are not cleaved under these same conditions (Gibbons
et al., 1987; Lye et al., 1987). As shown in Fig. 3, the
Drosophila cytoplasmic dynein heavy chain is cleaved at a
single site (V1) in the presence of ATP, Mg2+ and vanadate.
The Drosophila cytoplasmic dynein is cleaved at a different
site (V2) in the presence of Mn2+. The polypeptide fragments
produced by cleavage at the two sites are similar in size to the
V1 and V2 cleavage fragments reported for other dynein heavy
chains. The cleavage of the dynein heavy chain at either the
V1 or V2 sites did not occur in the absence of vanadate, ATP
or exposure to UV light. These results indicate that structural
features characteristic of the dynein heavy chain polypeptides
from other organisms are conserved in Drosophila. This con-
servation in structure has been subsequently confirmed by the
sequence analysis of the Drosophila cytoplasmic dynein heavy
chain gene and its comparison to other published dynein
sequences (Rasmusson et al., 1994). 

The Drosophila cytoplasmic dynein translocates MTs in
vitro (Fig. 4). To assay for motor activity, individual protein
fractions were adsorbed onto a glass coverslip (Sale and Fox,
1988; Vale and Toyoshima, 1988) and subsequently perfused
with MTs in the presence of 2 mm ATP. Two peaks of MT
gliding were observed from the ATP MAPs fractionated on
sucrose gradients. One peak of motor activity was associated
with the 20 S region of the gradient and was correlated with
the presence of dynein heavy chain polypeptide and a peak of
ATPase activity (Fig. 2). MT gliding promoted by the 20 S
fraction was unidirectional, required the presence of millimo-

lar ATP, and exhibited rates comparable to those observed for
other cytoplasmic dyneins at room temperature (range: 0.5-1.5
µm/s). As expected for a dynein motor, the MT gliding asso-
ciated with the 20 S peak fractions was inhibited ~90% by 25
µM vanadate, or millimolar N-ethylmaleimide. MT motility
was not observed in the presence of GTP, CTP or AMP-PNP.
Motor activity was also observed in fractions from the 10 S
region of the gradient and was associated with a second peak
of lower ATPase activity. The 10 S peak of motor activity has
previously been characterized as kinesin activity (Saxton et al.,
1988). Both kinesin and contaminating myosin present in this
region of the gradient may contribute to the level of ATPase
activity observed. The two peaks of motor activity were
separated by protein fractions that exhibited no motor activity,
consistent with the presence of two separate motor protein
complexes.

To determine the polarity of force production for the
Drosophila dynein motor we used Chlamydomonas flagellar
axonemes in the in vitro gliding assay as described by Paschal
and Vallee (1987). The plus end of these axonemes is frayed
during preparation, providing a marker for polarity that can be
seen in the light microscope. Axonemes glided with their
frayed plus ends leading on coverslips that were first adsorbed
with the 20 S fraction from sucrose gradients (Fig. 4B). Cov-
erslips adsorbed with the 10 S fraction of the gradient were
previously shown to promote movement of the opposite
polarity (Saxton et al., 1988). These results demonstrate that
the Drosophila cytoplasmic dynein has mechanochemical

T. S. Hays and others

Fig. 4. The Drosophila dynein is a minus-end microtubule motor. Single microtubules (A panels) and demembranated Chlamydomonas
axonemes (B panels) actively translocate on coverslips preincubated with the 20 S sucrose fractions (see Fig. 2A) that are enriched for
Drosophila dynein. Elapsed time indicated in seconds. The rates of movement varied from 0.5 to 1.5 µm/s. Arrows mark the translocation of
single microtubules and axonemes. Asterisks indicate a stationary marker for reference. Axonemes moved with the frayed or plus ends leading,
consistent with the dynein motor walking towards the minus end of the axoneme. 
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properties analogous to axonemal and cytoplasmic dyneins
from other sources. Dynein ‘walks’ towards the minus end of
a MT and consequently when tethered to a glass coverslip,
dynein pushes MTs in the opposite direction with their plus
ends leading. 

Distribution of the dynein motor during
embryogenesis
To gain insight into the potential function(s) of cytoplasmic
dynein during embryogenesis, we have examined the temporal
and spatial distribution of the dynein motor in embryos. A
rabbit polyclonal antibody that reacts with the heavy chain
polypeptide was affinity-purified against the intact heavy
chain, or separately against each of the two polypeptide
fragments produced by photocleavage at the V1 site. The
affinity-purified antibodies recognize the intact dynein
polypeptide, as well as the respective UV-cleavage fragments
against which they were affinity purified (Fig. 5A). These
results indicate that the affinity-purified antibodies are mono-
specific and recognize the dynein heavy chain polypeptide,
rather than a different polypeptide that comigrates with the
dynein heavy chain polypeptide on SDS-PAGE. The affinity-
purified antibodies detect only minor amounts of the dynein
polypeptide in high-speed extracts of embryos, but show the
enrichment of dynein that occurs during the MT-affinity purifi-
cation (Fig. 5B and C). 

Immunoblot analysis indicates that cytoplasmic dynein is
present throughout embryonic development, with higher levels
present in the first 8 hours of development compared to later
stages. We monitored the presence of the dynein polypeptide
in preparations of MTs from unfertilized embryos and staged

collections of fertilized embryos (Fig. 6A and B). The
Drosophila dynein can also be purified from unfertilized
embryos, indicating that dynein is maternally deposited into
the developing oocyte (Fig. 6A and B). As shown in Fig. 6A
and B, there are multiple HMW bands that migrate close
together and that are recognized by the affinity-purified dynein
antibody. This heterogeneity is variable, dependent on the
preparation, and is likely due to the proteolysis of a single
dynein heavy chain polypeptide during its purification, despite
the presence of protease inhibitors. The high molecular weight
MAP polypeptides from a 0-24 hour embryo collection were
analyzed on high-resolution urea gradient gels (Fig. 7). Only a
single prominent HMW band is observed in samples of the
high speed embryonic extracts or taxol-assembled MTs from
a typical preparation of Drosophila cytoplasmic dynein. This
is in contrast to the 7-8 HMW bands observed in a sample of
whole testis from Drosophila, or a sample of sea urchin
flagellar dynein. 

The cytoplasmic dynein appears to be associated with MTs
in Drosophila embryos. The spatial distribution of dynein was
determined by immunofluorescence microscopy in whole-
mount preparations of Drosophila embryos using affinity-
purified dynein antibodies. The dynein antigen is enriched in
mitotic spindles in both the syncytial blastoderm and cellular-
ized blastoderm (Fig. 8D,E,J,K). In the cellularized embryo,
this spindle localization reveals the domains of mitotic cells
(Fig. 8B,E) that arise in a specific temporal and spatial pattern
during gastrulation (Foe, 1989). The pattern of mitotic spindle
staining observed with the dynein antibodies follows the
known distribution of spindle MTs. The dynein antigen is
localized at the spindle poles and along the spindle micro-

Fig. 5. Specificity of dynein antibody. (A) A rabbit polyclonal dynein antibody was purified against the high molecular weight (HUV) or low
molecular weight (LUV) vanadate cleavage fragments of the Drosophila dynein. Replicate samples of intact (lanes 1,3,5) and UV-cleaved
(lanes 2,4,6) Drosophila ATP MAPs were electrophoresed and stained with Coomassie Blue (C.B.; lanes 1-2) or blotted to nitrocellulose and
probed with antibodies purified from either the HUV (lanes 3-4) or LUV (lanes 5-6) cleavage fragment. (B) Coomassie Blue-stained SDS-
PAGE of samples from a typical preparation of Drosophila ATP MAPs. Approximately 15 µg of protein from each purification step was
loaded on a 7.5% polyacrylamide gel. Fly embryo homogenate (lane 1), low-speed supernatant (57,000 g; lane 2), high-speed supernatant
(140,000 g; lane 3), microtubule-depleted supernatant (lane 4), taxol-assembled microtubule pellet (lane 5), MgATP-extracted tubulin pellet
(lane 6), MgATP-extracted MAP supernatant (lane 7). Molecular weight markers (M) are indicated. (C) Immnunoblot of gel identical to that
shown in B probed with dynein antibody affinity-purified against the intact heavy chain. The Drosophila cytoplasmic dynein heavy chain
polypeptide is enriched in the MgATP MAP fraction. The presence of crossreacting lower molecular weight species in lane 7 (B and C) is
variable between samples and appears to reflect proteolysis that occurs despite the presence of inhibitors. Results using antibodies purified
against either the HUV or LUV cleavage fragments are identical. 

kDa
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tubules during prometaphase (Fig. 8J; also Fig. 9B). In
anaphase, the dynein antigen appears to redistribute out along
the astral microtubules (Fig. 8K). However, the dynein staining
pattern appears discontinuous and punctate, and is distinct
from the more fibrous pattern observed with tubulin antibod-
ies. Control experiments demonstrated that the pattern of
staining observed with the dynein antibody is specific and not
due to a crossreaction with tubulin (Fig. 9; see Materials and
Methods for details). 

The dynein antigen is not exclusively associated with MTs
of the mitotic spindle, but appears to associate with all micro-
tubular arrays examined (see Fig. 8J and K). The particulate

dynein staining pattern colocalizes with the cytoplasmic MTs
that originate from the interphase centrosomes during each of
the rapid nuclear divisions of the syncytial blastoderm. In the
later nuclear division cycles that immediately precede cellu-
larization, the dynein antigen is localized near the centrosomes
on the apical surfaces of interphase nuclei and extends basally
along the cage of MTs that surround each nucleus (Fig. 8I,L).
Dynein staining is also present at reduced levels throughout the
cytoplasm of the syncytial embryos (Fig. 8J,K,L). This cyto-
plasmic staining is also greatly reduced following immunoab-
sorption with the dynein antigen (Fig. 9), suggesting that the
staining does reflect a bona fide dynein complex present
throughout the cytoplasm. 

In the cellularized embryo, the cytoplasm within all cells
appears to label with the dynein antibody in a pattern that is
similar to that seen for tubulin staining (Fig. 8B,E). At 8-13
hours into development, the embryonic nervous system
becomes established. The dynein antigen is concentrated in the
cells and axons of the ventral nerve cord and the peripheral
nervous system of the embryonic brain (Fig. 8M,N). During
this time period, the level of dynein staining observed in the
overlying epidermal tissue appears slightly reduced compared
to earlier stages. The reduced staining observed by immuno-
fluorescence is consistent with the reduced amount of the
dynein heavy chain that copurifies with MTs from these older
embryos (Fig. 6A,B). 

DISCUSSION

We have identified and purified a cytoplasmic dynein motor
present in Drosophila embryos. The native Drosophila dynein
molecule shares several properties in common with other
dyneins including a sedimentation coefficient of approximately
20 S and a minus-end-directed, ATP-dependent, motor activity
along MTs in vitro. The Drosophila dynein isoform contains a
large heavy chain polypeptide of greater that 400 kDa that is
cleaved at specific sites (V1 or V2) in the presence of vanadate
and UV light. The large size of the heavy chain and its ability
to be cleaved in the presence of vanadate is a well characterized
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Fig. 6. Developmental profile of
cytoplasmic dynein during Drosophila
embryogenesis. (A) 5% to 15% gradient
SDS-PAGE of microtubule protein
prepared from unfertilized (lane 1) and
staged collections of embryos: 0-2 hour
(lane 2); 2-4 hour (lane 3); 4-8 hour (lane
4); 8-12 hour (lane 5); 12-24 hour (lane
6). MTP samples were prepared in the
presence of hexokinase glucose to
deplete ATP (see Materials and Methods:
protein purification). Equal amounts of
protein were loaded for each
developmental stage. Molecular weight
markers (M) and sea urchin flagellar
dynein (FD) are indicated. (B) Western
blot of gel identical to A in the samples

loaded. The Western blot was probed with dynein antibodies purified against the intact dynein heavy chain. The antibody recognizes a high
molecular weight polypeptide in all the MTP samples. 

kDa

Fig. 7. Comparison of the Drosophila embryonic MAPs with dynein
heavy chains from Drosophila testes and sea urchin flagella. A single
high molecular weight polypeptide (dot) is present in high-speed
embryonic extracts (lane 5) and taxol-assembled microtubules (lanes
3 and 4). In contrast, multiple HMW polypeptides are present in
samples of sea urchin flagellar dynein (lanes 2 and 6) and Drosophila
testes (lanes 1 and 7). Samples were electrophoresed on 0 to 8 M
urea, 3.2% polyacrylamide gradient gels.
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feature of dynein motors. Both the minus-end-directed motor
activity and the ATPase activity consistently cofractionate with
the dynein heavy chain polypeptide on sucrose density gradients. 

The dynein isoform isolated from Drosophila embryos is a
soluble dynein that is most likely involved in cytoplasmic
microtubule-based motility, as opposed to axonemal motility.
Unlike mammals with ciliated epithelial tissues or sea urchins
with a ciliated embryonic blastula stage, insects do not appear

to possess motile cilia in their somatic tissues (Smith, 1968;
Kiefer, 1973). This lack of motile axonemes outside of the
testis, eliminates the potential for copurification of ciliary
dynein precursors with the embryonic cytoplasmic dynein
isoform. The presence of the Drosophila dynein as a micro-
tubule-associated protein in extracts of unfertilized eggs and/or
embryos, the CTPase activity of the purified protein, and the
localization of the corresponding antigen to cytoplasmic MTs,

Fig. 8. Localization of cytoplasmic dynein during embryogenesis. (A-C) Whole-mount preparations of Drosophila embryos were double-
labelled with both affinity-purified dynein antibodies and a α-tubulin monoclonal antibody. Top row (A-C): tubulin antibody. Second row (D-
F): dynein antibody. Low-magnification views of a late syncytial blastoderm stage (A, D), an early germ band elongation stage (B, E), and a 12
to 13-hour-old embryo with established segments and a ventral nerve chord (C, F). Dynein is associated with microtubules throughout
development, including mitotic spindle microtubules in the syncytial blastoderm (D) and mitotic domains of postblastoderm embryos (E), as
well as the developing nervous system (F). Bars (A-C), 100 µm; and apply to the corresponding image in (D-F). High-magnification views of
metaphase and anaphase mitotic spindles in the syncytial embryo illustrating tubulin (G,H) and dynein (J, K) staining patterns. Micrographs
(G,H,J,K) are at identical magnification. Bar (K), 10 µm. Dynein is associated with the centrosomal microtubules throughout the nuclear cycle.
In nuclear cycles 10-14, tubulin localization (I) reveals the pair of centrosomes at the apical surface of the cortical nuclei and the basket of
microtubules extending basally around each nucleus. The dynein antigen is colocalized with the tubulin staining (L). Magnification in (I) and
(L) is the same; bar (L), 5 µm. Dynein localization in the commissures of the ventral nerve chord (M) and the peripheral central nervous system
of the embryonic brain (N) including the supraoesophageal commissure and ganglia, and the motor axons innervating the pharnyx. Bars (M)
and (N), 20 µm and 50 µm, respectively.
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support the conclusion that the purified dynein represents a
cytoplasmic isoform. This conclusion has recently been
confirmed by the isolation and sequence analysis of the full-
length cDNA that encodes the Drosophila cytoplasmic dynein
heavy chain (M.-G. Li, M. McGrail, M. Serr and T. S. Hays,
unpublished). This dynein heavy chain sequence shares
extensive amino acid identity throughout its length with the
cytoplasmic dynein sequences published for Dictyostelium and
rat (Koonce et al., 1992; Mikami et al., 1993). 

The Drosophila cytoplasmic dynein appears to contain a
single heavy chain polypeptide species. High-resolution urea-
gels detect only a single high molecular weight species in
taxol-assembled MTs prepared from embryonic extracts. In
contrast, multiple heavy chain polypeptides are resolved in
preparations of Drosophila testes. Consistent with these obser-
vations, we have recently shown that a single member of a
dynein heavy chain gene family is abundantly expressed in
embryos, while at least five other heavy chain genes are
expressed at high levels in testis (Rassmusson et al., 1994). In
addition, as shown in the present study, the cleavage of the
Drosophila cytoplasmic dynein heavy chain polypeptide under
conditions that promote cleavage at either the V1 or V2 site
results in only two lower molecular weight polypeptide
fragments. Thus, similar to the predicted native structure of
other cytoplasmic dyneins (Vallee et al., 1988; Neely et al.,
1990), the predominant embryonic Drosophila cytoplasmic
dynein complex most likely contains a homodimer of a single
heavy chain polypeptide. However, we cannot rule out the pos-
sibility of the presence during embryogenesis of minor
amounts of additional dynein motor complexes that are
composed of distinct dynein heavy chain polypeptides (Rass-
musson et al., 1994). 

In addition to the dynein heavy chain, multiple polypeptides
of lower molecular weights have been characterized as com-
ponents of cytoplasmic dyneins in other organisms (Paschal et
al., 1987; Schroer et al., 1989). We have not characterized
other components of the native Drosophila cytoplasmic dynein
complex present in our preparation. Polypeptide species that
migrate at approximately 150, 66 and 47 kDa appear to rebind
to MTs in the absence of ATP. While similar in molecular
weight to previously characterized dynein subunits, the identi-
fication of these and/or other polypeptides as true subunits of
the Drosophila dynein complex, or as dynein-associated regu-
latory polypeptides, remains to be determined. Future devel-
opmental analyses of the composition of the dynein motor
complex and its associated polypeptides may help to reveal
components that target the motor to specific cellular cargoes
and macromolecules. 

Proposed functons for dynein motors have included mitotic
force production and the transport of chromosomes during
mitosis, retrograde transport of membrane-bound organelles
in nerve axons, the perinuclear positioning of the Golgi
apparatus, transport of lysosomal vesicles and the transport of
mRNAs (reviewed by Vallee and Shpetner, 1990; Bloom,
1992; Skoufias and Scholey, 1993; Wilhelm and Vale, 1993).
Our studies indicate that the dynein antigen is associated with
MT arrays throughout embryogenesis and therefore support
the hypothesis that the cytoplasmic dynein motor is utilized in
multiple MT-dependent processes in Drosophila develop-
ment. We have shown that cytoplasmic dynein is also present
in unfertilized embryos and may therefore participate in
microtubule-based transport during oogenesis. Indeed, subse-
quent studies have characterized an assymmetrical localiza-
tion of the dynein motor to the presumptive oocyte at a very
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Fig. 9. Control for dynein localization in mitotic spindles. (A) Spindle staining is eliminated when the dynein antibody is preincubated against
the dynein antigen. (B) Spindle staining is retained when the dynein antibody is preincubated against MAP-free microtubules prepared from
Drosophila embryos. Dynein appears concentrated at the spindle poles, but is also associated with spindle fibers (small arrow) that extend
between the two spindle poles. (C) The preincubation of the monoclonal α-tubulin antibody with microtubules does eliminate spindle
microtubule staining. Without preincubation, the tubulin antibody readily stains spindle microtubules (Fig. 8G,H). Micrographs in D-F are the
corresponding DAPI images for A-C. Bar, 10 µm. 
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early stage in oogenesis (M. McGrail and T. S. Hays, unpub-
lished data). 

The colocalization of the dynein antigen with mitotic spindle
MTs raises the question of whether cytoplasmic dynein serves
as a motor for nuclear division. The pattern of dynein distrib-
ution within the spindle appears to reflect its association with
spindle MTs and is similar to previous observations of dynein
localization in the spindles of mammalian tissue culture cells
(Pfarr et al., 1990; Steuer et al., 1990) and sea urchin cells
(Hisanaga and Sakai, 1980; Piperno, 1984). In the mammalian
studies, however, the dynein antigen also appeared to be con-
centrated at the kinetochore regions of chromosomes as early
as late prophase. Despite careful examination, we have not
observed a similar kinetochore localization of dynein in
Drosophila mitotic chromosomes. Given the small size of the
kinetochores on Drosophila mitotic chromosomes, this
apparent discrepancy might result from the elevated staining
of the spindle, which may hinder the detection of dynein at the
kinetochore. Another explanation is that our fixation methods
do not preserve dynein association with Drosophila kineto-
chores. An alternative possibility is that cytoplasmic dynein
does not function as a chromosome-associated motor during
mitosis. Instead, it may provide the forces required for the par-
titioning of cytoplasmic organelles during nuclear and cell
division, for the positioning of the nuclei and/or spindles, or
for the morphogenesis of the spindle and the separation of the
spindle poles during mitosis. Recent evidence suggesting that
cytoplasmic dynein function is not required for chromosome
transport comes from the identification and mutational analysis
of a cytoplasmic dynein gene in Saccharomyces cerevisiae (Li
et al., 1993; Eshel et al., 1993). A deletion disruption mutation
of the yeast dynein gene shows no impact on chromosome seg-
regation. Instead, positioning of the spindle apparatus into the
daughter bud appears to be delayed in the dynein mutants,
resulting in occasional bi- and multinucleate mother cells.
Moreover, in mammalian tissue culture cells, proper spindle
pole separation and the morphogenesis of the bipolar spindle
are prevented when cells are microinjected with antibodies to
the dynein heavy chain (Vaisberg et al., 1993). During the
syncytial blastoderm stage in Drosophila embryos, the dynein
motor could participate in the proper positioning and/or
migration of the multiple centrosomes and nuclei that occupy
a single cytoplasm. Analysis of the maternal effects of dynein
mutations should help to clarify the role of the dynein motor
in the early nuclear division cycles of the syncytial embryo. 

Another striking pattern of dynein localization is observed
between 8 and 12 hours during Drosophila embryonic devel-
opment. During this period, dynein appears to accumulate
throughout the axons of the central and peripheral nervous
system. In contrast, dynein staining in most of the surrounding
embryonic tissues appears reduced, while tubulin staining is
maintained at high levels. This observation suggests that
dynein is differentially lost and/or retained in these tissues. We
have shown that a single gene encodes the predominant dynein
transcript expressed in embryos (Rasmusson et al., 1994).
Comparable levels of expression for the other members of the
dynein gene family are seen only in testis. Very low levels of
these other transcripts, however, do appear to be expressed in
embryos, and we cannot rule out the possibility of differential
expression of specific dynein isoforms in cells of the
embryonic nervous system. Regardless of these uncertainties,

the accumulation of dynein in the nervous system is consistent
with the proposed role of cytoplasmic dynein as a retrograde
motor involved in axonal transport (Vallee et al., 1989;
Schnapp and Reese, 1989).

Our results indicate that Drosophila cytoplasmic dynein is
associated with several microtubule arrays and is likely to
power the cytoplasmic transport of organelles and/or other
cargoes in multiple cells and tissues of the embryo. Future
genetic analyses of cytoplasmic dynein function in Drosophila
should reveal the range of developmental processes that require
dynein function and may provide insights into the molecular
regulation of directed cytoplasmic transport. 
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