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Abstract. The unidirectional movements of the
microtubule-associated motors, dyneins, and kinesins,
provide an important mechanism for the positioning of
cellular organelles and molecules. An intriguing possi-
bility is that this mechanism may underlie the directed
transport and asymmetric positioning of morphogens
that influence the development of multicellular em-
bryos. In this report, we characterize the Drosophila
gene, Dhc64C, that encodes a cytoplasmic dynein
heavy chain polypeptide. The primary structure of the
Drosophila cytoplasmic dynein heavy chain polypep-
tide has been determined by the isolation and se-
quence analysis of overlapping cDNA clones. Dro-
sophila cytoplasmic dynein is highly similar in
sequence and structure to cytoplasmic dynein isoforms
reported for other organisms. The Dhc64C dynein

transcript is differentially expressed during develop-
ment with the highest levels being detected in the ova-
ries of adult females. Within the developing egg cham-
bers of the ovary, the dynein gene is predominantly
transcribed in the nurse cell complex. In contrast, the
encoded dynein motor protein displays a striking ac-
cumulation in the single cell that will develop as the
oocyte. The temporal and spatial pattern of dynein ac-
cumulation in the oocyte is remarkably similar to that
of several maternal effect gene products that are essen-
tial for oocyte differentiation and axis specification.
This distribution and its disruption by specific mater-
nal effect mutations lends support to recent models
suggesting that microtubule motors participate in the
transport of these morphogens from the nurse cell
cytoplasm to the oocyte.

ICROTUBULES provide the architectural framework

on which many cellular organelles are transported.

The microtubule polymer is an intrinsically polar
structure resulting from the asymmetric, head-to-tail poly-
merization of the of tubulin heterodimer (Amos et al.,
1976; Luduena et al., 1977). Consequently, the two ends of
a microtubule can be distinguished by their tendency to gain
(the plus end) or lose (the minus end) tubulin subunits. At
a basic level the regulation of microtubule-based transport
within cells is determined by the polarity of microtubules
and their associated motor proteins. This has been empha-
sized in recent years by demonstrations that microtubule mo-
tors use the energy derived from ATP hydrolysis to trans-
locate in a single direction along the microtubule lattice (for
reviews see McIntosh and Porter, 1989; Goldstein, 1991;
Vallee, 1993; Bloom, 1992; Walker and Sheetz, 1993). The
depletion of endogenous nucleotides from cytoplasmic ex-
tracts increases the affinity between motors and microtu-
bules and has allowed the purification of microtubule motors
from a variety of organisms and cell types (MclIntosh and
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Porter, 1989). Two distinct families of microtubule motors,
the dyneins and kinesins, have been identified. In combina-
tion with the assembly of polar arrays of microtubules within
cells, these unidirectional cytoplasmic motors provide a
mechanism for partitioning cellular organelles and mole-
cules within the cytoplasmic compartment. For example,
kinesins have been implicated in the anterograde transport
of synaptic vesicles to the tips of nerve axons, the extension
of the endoplasmic reticulum network out along the inter-
phase microtubule network, and mitotic spindle assembly
and maintenance (for reviews see Hoyt, 1994; Goldstein,
1993; Walker and Sheetz, 1993; Skoufias and Scholey,
1993). Similarly, cytoplasmic dynein motors have been im-
plicated in retrograde axonal transport of vesicles, the
perinuclear positioning of golgi apparati, chromosome-to-
pole movement on the mitotic spindle, separation of the mi-
totic spindle poles, and nuclear positioning during cell divi-
sion (for reviews see Schroer, 1994; Vallee and Shpetner,
1990; Skoufias and Scholey, 1993).

In Drosophila development, the distributions of microtu-
bules during early embryogenesis have been extensively
characterized (Fullilove and Jacobson, 1971; Turner and
Mahowald, 1976; Foe and Alberts, 1983; Walter and Al-
berts, 1984; Karr and Alberts, 1986; Warn et al., 1987; Kel-
logg et al., 1989; Theurkauf, 1992; Baker et al., 1993; for
review see Fyrberg and Goldstein, 1990). In addition, mi-
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crotubule organization during cogenesis appears to contrib-
ute to asymmetries that are required for the directional trans-
port and localization of maternal mRNAs, protein, organelles,
and other macromolecules from the nurse cell cytoplasm to
the oocyte (Pokrywka and Stephenson, 1991; Theurkauf,
1993; discussed by Macdonald, 1992; Ruohola-Baker et al.,
1994; Spradling, 1993; Ding and Lipshitz, 1993). This mi-
crotubule-dependent transport and localization of macro-
molecules during oogenesis is likely to participate in the
specification of the embryonic axes.

The cytoplasmic motors that associate with microtubules
are likely candidates to participate in the transport and local-
ization of cytoplasmic components to and within the oocyte.
In this paper, we report the molecular cloning of the com-
plete 14.3-kb transcript encoding the cytoplasmic dynein
heavy chain in Drosophila. The dynein transcript is ex-
pressed at high levels throughout development and is en-
riched in ovaries. In the developing egg chamber, the dynein
gene is expressed in nurse cells, while the encoded dynein
motor protein is differentially localized to the presumptive
oocyte. This localization initiates at an early stage in the
differentiation of the pro-oocyte and coincides with the es-
tablishment of a polar array of microtubules emanating from
the presumptive oocyte. Dynein localization requires the
function of genes in both the germline and somatic follicle
cells. Our results suggest a model in which the minus-end
dynein motor “walks” into the pro-oocyte along a polarized
track of microtubules. We discuss the implications of this lo-
calization in terms of a dynein-based mechanism for the
transport of informational molecules to the differentiating
oocyte.

Materials and Methods

Isolation of cDNA and Genomic Clones

A N ZAP cDNA expression library (Stratagene, La Jolla, CA), constructed
by random priming from Drosophila 2-14 h embryo mRNA, was screened
with a rabbit polyclonal antibody raised against the Drosophila dynein
heavy chain polypeptide (Hays et al., 1994). The antibody was affinity-
purified against each of two dynein polypeptide fragments produced from
the cleavage of the intact heavy chain in the presence of vanadate and UV
light (Hays et al., 1994). The library was plated and induced according to
the supplier’s instructions. Positive clones were detected with alkaline phos-
phatase-conjugated goat anti-rabbit secondary antibody (BioRad Labs.,
Hercules, CA) using 5-bromo-4-chloro-3-indolyl-phosphate (BCIP)! and
nitro blue tetrazolium (NBT) substrate (Sigma Chem. Co., St Louis, MO),
and recombinant plasmids were recovered by in vivo excision.

One positive clone, MS3, was shown by RNA blot analysis to hybridize
to an ~v14-kb RNA. Radiolabeled probes from this clone were used to ex-
tend the cDNA sequence in both directions by hybridization screens of the
A ZAP library and a 4-8 h embryo plasmid cDNA library in the vector
pNB40 (Brown and Kafatos, 1988). Hybridization conditions were as de-
scribed for Southern blots below. The identity of overlapping clones was
confirmed by restriction analysis and sequence comparison using cDNA
and genomic clones. Two genomic DNA libraries, a A\EMBL3A and a cos-
mid library, were both derived from an isogenic Drosophila stock (iso-I
[Brizuela et al., 1994]) and were kindly provided by Dr. J. W. Tamkun,
University of California (Santa Cruz, CA). Genomic clones were identified
by hybridization to cDNA probes and subsequently purified. Genomic
HindIII fragments were subcloned into pBluescript II (Stratagene) for se-

1. Abbreviations used in this paper: BCIP, 5-bromo-4-chloro-3-indoly!-
phosphate; EST, expressed sequence tags; HS, hybridization solution;
MTOC, microtubule-organizing center; NBT, nitro blue tetrazolium; ORF,
open reading frame.
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quence analysis. To isolate cDNA sequence from the 5-most end of the tran-
script, primers based on the available cDNA sequence in the region were
used to prime the synthesis of new cDNA from total embryonic RNA. Re-
verse transcription and initial amplifications were performed using a
“S'RACE System” kit (GIBCO BRL, Gaithersburg, MD; Frohman et al.,
1988) according to the supplier’s instructions. One microgram of DNase-
treated 0-24 h embryo RNA was reverse-transcribed with an antisense
primer corresponding to either nucleotides 1834 to 1857 or alternatively
nucleotides 1691 to 1713 (see Fig. 3). The RNA/DNA hybrids were
digested with RNaseH, and the first strand cDNAs were tailed at the 3’ end
with dCTP using terminal deoxynucleotidyl transferase. First strand
cDNAs were amplified sequentially, using a 5' RACE anchor primer and
nested antisense primers from within clone ZL2 (primer 1, nucleotides
1598 to 1617; primer 2, nucleotides 1476 to 1494). The cDNA RACE prod-
ucts were subsequently amplified by the PCR with primers designed from
the sequence of cDNA and genomic subclones. The PCR products were
cloned into pBluescriptll, resulting in the subclones pTR13 and pLR152
(see Fig. 1). The primers used to recover the subclone pTR13 were derived
from known cDNA sequence. The 5’ sense and the 3' antisense primers cor-
responded to nucleotides 539 to 558 and 1396 to 1416, respectively. The
sense primer for pLR152 was designed from genomic sequence correspond-
ing to nucleotides 88 to 107, while the antisense primer was based on known
¢DNA sequence, nucleotides 565 to 584. The primers were selected in such
a way that the genomic DNA regions amplified by these primers harbor in-
trons, and, therefore, the PCR products could be easily confirmed to be de-
rived from mRNA and not from contaminating genomic DNA. .

The PCR reaction conditions for pf'R13 and pLR152 were as follows: 5
ul of 5' RACE product was amplified in a 50-ul reaction containing 50 mM
KCl, 10 mM Tris-HCI pH 90, 0.1% Triton X-100, 1.5 mM MgCl;, 0.2 mM
dNTP, 0.2 uM of each primer, and 0.3 U of Taq polymerase. cDNA was
denatured for 2 min at 95°C; and then the reaction was run for 30 cycles
of 50°C for 2 min, 72°C for 3 min, and 94°C for 1 min. The extension was
completed at 72°C for 10 min.

DNA Sequencing and Analysis

DNA sequencing was performed by the dideoxy chain termination method
(Sanger et al., 1977) using Sequenase 2.0 polymerase (USB, Cleveland,
OH) and plasmid vector primers. Both strands of the complete cDNA con-
tained within overlapping clones, as well as selected genomic subclones,
were fully sequenced using nested serial deletions generated by exonuclease
III and S1 nuclease according to the method of Henikoff (1987). The tem-
plate was a double-stranded plasmid prepared as described by Medberry et
al. (1990). Sequencing reactions were electrophoresed on 6% denaturing
polyacrylamide gels. The sequence data was assembled and analyzed using
IntelliGenetics and UWGCG software on a Sun Microsystems 2/120 com-
puter, and the MacVector Sequence Analysis Software package (Interna-
tional Biotechnologies, Inc., New Haven, CT). Predictions of coiled-coil
domains were based on the statistical significance of the preferential distri-
bution of different amino acids in each position of the heptad repeat (Lupas
etal., 1991). A window size of 28 residues was used and scores of greater
than 1.3 were taken to indicate a high probability of coiled-coil conforma-
tion (Lupas et al., 1991).

Primer Extension and R Nase Protection

Primer extension was performed as described by Ausubel et al. (1987). Fif-
teen micrograms of total embryonic RNA were annealed to 5 ng 32P-
end-labeled primer and reverse transcribed by M-MLV reverse transcrip-
tase (Life Sciences, Inc., St. Petersburg, FL). The antisense oligonucleotide
primer was a 20mer, 5-GTTCGCAATGGACAGGTTCA-3' (nucleotides
209 to 228 in Fig. 3). RNase protection was performed as described by Mel-
ton et al. (1984). The template was a genomic DNA subclone extending
from nucleotides —923 to +330. The plasmid was linearized at a unique
HindII site downstream from the T3 phage promoter. 32P-labeled an-
tisense RNA was synthesized with T3 RNA polymerase in vitro
(Stratagene). Fifteen micrograms of total embryonic RNA were annealed
overnight at 45°C with labeled antisense RNA in the presence of 80% for-
mamide, and then digested with a mixture of RNaseA and RNaseTl1. The
size of the products of both primer extension and RNase protection were
determined on 6% acrylamide sequencing gels using genomic DNA as a
size marker.

In Situ Hybridization

Digoxigenin-labeled probes were hybridized to whole-mount preparations
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of ovaries according to the procedure described by Tautz and Pfeifle (1989)
with minor modifications. Ovaries were dissected in EBR saline (130 mM
NaCl, 5 mM KCI, 2 mM CaCl,, 10 mM Hepes pH 6.9) and fixed for
20-25 min in 200-u1 PP (4% paraformaldehyde in PBS), 20-ul DMSO,
600-ul heptane, and then washed several times in PBT (PBS/0.1% Tween-
20). Proteinase K treatment (30 min at 50 mg/ml in PBT) was stopped by
incubation in 2 mg/ml glycine and repeated washes in PBT. Ovaries were
refixed in PP and washed in PBT for 30 min with four changes. They were
incubated 15 min in a 1:1 mixture of PBT and hybridization solution (HS),
10 min at room temperature in HS, then 1-2 h at 48°C in HS. Hybridization
was for 20-30 h at 48°C using 0.5 mg/ml labeled cDNA probe in HS con-
taining 10% dextran sulfate. Posthybridization washes were extended to
45-55 h at 48°C. Ovaries were moved stepwise into PBT at room tempera-
ture and washed 5x10 min in room temperature PBT. They were incubated
for 90 min with alkaline phosphatase-conjugated anti-digoxigenin antibody
(previously preadsorbed against fixed ovaries) diluted 1:3,000 in PBT. After
several brief rinses in PBT, the ovaries were washed overnight in PBT at
4°C. They were washed three times in alkaline phosphatase buffer at room
temperature before staining with nitro blue tetrazolium (NBT) plus 5-bro-
mo-4-chloro-3-indolyl-phosphate (BCIP). Color development was stopped
with PBT washes, and ovaries were stored at 4°C in PBT until mounting
in Immumount (Shandon, Pittsburgh, PA).

Probes were prepared using a Bochringer Mannheim “Genius” kit ac-
cording to the supplier’s instructions (Boehringer Mannheim Corp., Indi-
anapolis, IN), except that final primer concentrations in the labeling reac-
tion were increased to 1 mg/ml. oskar cDNA was kindly provided by Ruth
Lehmann (Ephrussi et al., 1991). In situ hybridization to larval polytene
chromosome squashes was carried out as previously described (Rasmusson
et al., 1994). DNA probes were labeled with digoxigenin-dUTP using a
Genius kit (Boehringer Mannheim) according to the manufacturer’s direc-
tions.

Southern and RNA Blot Analyses

Genomic DNA for Southern analysis was prepared as previously described
(Rasmusson et al., 1994) from an isogenized Drosophila stock, iso-1 (Tam-
kun et al., 1991). Seven micrograms of DNA were digested with restriction
enzymes, fractionated on a 0.9% agarose gel and transferred to Zeta-Probe
nylon membrane (BioRad Labs.) by standard methods. Membranes were
UV-cross-linked and dried in a vacuum oven at 80°C for 1.5 h. DNA probes
were gel-purified and labeled with [*?P]dATP using random hexamer
primers (Pharmacia LKB Biotechnology Inc., Piscataway, NJ) according to
standard methods (Vogelstein and Gillespie, 1979). Hybridizations were
carried out overnight at 42°C in 50% formamide, 10% dextran sulfate, 4x
SSC (600 mM NaCl, 130 mM sodium citrate), 5X Denhardt’s solution
(002 % each of BSA, Ficoll, and Polyvinylpyrolidone), 100 ug/ml sheared
denatured salmon sperm DNA, and 20 mM KH,PO,. Final washes (3 X
20 min) were at high stringency, in 0.2x SSC, 0.1% SDS at 65°C. Isolation
of total RNA from Oregon-R flies and subsequent blot analyses were per-
formed as previously described (Rasmusson et al., 1994). Ovaries and
testes were dissected in Drosophila EBR saline, flash frozen, and stored at
—80°C. Staged embryos were flash frozen, stored at —80°C, and ground
with a mortar and pestle immediately before RNA extraction. Twenty-five
micrograms of total RNA were run on 0.75% agarose-formaldehyde dena-
turing gels. The hybridization and washing conditions were the same as for
Southern blots.

B-Galactosidase Reporter Construction
and Expression

An ~v1-kb BamHI fragment was isolated from the genomic subclone pCH81
and was inserted into the BamHI site of the P-element vector pCaSpeR-8gal
(Thummel et al., 1988). The construct (600 ug/ml) was coinjected with 50
pg/ml helper plasmid px25.7wc (Thummel et al., 1988) into embryos of the
Drosophila strain Df(1)w-c (Lindsley and Zimm, 1992). Chromosomal lo-
cation of insertion for each transformant was determined by segregation
from balancer chromosomes. 3-Galactosidase activity during oogenesis was
assayed by the protocol of Cheung et al. (1992). Stained tissues were viewed
under a Zeiss Axioskop 10 microscope using differential interference con-
trast optics. Images were captured on an IRIS Indigo Video board installed
on a Silicon Graphics R3000 Indigo workstation. Hardcopy image prints
were produced on a Tektronics Phaser IISDx dye sublimation printer.

Antibody Production and Purification
Polyclonal antibodies were elicited in rats against fusion proteins produced
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in E. coli. The dynein cDNA fragments ZAPS8, 822, 828 and 3100 (Fig.
8 A) were cloned inframe into the expression vector pETSa (Novagen, Inc.,
Madison, WI) and expressed in the bacterial strain BL21 (Novagen, Inc.;
Studier et al., 1990). Cells were lysed by sonication and the insoluble inclu-
sion bodies containing the fusion protein were pelleted by centrifugation.
The inclusion bodies were washed three times in PBS (150 mM NaCl, 16
mM Na;HPO,4, 4 mM NaH;PO;, pH 7.3) containing 1% Triton X-100, 1%
deoxycholate, and 0.1% SDS, followed by solubilization in PBS containing
1% SDS, and fractionation on SDS-polyacrylamide gels (Laemmli, 1970).
Gel slices corresponding to the fusion proteins were excised, washed in PBS
to remove SDS, emulsified with an equal volume of complete Freund’s adju-
vant, and injected into rats. Subsequent boosts were done in incomplete
Freund’s adjuvant at 2-wk intervals. All injections were subcutaneous in a
volume of 0.1-0.25 ml. The polyclonal sera obtained were separately
affinity-purified against their corresponding peptides expressed as gluta-
thione transferase fusion proteins in the appropriate pGEX vector (Smith
and Johnson, 1988).

A 20-residue peptide, LGGSPFGPAGTGKTESVKAL, was synthesized
at Mayo Clinic, Microchemistry facility (Rochester, MN) and used to im-
munize rabbits (Calico Biologicals, Reamstown, PA.). The peptide anti-
body (PEP-1) and the ZAP 8 antibody, were purified over an affinity column
prepared with a ZAP8 fusion protein expressed in the vector pGEX1 (Smith
and Johnson, 1988) in the bacterial strain HB101. The affinity column was
generated by coupling the fusion protein to Actigel (Sterogene Biosepara-
tions Inc., Arcadia, CA) resin according to the manufacturer’s instructions.
The antibody raised against the pET-3100 antigen was purified similarly
against a pGEX1-3100 fusion protein. The 828 derived antibody was affinity
purified according to the blot affinity method of Olmsted (1981). The affinity
purified antibodies were stored at —20°C in 50% PBS/50% glycerol con-
taining 1 mg/ml BSA.

Ovary MAP Preparation

Ovaries from well fed 3-d-old females were dissected in EBR, placed on
ice until 100-1 ovaries were obtained, quick frozen in liquid nitrogen, and
stored at —80°C until use. Ovaries were rinsed three times in PMEG buffer
(100 mM Pipes, pH 6.9; 5 mM MgOAc.4H;0; 5 mM EGTA; 0.1 mM
EDTA; 0.5 mM DTT, 0.9 M glycerol) and homogenized on ice in 1.5 vol
PMEG plus protease inhibitors (10 ug/mi aprotinin, 1 pg/ml leupeptin, 1
pg/ml pepstatin, 0.1 mg/ml each of soybean trypsin inhibitor, n-tosyl
L-arginine methylester, and benzamidine). Cytoplasmic dynein was iso-
lated from ovary homogenates as described previously for Drosophila em-
bryo homogenates (Hays et al., 1994).

Immunoblots and Immunolocalization

SDS-PAGE and immunoblotting were carried out as described by Laemmli
(1970) and Towbin et al. (1979). Proteins were electrophoresed on 0.75-mm
slab gels and electroblotted onto nitrocellulose. For the analysis of ovary
MAP preparations, gels were prepared with a bis/acrylamide ratio of 1:100
(Porter and Johnson, 1983). Alkaline phosphatase-conjugated antibodies
were diluted in PBS containing 0.05% Tween-20 and 5% BSA. Blots were
developed with NBT plus BCIP (Sigma Chem. Co.) in alkaline phosphatase
buffer (100 mM NaCl, 5 mM MgCl,, 100 mM Tris, pH 9.5). Alterna-
tively, blots were incubated with horseradish peroxidase-conjugated sec-
ondary antibodies (Amersham Corp., Arlington Heights, IL) and developed
with the non-radioactive autoradiographic ECL method according to the
suppliers’ instructions (Amersham Corp.).

For immunofluorescence microscopy, ovaries were dissected from 2-4-
d-old females in EBR and fixed for 5 min in 100-pl devitellinizing
buffer/600-u1 heptane using the method of Cooley et al. (1992). Devitel-
linizing buffer = 1 vol buffer B:1 volume 36% formaldehyde:4 vol H;O.
Buffer B contains 100 mM KH,PO4/K;HPOs, pH 6.8, 450 mM KCl, 150
mM NaCl, and 20 mM MgCl,. After fixation, ovaries were rinsed three
times with PBS, rinsed briefly three times with PBS/0.1% Triton X-100
(PBT), and then washed 1 h in PBT at RT on a rotating wheel (Cole Palmer,
Inc., Chicago, IL). Ovaries were then dissected into individual ovarioles,
washed for 1 h in PBT, and then blocked in PBT containing 1% BSA (Block
buffer) at RT. Primary antibody incubations were carried out overnight at
4°C. The ovarioles were then washed for 2 h at RT with eight changes of
Block buffer, and incubated with secondary antibody for 1.5-2 h at RT.
Ovarioles were again washed with Block for 2 h with at least eight changes,
rinsed 3X in PBT, and washed for 5 min in PBT, and mounted in a solution
of 10% PBS, 90% glycerol containing 1 mg/ml p-phenylenediamine (Sigma
Chem. Co.). All antibodies were diluted in Block buffer. Affinity-purified
anti-dynein heavy chain antibodies were used at a dilution of 1:50. Fluores-
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cein-conjugated goat-anti-rabbit and goat-anti-rat (Boehringer Mannheim
Corp.) secondary antibodies were preabsorbed against 100-ul embryos
overnight at 4°C at a dilution of 1:10. Preabsorbed secondary antibodies
were used at a final dilution of 1:100 in the presence of 5% normal goat
serum. Ovarioles (egg chambers) were examined on either a Zeiss Axioskop
10 microscope with epiftuorescence illumination using plan-neofluar 16
%/0.5, 40 x/0.75 lenses or a 63 X/1.4 oil planapochromat lens, or a Nikon
diaphot microscope with an MRC-600 confocal imaging system (Bio-Rad
Labs.), using a 60 x/1.4 planapochromat lens.

The wild-type Drosophila strain OregonR was used in all localization ex-
periments unless otherwise noted. The alleles BicD™%, BicD26, ¢gI#Us0,
capu®®?, and spire®® were provided by Dr. Trudi Schiipbach (Princeton
University, NJ) and are described in Suter et al. (1989), Manseau and
Schupbach (1989), and Schupbach and Wieschaus (1991). The deficiency
Df(2L)TW119 that removes the BicD gene was obtained from Ruth Steward
and is described in Steward et al. (1987). Dynein localization was examined
in BicD/Df(2L) TW119 females that were recovered from the cross BicD/CyO
X Df(2L)TWI119/CyO. The stau® allele was provided by Dr. Paul Mac-
donald (Stanford University, CA), and is described in St. Johnston and
Nusslein-Volhard (1992). The N*//C(1)Dx stock was obtained from the
Bloomington Stock Center, (Bloomington, IN). The role of Notch during
oogenesis is discussed in Ruohola et al. (1991) and Xu et al. (1992). An
N“l/FM7 stock was created by crossing N*//Y males from the attached-X
stock N*!/C(I)Dx to virgin Ip(1:3)JCI35/FM7 females. From the progeny
of this cross virgin, N*//FM7 females were collected and backcrossed to
N*!/Y males from the attached-X stock. When maintained at the permis-
sive temperature, N//N*/ progeny survive. Temperature shift experiments
were as described in Ruohola et al. (1991). 1-2-d-old female N*//N*! and
N//FM7 siblings were incubated at 32°C for 30 h before processing ova-
ries for immunocytochemistry.

Results

Isolation of the Full-Length Dynein cDNA

The molecular characterization of the Drosophila cytoplas-
mic dynein heavy chain gene was initiated by isolating
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An affinity-purified, COOH terminus specific, dynein heavy
chain antibody (see Materials and Methods) identified two
positive clones in immunological screens of a Drosophila
embryo cDNA expression library. The putative dynein clones
were plaque-purified and their cDNA inserts were used as
probes for RNA blots to determine the size of the RNA tran-
script from which they were derived. SDS-PAGE analysis of
the intact and UV-cleaved dynein polypeptide from Dro-
sophila embryos predicts a heavy chain of >435 kD (Hays
etal., 1994). Only one of the putative dynein cDNA clones,
designated MS3, hybridized to an RNA transcript of suffi-
cient size, 13-15 kb, to encode the dynein heavy chain. The
2.1-kb insert from MS3 is derived from position 10,945 bp
to 13,115 bp near the 3’ end of the dynein heavy chain gene
(Fig. 1).

To isolate the full-length coding sequence of the dynein
heavy chain, the MS3 insert was used to initiate a walk in
c¢DNA libraries to isolate overlapping clones that extended
toward both the 5’ and 3’ ends of the dynein transcript. Fig.
1 shows the final map of the overlapping cDNA clones span-
ning ~15 kb which were isolated, restriction mapped, and
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end of the transcript were isolated. Sequence analysis indi-
cated that each was derived from the same transcript and in-
cluded a long polyadenine tail that initiated at the same posi-
tion in the sequence of each clone. One of these clones,
designated PL4, is shown (Fig. 1). Overlapping cDNA
clones extending toward the 5’ end of the transcript were ob-
tained from a randomly primed AZAP cDNA library (Strat-
agene). The first nine clones from PL4 to ZAP22 each con-
tain at least 190 bp of overlapping sequence and span 13.5
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kb of open reading frame (ORF) in the dynein transcript.
c¢DNA clones extending further 5’ to the end of the dynein
transcript were recovered using a genomic probe to screen
the cDNA library, and by priming the synthesis of new
c¢DNA from embryonic mRNA (see Materials and Meth-
ods). The 5’ coding sequence determined from PCR-derived
cDNA clones was verified in the sequence of genomic clones.

Since the 5’ most cDNA sequence did not contain stop
codons in all three reading frames, primer extension and
RNase protection experiments were conducted to determine
the transcription start site and to confirm that the isolated
cDNA clones contained the entire dynein transcript. Two ex-
tension products were revealed that correspond to start sites
at positions 1 and 92, respectively (Fig. 2 4). To show that
these two sites reflect the bonafide ends of transcripts and not
premature termination due to secondary structure, RNase
protection experiments were conducted. The protection of a
genomic subclone extending from nucleotides —923 to 330
was analyzed. The sizes of the two fragments protected are
in close agreement with the start sites indicated by primer
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Figure 2. Determination of transcription start sites for the heavy
chain mRNA. (A4) Primer extension analysis. The DNA sequence
is shown at left and serves as a size marker. The same antisense oli-
gonucleotide primer (nucleotides 209 to 228) that was used for ex-
tending total embryonic RNA was used in the sequencing reactions.
Two extension products were revealed, one of 228 bp and another
of 136 bp, and the start site (asterisks) for each was identified from
the sequence. (B) RNase protection experiments. A genomic frag-
ment extending from nucleotides —923 to 330 was used as tem-
plate. The two protected fragments are indicated and their sizes are
in agreement with the predicted start sites determined by primer ex-
tension analysis. In the negative control lane, tRNA was used as
template and no protected fragment was observed. The DNA se-
quence shown on the left was used as a molecular marker and the
sequencing reactions were carried out with a primer starting 253
nucleotides upstream from the dynein heavy chain transcript.
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extension (Fig. 2 B). A 582-bp genomic DNA fragment cor-
responding to the position of —341 bp to —921 bp, a position
not expected to be transcribed, was used as a negative con-
trol and produced no protected fragment (data not shown).
From these results, we conclude that the entire heavy chain
transcript is cloned and that two sites are used to initiate the
cytoplasmic dynein heavy chain transcript.

The first ATG codon in both transcripts initiates the same
long OREF. If this ATG represents the translation start site in
both transcripts, then the only difference between the two
transcripts is in the length of the 5’ untranslated leader se-
quences. One transcript is 14,381 nucleotides in length
(starting at base pair 1) and the other transcript initiates 92
bp downstream. The 5’ untranslated leaders are 162 and 70
nucleotides long, respectively. No TATA box was found by
examination of the upstream sequence. The sequence flank-
ing the first ATG (position 163 bp) differs from the consensus
sequence (¢/» AA 4/c AUG) for translation initiation in
Drosophila (Cavener, 1987). Additional ATG codons in the
dynein ORF lie downstream and could also represent trans-
lation start sites. Like the first ATG, the second inframe ATG
at position 499 bp in the cDNA does not show a consensus
flanking sequence for translational initiation. However, the
third inframe ATG at position 695 bp is flanked by a con-
sensus sequence for translation initiation.

At the 3’ end of the transcript, a 298 nucleotide noncoding
sequence follows a TAA stop codon (position 14,080 bp) and
shows an enrichment (74 %) in AT dinucleotides. The con-
sensus sequence (AATAAA) for polyadenylation (Proud-
foot, 1989) does not appear in the 3’ noncoding sequence.
However, eighteen nucleotides upstream from the polyade-
nine tail there is a sequence of AATATA which has been
found in the 3’ noncoding sequence of other Drosophila
genes (Berleth et al., 1988; Lehner and O’Farrell, 1989;
Lantz et al., 1992) and may serve as a polyadenylation
signal.

Structural Similarities among Dynein Heavy Chains

The nucleotide sequence and deduced amino acid sequence
of the long ORF predicts a dynein heavy chain polypeptide
containing 4,639-amino acid residues with a molecular mass
of 530 kD and a pI of 5.9 (Fig. 3). The predicted amino acid
sequence of the Drosophila dynein heavy chain was com-
pared to the sequences for dynein heavy chains from sea ur-
chin (Gibbons, et al., 1991; Ogawa, 1991), rat (Mikami et
al., 1993; Zhang et al., 1993), slime mold (Koonce et al.,
1992), and yeast (Li et al., 1993; Eshel et al., 1993). In each
case, a high degree of sequence similarity over long stretches
of the dynein polypeptides is apparent using a Pustell matrix
comparison (Fig. 4 A). The Drosophila sequence was also
compared to itself to reveal potential internal duplications.
Other than the main diagonal resulting from self identity, no
off-set diagonals were detected.

The Drosophila cytoplasmic dynein heavy chain is most
similar to the predicted rat cytoplasmic dynein heavy chain
polypeptide (Fig. 4 A and Table I; Mikami et al., 1993;
Zhang et al., 1993). Overall the two sequences share 84%
similarity and 72% identity at the amino acid level. As indi-
cated in Fig. 4 A and Table I, the homology is distributed
across the entire length of the polypeptides. By comparison,
the overall similarity between the Drosophila dynein se-

1479



-921 AGCTTCTTTT CCACCTTGGC GCCCGACCGC CAGGAACAGC CGTTGGCGTC CACCTGCTCA TCTGCGAGCA CGGTCTTATC AACGGGATCC CAGTTAACAA GAGCCTCGTT CTOGTAGGCC -802
-801 AATCCATGGC GATGGAGCAT TAGGAACAGA TGCTGCGTCC ACTTGTAGTA TTTTGGACTG CAGGTGGACA ATTCATGGTT CCAGTCAAAG GAGCAACCAA GTCGCTTGAG TTGTTCCTTC -682
-681 ATCTGUGCAA TGTTCTGCTC CGTCCAGGAC GCGGGCTCCA CCCCACGCTG ATTGGRCGOCG TTCTCGGCGG GCAGCCCAAA GGAATCCCAA CCCATTGGCT GAAACACATT CTTGCCGCAC -562
-561 ATTCGCTGGA AACGAGCCAC CGAATCGGCT ATGGTATAGA CGCOCACATG GCCCATGTGA AGATTGCCGG AGGGATACGG GAACATGGAG AGCACGTAGT ACTTOTCCTG CGAGTCCTTG -442
-441 GGATTGAACT GTCCTCCACT GAGCTGCTCC CGCCAATGAG CCTCAATCCG GTGCTTGACA TCACTGGTTA GCTCTOGATT CTGGAATTTA ACAAAGGTCT TATTGCGTTT CTCGGATATA -322
-321 TTATGCACCC ACATCATTCC GGGTGCAGCT TTGGGTTAGC AGGCGCCACC AGCTATTCCA GTAGACAGCT CCCCAAGGTC GTGTTCTTCT CAGTGCTTGC ATTATACCGG TTTAATTGAT -202
-201 TAGGA AGAACCCACT GCACTCTACA ATCGAACAGC TGTTTCTCTO ¢ TG T CAC GGAATTGCTC  -82
-81 AAGAAATTT TGGCGGGAAG CATTCCTGAC TGACTGGTAA CATTTCGCCC AGTTCTGTAT TCTGATATCT GCCGCAACTA T:GTADCACT GGCTTTTTTG CTTTCGATTT TCAACTGAGT 39

40 GGCAGGGCCG TTTACATTTT GCGAAAAAAA AAACTCACGT AATTTTTCAC AGGGCGAGGC ATTGTGAAAA ATTAAATTGT ACACCTTTTG AGGAGTATTT AATACCGAAA ACCTTTGTOG 159

160  GACATGGGTG ACTCCTTGGA GAACCCCGAT ACATCGGTGG ATCCAATCGT GAACCTGTCC ATTGCGAACT ATT TOCCAATTAT CTTXC A CGGTGACCAT TTIGCTGCCG 279
M G D B8 LE NPD TS8VD P IV NL S I ANY DAP ANY LREKAVTTI LLP
200 GAGGACGATG TGGTTCCCGC ATCGCTGAAC GATGCTCTGG ACGATCCCGT CAACCAGGAC ACCATCCGGA AGTTCCTCTC GGATCCCCAG GTGCAGGCGC TTTACGTCCA ACGCAATTGC 399

400  ATTAAAGAGG ACGATTCTGA GCAGCCGGCG GAGGRCGAGG ACGAGAAGGA GCAGGTAACC TACCAAATCA GCAACGATGT TCACTTCACC AACAGTCOGA TGGCATCTTT GGCCTGCATC 519
I X ED DSE QPA BEGEBED BKXKE QVT Y OQTI S8 NDV HPT NSRMN ABL ACI
520  ANGCGCGGCC TGGTCGTGGA GGCGGACAAG TCGATCCATT CGCAGCTGCG GCTGATCAAC TTCTCGGACG GATCTCCCTA CGAGACGCTG CACGTCTTCA TCAGCAAGTC CCTGGCGCCT 639
XK RGL VVE ADK 8 IHS QLR L IN F 8DG 8 PY BETUL KRV ?PI 8 KBS L AP
€40  TACTTCAAGT CGTACGTCAA GGAGTCGOGT CGTACTGATC GCGATGGTGA CAAAATGGCT CCCTCCGTGG AGAAGAAGCT GGCCGAGCTG GAGATGGGAC TGCTGCATCT GCAGCAAAAC 759
Y P X8 YVEK ESG RADR DGD KNA PSVE KXL ABL ENGUL L HL 0QN
760  ATCGACATAC CGGAGATCAC GCTGACQACT CACCAGACCG TCAACAATGT GATCCOGAAG TGCGCGGAGG AGAACCGCAR GGCCAAGGTG GCCGATTTTG GCGACAAGGT GGAGGATTCT 879
I pI?Pp BIT LTA HQTV NNV IRX CABEB NRIX AKV ADFG DKV BD S
880 TCTTTCCTGA ATCTGCTGCA GAATGGTGTT AACCGCTGGA TCGCTGAGAT CAAGAAGGTG ACCAAGCTGA ACCGCGATCC AGOCTCOGGA ACTGCACTGC AGGAAATTTC CTTCTGACTC 999
8 P LN LLQ NGV NRUWTI AETI KXV TKLN RDP G 8 G TALUGO BI S P WL
1000 AATCTGGAGC GGGCCTTGTA TCGCATTCAG GAAAAGCGCG AGTCGCCAGA GGTGGCTTTA ACTTTGGATA TCCTGAAGCA TGGAAAACGT TTCCATGCCA CCGTGTCCTT TGATACAGAT 1119
N LER ALY RIQ EXREB 8PE VAL TLDI LXH @ KXKR PHAT VSP DTD
1120 ACCGGACTAA AACAGGCTCT AGCTACAGTA GCCGACTACA ATCCTCTGAT GAAGGATTTC CCTATTAATG ATTTACTTTC CGCTACCGAG CTGGAGAAGA TCCGACCTGC TGTGCAGCAG 1239
T 6L X QAL ATV ADYN PLMN KDP PIND LLS ATE L BKTI RPA VO QO
1240 ATCTTCGCTC ATCTACGCAA GGTGCGCAAC ACCAAGTACC CAATCCAGCG GTGCCTCAAG CTTATCGAGG CCATATCGCG GGATCTGTCG CAGCAACTGC TTAAGGTGCT GGGCACCCGA 1359
I FAH L RK VRN TKYZP IQR ¢CL XK LIZEBA I SR DL S QQLL KVL TR
1360 CGCCTAATGC ACATTCCTTT CGATGAATTC GAGCGCGTCA TGAACCAGTG CTTCGAGATT TTCAGCTGCT GGGATGATGA GTACGACAAG TTGCAGOGAT TGCTCCGAGA CATTGTGAAG 1479
R L NH I PP DEVF ERVMN NQC FEI P S8CW DDEBE YDIK L GL L°RD I VK
1480 AAGAAGCGCG ACGAGCATCT TAAGATGGTG TGGCGTGTTT CTCCGGCCCA TAAGAAGCTG CAAACTCGCA TGGAGCACAT GCGCAAGTTC CGACGCCAGC ACGAACAGCT GCGCACCGTC 1599
K KRD EHL KNV WRV S PAH XKXL QTR RNMNEHNRIEKTP RRQH BQL RTV
1600 ATTCTGCGTG TOCTACGGCC CACCAAGCCG ‘GCTGTTOGCG ATGACGGCAA CGTCGTGGAA ACCAAGCAGC CCTACAGTCT OGACGCTGOCC GATGCTAACG CTATCGAGGA GGTCAACCTA 1719
I LRV LRP TKP AVGEGD DGN VVE TKQUP Y SL DAA DANATIEE VNIL
1720 GCCTACGAGA ACGTCAAGGA CTGT ¢ A CCA ATCCOAGGCC TOGGAGGCCG CCGTCAAGCG CTATGAGGAG AAGATTGATC GCGTGGAGAC TCGCATAACT 1839
A Y BN VXE VDC LDIT KBG 8 BEA WEAA VKR YEERE KI DR VET RTIT
1840 GCTCATCTAC GTGATCAGCT GGGAACAGCC AARGAACGCCA ACGAGATGTT CCGCATTTTC TCGCGTTTCA ATGCGCTCTT CGTGCGTCCG CACATCCGTG GCGCTATCCG GGAGTACCAG 1959
A HLR DQL GGTA KNAN BMXP RIVF 8§RFN ALP VRP HIZRG ATIR BYZQ
1960 ACGCAGCTGA TTCAGCGCGT CAAGGATGAT ATCGAGGCCT TGCATGAGAA GTTTAAGGTT CAGTATCCGC AGAGCAAGAG CTGCCGTTTG TCTTCOGTGC GAGATCTGCC GCCGGTTGCC 2079
TQ@QLI QRV X DD I EAL HEBK PKV QYPQ 8 X 8 CRL 88V R DL P P VA
2080 GGCTCCATCA TTTGGGCCCG TCAGATTGAC AACCAACTGA CGATGTACTT GAAGCGCGTC GAGGATGTGT TGGGCAAGGG CTGGGAGACC CATATCGAGG GCCAGAAGCT GAAGGCGGAC 2199
G 8 I I W AR QI D NQLT N YL KRV EDVLI GKG WET HIZEG Q KL K ATD
2200 QGTGATAGCT TCAGAGCCAA GCTTTCCATT TCGGATGTGT TCCATGAGTG GOCCCGCAAG GTGCAGGAGC GCAACTTTGG CAGCACTGGC CGTATCTTTA CCATCGAGTC AACGCGTTCC 2319
G D8F RAXKXK L 81 8DVPF HEW ARK VQOQER NPFPG 8§TG RTIPT I BS TR S
2320 CGCATTGGAC GTGGCAATGT TCTGCGTTTG CGTGTCAACT TTITACCGGA GATCATCACC TTGOCCAAGG AAGTGCGCAA CATCAAGAAT CTGGGCTTTA GAGTTCCACT GACCATTGTG 2439
R I GR GNV LRL RVNPF L PE IIT LAKE VRVN IKVN LGPFR VPL TT1IUV
2440 AACAAGGCGC ATCAGGCGAA CCAGATTTAT CCTTATGCTA TATCATTGAT TGAGAGTGTC CGCACCTATG AGCGTACATT GGARAAGATC GAAGATCGTG CTAGCATTGT GCCCCTTGTG 2559
N XA HR QAN QI Y PYATI 8 LI ESV RTYE RTUL BRKI EDRA IV PLV
2560 GCTGGACTGC GGAAAGATGT ACTTAACCTG GTCTCCGAGG GCATCGGCCT CATCTGGGAG TCATATAAGC TCGATCCGTA CGTGATCCOC CTGTCGGAGT GTGTCACCCA GTTCCAGGAG 2679
A GLR KDV LNL V8 BG I GL IWE 8 YKL DPY VIR L SEC VTOQ FQE
2680 AAGGTCGACG ATTTGCTGGT TGTTGAAGAG CAACTTGATG TGGATGTGCG CTCGCTGGAA ACCTGTCCCT ACAGTGCAGC CACCTTCGTT GAGATTCTCT CGAAGATTCA GCATGCCGTT 2799

2800 GACGATCTCT CGCTGCGTCA GTACTCCAAC TTGAGTGTCT GGGTTACTCG ACTCGATGAA GAGGTGGAGA AGAAGCTGAC CCTCCGTCTG CAGOCOGGTA TTCAGGCCTG GACGGAGGCT 2919
D DL S LRQ Y SN L S VW VTR LDE EVEZEK KLA LRL QA GI QAW TZENA
2920 CTCACCGGCA ATAAGAAGGA GGTTGACACC TCTATGGACA CTGATGCGCC CGCTCAGCCC ACTCACAAGC TGGGAGGAGA CCCGCAGATT CAGAACGCTG TGCATGAGAT TCGTATCACC 3039
LTGN KKE VDT S NDT DAP AQFP THKUL GGD PQI QNAV HETI RTIT
3040 AACCAGCAGA TGTATCTGTA CCCATCCATT GAGGAAGCCC GTTTCCAGAT CATGCAGCAG TTTTTCGCCT GGCAGGCGAT CGTCACCTCC CAAGTGCGTC TGCAAAGCAC CCGCTACCAG 3159
N Q Q¥ Y LY P S I BEEAR F QI M QQ PP AW QAI VTS QVRL Q ST RYQ
3160 GTGGGATTAG AAAAGCATGT TTCTCAGACG TACCGCAATC TGTTGACCAA GCTGCCCGAG GGAAAGATCT TGGAGAATGC CTATGGAGCT ATCGAGCAAA AGGTGAGCGA GGTGCGCAAC 3279
V6 LE KHV 8T YRNUL LTXK L PE 6 K I L ENAYGA I EBQX VBE VRN
3280 TACGTGGATG AGTGACTGCG CTATCAGAGC TTGTGGGATC TCCAGGCTGA TATGTTGTAT GGACGCTTGG GTGAGGATGT GAACTTGTGG ATCAAGTGCT TGAATGACAT CAAGCAATCG 3399
Y VDE WLR Y Q8§ L WDUL ©0QAD MLY GRLG EDV NILW I KCL NDTI K QS8
3400 CGCACCACCT TTGATACGTC TGATACTCGC AGAGCCTATG GTCCCATTAT TATTGATTAC GCCAAGGTGC AGGCTAAGGT CACTTTGAAA TACGATTCCT GGCACAAGGA GGCATTGOGC 3519
RTTPF pTS DTR RAYG PITI IDY AKVQ AKV TLK Y DSW HKE ALGG
3520 AAGTTTGGCA CCCTGCTGGG AACCGAGATG ACAAGCTTCC ACAGCAAGGT GTCCAAGTCG CGTACCGATC TGGAGATGCA GAGCATCGAG GCCGCCAGTA CATCGGATGC COTGAGCTTT 3639
X P 66T L LG TEM T8 F H S KV 8 X S8 RTDIL BEMQ 8 IE E AAST 8 DA V Ss©F
3640 ATCACCTACG TCCAATCACT GAAAAAGGAC ATGATTOCTT GGGACAAGCA GGTGGAAGTG TTCAGGGAGG CTCAGCGCAT TCTAGAGCGC CAGCGTTTCC AGTTCCCCAA CACTTGGCTG 3759
I TYV Q 8L X KD M IAW DKOQ VEV FPREA QRTI LER QRPQ PPN TWL
3760 CATGTGGACA ACATTGAAGG CGAGTOGTCT GCCTTTAACG AGATTATCAA GCGCAAGGAC ACGGCCATAC AGACACAGGT TGCCAGTTTG CAGGCCAAGA TTGTGGCCGA GGATAAGGCT 3879
HV DN I EG E WS A FNE I I X RXD TAIGQ T QV ASL QAIKTI VAE DKA
3880 GTGGAGACAC GCACTGTOGA CTTCCTTAAC GATTGGGAGA AGACCAAGCC AACAGGCGGC AAGATTCGAC CAGATGATGC CCTACAACAG CTGCAGATCT TTGAGAGCAA GTACTCGCGT 3999
VETR TVD PLN DWEREK TXP Tae66 X IRP DDA LQQ LQIVFP E'SX Y S8R
4000 TTGAAGGAGG AGCGGGACAA CGTOGTCAAG OCCAAGGAGG CACTGGAGCT GCAAGAATCA GCCATTCCGA ACAACAGTGC TGAGCGTATG AACGTGGCTC TCGAGGAGCT ACAAGATCTG 4119
L X BB RDN V VK AKXKBEA L EL QES AV PN NSA ERN NVAL BEL QDL
4120 CGCGGCGTCT GGAGCGAGTT ATCCAAGGTT TGGACACAGA TTGATGAGAC ACGCGAGAAA CCCTGGCTTT CAGTGCAGCC GCGTAAGTTG CGTCAGCAAC TGGAGGCCAT GATGGCTCAA 4239
R G VW S EL 8KV WTOQTI DET REK PWILS V QP RXUL RQQL EAMNX X AOQ
4240 CTCAAGGAGC TGCCAGCTCG TCTTCGTATG TATGAATCGT ATGAGTACGT GAAGAAGTTG ATCCAGAGCT ACATCAAGGT GAACATGCTG ATTGTGGAGC TAAAGTCGGA TGCTCTAAAG 4359
L X EL PAR LRMX¥ YESY BYV XXT1L IQSY IXKV NXIL IVEL K SD ALK
4360 GAGCGCCATT GGAAGCAATT GACCAAGCAG CTGCGCGTTA ATTGGGTATT ATCCGATTTG TCCCTCGGCC AGGTGTGGGA TOTGAATCTA CAGAAAAACG AGGGTATCGT CAAGGATATT 4479
P RHW KQL TKQ LRVN WVL 8DL 8L GQ VWD VNL Q KNZEBEE @61V X D1
4480 ATCCTAGTGG CCCAGGGCGA GATGGCCTTG GAGGAGTTCC TCAAGCAGAT GCGTGAGTCC TGGCAGAACT ATGAGCTGGA CTTGATCAAC TACCAGAACA AGTGCCGCAT CATCCGCGGT 4599
1 L VA Q GE M AL EEPL KQV RES WQNY ELD LIDN YQUNIK CRTI IRSGG
4600 TGGGACGATC TGTTCAACAA GGTGAAGGAG CACATTAACT TGTGGCCGCC ATGAAGCTGT CTCCCTATTA CAAGGTCTTT GAGGAGGAGG CTCCTTCCGG TGGAGACTTC GCGTTTCCAG 4719
W DDUL F NX VXE HIDNSZS VAA MXL 8PYY KXKVF EEE ALTW EEXK L NR
4720 ATTAACGCCC TGTTTGATGT ATGGATTGAT GTGCAAAGAC GTTGGGTCTA CTTGGAGGGA ATCTTCTCTG GCAGCGCTGA TATTAAGACG CTCCTTCCGG TGGAGACTTC GCGTTTCCAG 4819
I NAL P DV WID VQRR WVY L EBEG I F SG S AD I KT LLPV ETS RPFPQ
4840 AGCATCAGCT CCGAATTCCT TGOGTTGATG AAGAAGGTGA CCAAATCGCC CAAGGTTATG GATGTGCTGA ACATCCCTGC TGTGCAGCGA TCTTTGGAGC GCCTGGCCGA TTTGCTTGGA 4959
§ I 8 8 BEFL GL M KKVT K S P XKV N DVLN IPAMVQR S LER L AD L LG
4960 AAGATCCAGA AGGCTCTGGG CGAGTATCTG GAGCGCGAGA GAACCTCATT CCCTCGCTTC TACTTCGTGG GAGATGAAGA TCTTTTGGAA ATAATTGGCA ACAGCAAGAA TATTGCACGT 5079
K I QK ALG BEBYUL BERER T SPF PRPF YPFPVGEG DED LLE I TIGN 8 KVN IAR
5080 CTGCAGAAGC ATTTCAAGAA AATGTTTGCT QGGTGTAGCTG CCATTCTGTT GAACGAGGAA AACAACGTTA TTCTGGGTAT TTCATCGCGC GAAGGAGAGG AGGTGCACTT CATGAACCCA 5199
L @ KH F KK M PA GV AA I LL NEBEBE NNVI LGI S SR EGEE VHF N NWP
5200 GTTTCCACCG TGGAGCATCC CAAGATCAAC GAGTGGCTGT CQCTGGTGGA GAAGCAAATG CGATTCACGC TGGCTTCACT TTTGAGCCCAG GCTGTGCAGG ATATCAAGCA GTTCCGCGAT 5319
vV 8§ TV BHP X IN EWULS L VE XK QMW RPFTTUL ASL L AQ AVQD I XQ FRD
5320 GGAAAGATCG ACCCCCAGGC CTACATGGAG TGGTGTGACA AGTACCAAGC CCAGATTGTA GTGCTGGCCG CACAMATCCT GTGGTCCGAG GATGTGGAGT CCGCCCTTCA GCAGGCTTCT 5439
G K I D P QA Y ME WCDIK ' 'YQA QI V VLAAOQTITUL WSE DVEJS ALQ QAS
5440 GAGAACAACC AATCTAAGCC GATGCAACGC GTTTTGGATA ACGTAGAGAG CACTCTCAAC GTCTTGGCTE ATTCGGTCTT GCAGGAGCAG CCGCCTCTCC GTCGTCGTAA GCTCGAGCAC 5559
BENNQ 8 KP MQR VLGN VES TLN VLAD 8VL QEQ PPLR RREK LZBH
5560 CTTATAAACG AGTTTGTGCA CAAGCGAACG GTGACCCGAC GACTCCTTAA CAACGGAGTT ACCTCGCCCA AGTCCTTCCA ATGGCTGTGC GAGATGCGAT TCTACTTTGA TCCACGTCAA 5679
L I NE P VH KRT VTRR LLN NGV TS8PIK 8 PF Q WL C EMUPBRP Y P D PROZOQ

Figure 3. Complete sequence of the cytoplasmic dynein heavy chain mRNA and protein. Nucleic acid sequence of cDNA and 5’ flanking
genomic DNA, and the deduced amino acid sequence is shown. Two vertical arrows indicate transcription initiation sites for the heavy
chain mRNA. The first start site is numbered as position 1. The termination codon is indicated by an asterisk. Four phosphate-binding
loop motifs are underlined. The sequence of a 20-amino acid synthetic peptide used to elicit a rabbit antibody (PEP-1) is framed. The
horizontal arrow upstream from the heavy chain transcript indicates the transcriptional start site and direction of transcription for a putative
Drosophila leucyl tRNA synthetase gene. These sequence data are available from Genbank under accession number 123195.
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11800 GGCACCTCOG AGTCTAATTT GGATGCCGAG TTCAACTTCT TCCTGCGAAG CCOCGAGGGT CTGCTAGCAA ATCCCACGCC CGTAGAAGGA CTTTCTOCCG AGCAGATTGA GAGTGTGAAC 11919
G T 8 E 8 NL DABRB PNVF?P? LRS REBEG LLAN VEG LS AE QI E 8 VN
AAGCTTCTTG CCTGAACAGG TTGTACCCCA OCTGTGOGAC 12039

12160 GACTTTATOC CCAACGCCGA GCAGGAATTG
D P NP NAE QEBL

B F NB 8 DL
CATGGGATGC CCTGGTCACC CTUCTCTCOGC AGTCCATTTA CGGAGGAAAG 12879

P DQ RL L P TA RS PFE ADP ALV ANVD GAS GG L
13000 CGTCACATTA CCATGCCCGA TGGCACCCGT COCGATCATT TCTTGAAATG GATTGAGAAC TTGACTGACC GCCAGACTCC GTCGTGGCTT GGATTACCGA ACAATGCGGA GAAGGTGTTG 13119
R HIT XM PD GTR RDHP L XKW IEN LTUDR QTP 8 WUL 6LPN KAE KV L
13120 CTTACCACCC GTGGTACTGA TTTGGTCAGT AAGCTOCTCA AGATGCAGCA GCTGGAGGAC GACGATGAGT TGGCTTACAG CGTGGAGGAT CAATCGGAGC AATCTGCAGT GGGTCGCOGC 13239

LTTR 6TD L VS KLLX M QQ L ED DDEBL

13360 TACCGATACT TCGAGCGCGA QGTGACAAGT GGTTCGCGTC TGTTGCAAAC TG GAC TCT A
Y RYFP BRB VTS 6 8§ RIL

Y L N8 TRT BLL PTVOD Q E 8 H 8P Y BRG VAVL TS T ATLNXN
14080 TAAGTGTTAA GCACAAGATA TCCATTATAT CCCATATTTT 'AGTCCAAATT ATTCCTTCAA AGCCTTTACC TAAGGTATCT AAAAGTITAA TCTAAAGCTA TATTCGTACT CTTTTCATTC 14199

14200 AAAAAACATT AGAATTTTAC AAAATGTAAT TTCAAGATTT AAAATGAAAT ACTTTAAACT TGTAGAGTTT ATTTTAAAAA TATTTCAATT TCTGTGGATA GCATGATTTT GTGAAAGTAA 14319

14320 TTTTTAAATC TGTTCCCCAT TTCCGATAAA GCTTACTAAA TATATATACT CATAQGCAACC CCA(m)

Figure 3.

quence and the Dictyostelium (Koonce et al., 1992), Asper-
gillus (Xiang et al., 1994), yeast (Li et al., 1993; Eshel et
al., 1993), sea urchin (Gibbons, et al., 1991; Ogawa, 1991),
and Chlamydomonas dynein (Mitchell and Brown, 1994,
Witman et al., 1994) polypeptides is substantially lower. As
shown by the matrix comparisons, this reduced similarity is
most evident over the NH,-terminal one third of the poly-
peptides. Further comparisons between the sequences were
made using NH,-terminal (residues 1-1500), Central (resi-

Table I. Dynein Heavy Chain Sequence Similarities

Drosophila Dhc64C

14381

dues 1500-3000), and COOH-terminal (residues 3000-
4639) segments from the Drosophila sequence. Each seg-
ment was aligned to the other published dynein sequences
to determine the % identity and % similarity in each of the
segments (Table I). The sequence comparisons demonstrate
that the NH,-terminal one third of the dynein polypeptides
is most divergent, and that a central domain is the most
highly conserved in all cases (Fig. 4 A and Table I). Within
the more conserved central domain (residues 1500 to 3000;
see Table I), the percentage of identity between the Drosoph-
ila and other published dynein heavy chain polypeptides is:
rat (79%), Aspergillus (62%), Dictyostelium (61%), yeast
(61%), sea urchin (39%), Chlamydomonas o (31%), Chla-
mydomonas 8 (33%), and Chlamydomonas v (33%).

The conserved central domain encompasses a cluster of

lngth L1500 1003000  3000.ea  four phosphate-binding loop (P-loop) motifs with the con-
Cytoplaemi sensus sequence of GXXGXGKT/S (Fig. 4 B). The positions
oplasmic ‘ of these four P-loops in the central domain of the dynein
Rat 12 84 67 (82) 79 (88) 70 1) polypeptide, the spacing of the sites relative to one another,
Aspergillus 51 (69) 40 (60) 62 (78) 49 (68) . .
Dict . as well as the amino acid residues that comprise each site,
yostelium 52 (70) 41 (62) 61 (77) 52 (69) hi imilar in all rted dynei o 4
Yeast 3055 2046) 3962 31(56) are highly similar in all repo ynein sequences (Fig.
B). The predicted sequence of the first P-loop (residues
Axonemal 1895-1902) in Drosophila is totally conserved among all
Sea urchin 26 (51) 19 (44) 33 (58) 27 (51)  dynein sequences. The sequence of the second Drosophila
Chlamy. 8 26(50) 19(45) 33(57) 26 (49)  P-loop (residues 2210-2217) is conserved in the rat cytoplas-
Chlamy. y 26(50) 1945  33(G56) 2649  mic sequence (Fig. 4 B) and in a cytoplasmic dynein se-
Chlamy. « NA NA 31 (55) NA quence from sea urchin (not shown; see Gibbons et al.,

Amino acid sequence comparisons of Drosophila cytoplasmic dynein with dynein
heavy chains from other species. Numbers in bold indicate percent identical
residues. Numbers in parentheses indicate percent similar residues. NA, not
available. Alignments and comparisons were made using the UWGCG
BESTFIT program using the default settings. The dynein sequences used for
rat, Aspergillus, Dictyostelium, yeast, sea urchin and Chlamydomonas are Gen-
bank sequences from, respectively, Mikami et al. (1993); Koonce et al. (1992);
Eshel et al. (1993); Gibbons et al. (1991); Mitchell and Brown (1994); and Witman
et al. (1994).
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1992). The third P-Loop sequence (residues 2580-2587) is
identical in cytoplasmic dynein isoforms from Drosophila,
rat, Dictyostelium, sea urchin, Aspergillus, and yeast, but
differs from the sea urchin 8 axonemal dynein sequence, as
well as the o, 8, and v axonemal sequences reported for
Chlamydomonas (e.g., see Fig. 4 B; see also Gibbons et al.,
1991; Mitchell and Brown, 1994; Witman, et al., 1994). The
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P-loop;

dmcdhe 1872 PLTDRCYLTMTQALESRLOGSPFGPAGTGKTESVKALGNOLGRFVLVPNC
rncdhe
ddcdhe
encdhe
scedhe
sufdhe
crfdhe
crydhc
cradhe

rreveree

P-loop;

dmcdhe 2187 GMWVWLYQIMUWGPSGSGKSTWM
rncdhc 2199 .GM ™I

ddcdhe 2248 KQB.V..I.” LIV
encdhc 2204 SEM.IT.I...... QSIH..V....K....‘.S... o
sccdhe 2051 SERPLX.CM.P.YMOKTQQA.IL..KA.C..TAT.
luﬂdhc 2110 EDSFVL. .v..lmvn.svrvx.m.‘r...avx..v.u.wmw
crfdhe 2179 DDQPLL.ISHVRELFVVRWSVFLL.AA.C..TAV.R...R,QNSSGEKTI
crythe 2075 HPTW.N.CI...BTYLVR..I.L......... AICEC.AA. . TELGTKHV
cradhc 855 EDDFVLR.VDPSELLAIR.CVFLN..T.T.RTECYRV.A..ITKGCNNPV

- * »

P-loops

dmcdhe 2559 WRH!SLLMPLVLCGPPGSGKML!SALMPMVVGMS
medhe 2572 L. A e ie i et ittt et a e

ddcdhe 2648 .'l‘..VW.HA..S..R..I.....‘.......T.T...P..P...S....
encdhc 2571 ..... DV..S.c.ovenn T A...K..N.........
sccdhe 2397 ,IK..KIF.DL.NSKRGIT........... IMNN. . NSSLYD...I...

sufdhc 2439 .T.VRPPMDLLMERGR.VK.V.NA.L..SVLVGDK.SN.GEDS..ANVFP
crfdhc 2509 .T.LTYF, DSLVSNKHYAMFV.NT.T..SAIMVNK..NMDTETMSFYTIN
crydhc 2404 S..YGA..NLSYNVD.ATL.V.G..TA..N.INOFISKFNARTTANKTIT
cradhe 1207 .SSLRPF.DMMVDLR..IMPV.GA.V...QLVKGK.GS.NEEQISLSISF

« e e

P-loop,;

dmcdhe 2902 DHVLRIDRIPRQPNHLLLIGVSGAGMSRWAWLSIPQIKVHNK
rnedhe 2915 ... it et

ddcdhe 2991 ..I..... Veeeoonn P DI G..8V... ittt YT...N.N
encdhc 2912 E.A..... A 2T I...c... - S KV...... G.
sccdhe 2739 ..I..... ALK.V...M0{...A.RT...I.T.....L...K.V.P.I.RH
sufdhc 2785 Q..C .n..us.n.m..v..e.s..os A. usnss.:v...'lu.m
crfdhc 2859 E..T..A..IDL.R.NAM.V..G.S..QS.A.LASYIC.YEVY..S.SST
crydhe 2783 T.LM..T.LLAW.-.LG..V..G.S..QS...LS.YIA.PTFYIT.TY.V
eradhe 1560 K..C..S..VSN.S..A..V..G.S..0S.A.LA.HIC.YATON.VISGS

Figure 4. Structural similarities among dynein heavy chain poly-
peptides. (4) Dot plots show protein sequence matrices between
two dynein heavy chains. X-axes for all plots represent the Dro-
sophila cytoplasmic dynein heavy chain. Y-axes are: rat brain cyto-
plasmic dynein (top left, Rattus norvegicus; Mikami et al., 1993;
Zhang et al., 1993), slime mold cytoplasmic dynein (top right, Dic-
tyostelium discoideum; Koonce et al., 1992), yeast cytoplasmic
dynein (bottom left; Saccharomyces cerevisiae; Eshel et al., 1993;
Yeh et al., 1993), sea urchin flagellar 8 axonemal dynein (bottom
right; Tripneustes gratilla; Gibbons et al., 1991). Numbers indicate
amino acid positions. The PAM250 scoring matrix (Pearson,
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fourth Drosophila P-loop (residues 2922-2929) is again
identical in sequence only to the corresponding P-loops
found in the rat and sea urchin cytoplasmic dynein sequences
(Fig. 4 B; Gibbons et al., 1992). Thus, in the case of cyto-
plasmic dynein sequences, all four P-loop motifs are identi-
cal in the Drosophila, rat, and sea urchin isoforms, but only
the first and third P-loop sequences are totally conserved in
all cytoplasmic dynein isoforms, including the Dictyoste-
lium, Aspergillus, and yeast cytoplasmic dyneins. Consider-
ing the residues adjacent to the P-loop motifs, the yeast cyto-
plasmic dynein is clearly the most divergent (Fig. 4 B).

The secondary structure prediction for the Drosophila cy-
toplasmic dynein heavy chain is similar to those obtained for
other dynein sequences and shows that « helix, § sheet, and
f3 turn conformations are predicted along the entire length of
the protein. This prediction is consistent with the predomi-
nant globular shape of native dynein complexes as deter-
mined by electron microscopy (for review see Vallee, 1993;
Schroer, 1994). We examined the propensity of the o helical
domains to form coiled-coil conformations using an al-
gorithm developed by Lupas et al. (1991) to identify charac-
teristic 4-3 hydrophobic heptad repeats (Hodges et al., 1972;
McLachlan and Stewart, 1975; McLachlan and Karn, 1983).
Five potential heptad repeat regions were identified in the
heavy chain polypeptide sequence. For all five regions the
amino acid distributions within the heptad repeats yielded
scores (>1.5, except in terminal residues of final repeat;
Lupas et al., 1991) that strongly suggest their coiled-coil
conformations. Of these, three are short with only five hep-
tad repeats (35 residues) and two are relatively long with
eleven and twelve heptad repeats (77 and 84 residues),
respectively. Relative to the central cluster of nucleotide-
binding motifs, two of the short repeats are NH,-terminal,
while the third short repeat and both long repeats are located
COOH-terminal. The first short repeat region is at residues
530 to 564, the second occurs at residues 1266 to 1300, the
two long repeat regions are at residues 3186 to 3262 and
3398 to 3481, and the third short repeat region is at residues
3752 to 3786.

1990), a window size of 15 residues, and a minimum score of 60%
were used for the analysis. Arrows identify positions of the four
P-loop motifs. (B) Sequence alignment of amino acid residues sur-
rounding the four conserved P-loop motifs in cytoplasmic and axo-
nemal dynein heavy chains. The Drosophila sequence is shown on
the upper line of the comparisons. Dots represent identical amino
acids. A bar above each alignment indicates the position of the
P-loop. Sequence identities within the P-loop are indicated by aster-
isks. Species source of dynein sequences is shown at left (dmcdhc,
Drosophila melanogaster cytoplasmic dynein heavy chain; rncdhc,
Rattus norvegicus cytoplasmic dynein heavy chain, Mikami et al.,
1993; ddcdhe, Dictyostelium discoideum cytoplasmic dynein heavy
chain, Koonce et al., 1992; encdhc, Emericella (Aspergillus) nidu-
lans cytoplasmic dynein heavy chain, Xiang et al., 1994; sccdhc,

Saccharomyces cerevisiae cytoplasmic dynein heavy chain, Yeh
et al., 1993; Eschel et al., 1993; sufhc, sea urchin n8 axonemal
dynein heavy chain, Gibbons et al., 1991; ct8hc, Chlamydomonas
reinhardtii 8 axonemal dynein heavy chain, Mitchell and Brown,
1994; cradhc, Chlamydomonas reinhardtii o axonemal dynein
heavy chain, Mitchell and Brown, 1994; crydhc, Chlamydomonas
reinhardtii y axonemal dynein heavy chain, Witman et al., 1994).
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Eight human cDNA sequences (accession numbers: T07853,
T06228, T03672, T09530, T05469, T05294, M62078, and
MB85915) present in the collection of expressed sequence tags
(EST; Adams et al., 1991, 1992) show significant similarity
to the Drosophila dynein heavy chain sequence. Each of the
EST clones shares at least 40 % identical residues in overlaps
of 54-109 amino acids. In addition to these EST clones,
Vaisberg et al. (1993) have recently recovered a PCR-derived
human dynein cDNA clone that contains the first P-loop
motif. Besides the identification of other dynein sequences,
our searches of the sequence databases revealed no other
similarities of clear significance. Direct comparisons be-
tween the predicted Drosophila dynein heavy chain sequence
and the predicted amino acid sequences of other known
microtubule-associated proteins, including kinesin isoforms,
MAP2, and tau, also failed to reveal any striking similarities.

Genomic Organization of the Cytoplasmic Dynein
Heavy Chain Transcription Unit

Genomic DNA blot experiments show that the cytoplasmic
dynein heavy chain is encoded by a single copy gene (Fig.
5 A). In addition, in situ hybridization to polytene chromo-
somes from larval salivary glands also reveals a single cyto-
logical map position for the cytoplasmic dynein gene (Fig.
5 B). Labeled fragments from the inserts of the MS3, ZAP4,
and ZAP8 cDNA clones each hybridized to a single site lo-
cated at position 64C on the third chromosome (Fig. 5 B).
During the course of this work, partial sequences of seven
dynein-related heavy chain genes were identified in Dro-
sophila genomic DNA by PCR strategies (Rassmusson et
al., 1994). This family of dynein heavy chain genes includes
genes that appear to encode several axonemal dynein iso-
forms, as well as the cytoplasmic dynein isoform. One of the
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partial (~400 bp) dynein clones recovered by PCR also
maps to position 64C. The complete cDNA sequence
reported here encompasses the partial sequence of the
dynein gene previously designated Dhc64C according to its
cytological map position.

To recover a functional transcription unit of the dynein
heavy chain gene, we have analyzed genomic clones encom-
passing the dynein coding sequence (Fig. 1 B). A 320-bp re-
striction fragment from the 5’ end of the MS3 cDNA clone
was used to probe a AEMBL3A library (Tamkun et al.,
1992). Three genomic clones were isolated and their restric-
tion enzyme sites were mapped. As shown in Fig. 1 B, the
phage clone EMBL#1 contains the 3’ end of the dynein heavy
chain transcript and extends ~v14 kb towards the 5’ end of the
gene. We subsequently screened a cosmid library (Tamkun
et al., 1992) with a 2.0-kb HindIII insert from the genomic
subclone EM12 (Fig. 1 B). Two of ten positive clones, pCS3
and pCSl14, included the entire coding sequence of the
dynein heavy chain gene. The clone pCS3 extends ~5 kb up-
stream from the predicted translational start site and in-
cludes a portion of each of two additional transcription units
located 5’ and 3' to the dynein gene. The positions of selected
restriction enzyme sites in both the phage and cosmid
genomic clones are shown in Fig. 1 B. The sequences of both
ends of contiguous subclones of genomic DNA fragments
spanning the dynein gene were determined. Both these end-
run sequences and the restriction maps of the genomic clones
matched with the overlapping cDNA clones, with the excep-
tion of one HindITI restriction site polymorphism toward the
3 end of the cDNA and the altered restriction map of
genomic clones towards the 5' end of the gene due to the
presence of a relatively large intron. The HindIII restriction
site polymorphism and the boundaries of the large 5’ intron

C Figure 5. Copy number and chro-
mosomal location of the Dro-
sophila cytoplasmic dynein gene.
(A) Genomic DNA blots. DNA
was digested with restriction en-
zymes as indicated (E, EcoRlI; P,
Pstl). (Panel 1) DNA was probed
with a 0.4-kb internal DNA frag-
ment that spans bp 5770-6177,
and includes the first P-loop mo-
tif. (Panel 2) DNA was hybrid-
ized to a ~1-kb BamHI-HindIIl
fragment at the 3’ end of the
dynein gene (see Fig. 1). Neither
probe contained internal restric-
— 24 tion sites for EcoRI or Pstl, and
- both probes hybridized to a sin-
gle, unique restriction fragment.
Molecular size markers are shown
at left. (B) In situ localization of
the dynein gene on polytene chro-
mosomes. The insert of the ZAP4
cDNA was labeled using digoxi-

kb

- 9.5
- 75

—_44

- 0.24

genin-dUTP and hybridized to polytene squashes. Detection of the hybridized probe was by anti-digoxigenin coupled to alkaline phospha-
tase. Inset shows an enlargement of the tip of chromosome 3L and the location of the heavy chain gene at position 64C is indicated by
an arrow. (C) RNA blots probed with genomic DNA extending 5’ and 3’ outside the dynein gene. Two additional transcription units were
identified. (Lane 1) A probe extending 9 kb upstream recognizes a 3-kb transcript in RNA from ovaries; and all other tissues examined
(data not shown). (lane 2) A probe extending into the 3' region beyond the dynein gene hybridizes with a 1.3-kb transcript which is only

detected in RNA from testes.
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were confirmed by sequence analyses and comparison of
genomic and cDNA clones. The restriction map of the
c¢DNA differs from the genomic map in the 5’ region that is
included in the subclones pCH71 and pCH81 (Fig. 1). The
3.6 kb of genomic DNA contained in these subclones was se-
quenced completely and comparison to the cDNA sequence
revealed the presence of a ~1-kb intron and a smaller intron
of 62 bp.

As another verification of the limits of the dynein tran-
script, RNA from various tissues was probed with genomic
DNA extending 5' and 3’ from the gene. We identified two
transcription units that flank the 5' and 3' ends of the dynein
heavy chain gene (Fig. 1 B). RNA blot analysis shows that
the Drosophila gene located 5' to dynein encodes a 3-kb tran-
script that is present in all tissues examined (Fig. 5 C). No
additional 5’ transcripts were detected on RNA blots with a
probe that extends 9 kb upstream of the dynein gene (Fig.
5 C). Adjacent to the 3’ end of the dynein coding sequence,
we identified a testes-specific transcript. RNA blots were
probed with the genomic subclone EM13, which contains the
last 34 bp of the dynein cDNA sequence and ~v1.3 kb of addi-
tional downstream sequence. A 1.3-kb transcript was de-
tected only in total RNA prepared from testes.

Two cDNA clones containing a portion of the 5’ flanking
transcript were isolated with a probe derived from pCHS1.
Both cDNA clones initiate at position —171 and are tran-
scribed from the DNA strand opposite to that of the cyto-
plasmic dynein gene. Analysis of the sequence derived from
pCHSI and the two cDNA clones predicts an ORF that be-
gins at position —305 bp and extends through position —921
bp. The partial sequence determined for the ORF predicts
200-amino acid residues that share 72 % similarity and 59%
identity with leucine-tRNA ligase precursor in fungi (Chow
et al., 1989), yeast (Herbert et al., 1988) and E. coli (Hart-
lein and Madern, 1987).

Our analyses suggest that a genomic fragment extending
from position ~—924 bp upstream of the dynein coding se-
quence to position 15,681 bp that lies ~v100 bp downstream
of the cDNA transcript is likely to contain a complete and
functional genomic transcription unit for the cytoplasmic
dynein gene.

The Cytoplasmic Dynein Transcript Is Abundantly
Expressed in Ovaries

Expression of the Dhc64C dynein gene was examined
throughout development (Fig. 6). RNA blots were probed
with subcloned genomic and cDNA fragments that span the
entire dynein gene. All cDNA probes derived from the
dynein heavy chain coding sequence recognized a transcript
of ~14.5 kb in all stages and tissues examined. The cytoplas-
mic dynein heavy chain gene is differentially expressed dur-
ing development, with the highest levels of transcripts ob-
served in ovaries and 0-2-h embryos. The level of the dynein
transcript falls dramatically in RNA prepared from 2-4-h
embryos, and then increases in later staged embryos. The de-
crease in dynein transcript at 2-4 h is likely due to the turn-
over of maternally supplied transcript before the initiation of
zygotic transcription. The cytoplasmic dynein transcript is
also readily detected in larval and pupal stages, as well as
in adult tissues including heads and testes. A second tran-
script of slightly larger size is also detected in relatively low
levels in adult ovary, larval, and pupal RNA (Fig. 6). Probes
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Figure 6. Developmental profile of the dynein mRNA. RNA blot
contains total RNA isolated from ovaries; embryos (0-2, 2-4, 4-8,
8-12, and 12-24 h); larvae (mixed instars); pupae; testes; adult
heads. The blot was hybridized to a radiolabeled probe from the
region surrounding P-loop;. The same expression profile was ob-
served with probes derived from the 5’ and 3’ ends of the dynein
cDNA. To control for equivalent loading and the integrity of the
RNA the blot was later hybridized to a probe, RP49, derived from
a ribosomal protein gene (lower panel; Vaslet et al., 1980). RNA
size markers are indicated in kb at right side.

derived from the cDNA clones pTR13, ZAPS, and P14 lie,
respectively, at the 5' end, middle, and 3’ end of the Dhc64C
gene. Each of these probes detects both transcripts on RNA
blots. Since our probes are specific to Dhc64C on genomic
DNA blots, the two transcripts may result from the alternate
splicing of exons. Alternatively the larger transcript may rep-
resent an immature mRNA that retains unspliced introns. A
probe derived from the 1-kb intron at the 5' end does not hy-
bridize to either transcript on RNA blots (data not shown).
However, we have not mapped the complete intron/exon or-
ganization of the genomic clones and therefore cannot ex-
clude other introns that could be present in a larger immature
dynein mRNA.

The abundant expression of cytoplasmic dynein in ovaries
suggests a role for the microtubule motor in oogenic trans-
port. To examine this possibility, we have compared the spa-
tial distribution of the dynein transcript with that of the en-
coded heavy chain polypeptide. To detect dynein transcript,
ovaries were separately hybridized with digoxigenin-labeled
DNA probes from several regions across the dynein coding
sequence. All probes revealed a similar pattern of dynein
transcript distribution. Low levels of the transcript are de-
tected in the germarium and early stage egg chambers, while
an elevation in the amount of dynein transcript in the nurse
cell complex is apparent in later stage 8-10 egg chambers
(Fig. 7 A). No enrichment of the transcript in the oocyte is
observed, indicating that the dynein transcript is not accu-
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Figure 7. Spatial distribution of Dhc64C expression in ovaries. (4
and B) In situ hybridization to wild-type ovaries. Ovaries were hy-
bridized with either a Dhc64C dynein probe (A), or an oskar probe
(B). Low levels of the dynein transcript are detected throughout the
cytoplasm of the early stage egg chambers. Elevated levels of
dynein transcript are apparent in the nurse cell complex (n¢) in later
egg chambers. No enrichment of the dynein transcript in the
presumptive oocyte is observed. In contrast, the control oskar
probe (B) shows the posterior localization of the oskar transcript
in the oocyte. (C) Reporter construct. A DNA fragment carrying
the dynein promoter was inserted into the BamHI site of the P-ele-
ment vector pCaSpeR Sgal. The transcription start site of the larger
dynein transcript is marked as number 1. The hatched box in the
insert represents the 5' untranslated region of the dynein gene and
the open box in the insert represents the region encoding the first
13 aa of the dynein polypeptide. The first ATG in the dynein gene
is indicated. (D) Expression of reporter construct. A single ovariole
from a transformed female stained with X-gal. Intense staining is
observed in the nurse cell nuclei. (nc, nurse cell complex; o,

oocyte).

mulated in the oocyte. In contrast, a control DNA probe for
oskar mRNA shows the typical enrichment of oskar tran-
script in the oocyte that has been previously described (Fig.
7 B; Kim-Ha et al., 1991; Ephrussi et al., 1991). We also
used a transcriptional reporter gene to monitor the expres-
sion of the Dhc64C gene during oogenesis. A translational
fusion between the dynein gene and the 3-galactosidase cod-
ing sequence was introduced into flies using P-element medi-
ated germline transformation. The reporter construct con-
tains (3-galactosidase fused in frame to the first 13 amino
acids of the dynein heavy chain coding sequence. The se-
quence upstream of the first methionine residue extends to
position —837 bp (Fig. 7 C). As shown in Fig. 7 D, B-galac-
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tosidase activity is detected throughout cogenesis beginning
in the germarium, and is observed in both the nurse cell
cytoplasm and nurse cell nuclei. As has been noted previ-
ously by Cheung et al. (1992) for an fs(1) K10-3-galactosi-
dase transcriptional reporter, we also detect 5-galactosidase
activity in oocyte nuclei (Fig. 7 D). After stage 10b, a high
level of 3-galactosidase activity is detected in the oocyte
cytoplasm presumably due to the rapid transport of the cyto-
plasmic contents of the nurse cells into the oocyte. The pat-
tern of expression observed for the dynein-Lac-Z reporter
construct was identical for five independent transformants,
and non-transgenic flies showed no 8-galactosidase activity
under the conditions used.

The Cytoplasmic Dynein Motor
Encoded by the Dhc64C Transcript Accumulates
in the Pro-oocyte

To examine the distribution of the cytoplasmic dynein heavy
chain polypeptide during oogenesis, we generated poly-
clonal antisera against three distinct dynein epitopes con-
tained within the non-overlapping cDNA subclones pET822,
pET828, and pET3100 (Fig. 8, A and B, lanes I-3; and
Materials and Methods). The antisera were subsequently
affinity-purified and shown to be specific for the dynein do-
main against which they were raised (Fig. 8 B, lanes 4-12).
Furthermore, each antiserum can detect the enrichment of
the dynein heavy chain as a microtubule-associated protein.
As shown in Fig. 8 C, the heavy chain polypeptide prepared
from ovaries is enriched in microtubules assembled in the
absence of ATP, and can be eluted from microtubule pellets
in the presence of 10 mM MgATP. We have previously
demonstrated that cytoplasmic dynein can be purified from
embryos in this same manner and have directly demonstrated
its minus-end motor activity in vitro (Hays et. al., 1994).
These results suggest that the Dhc64C dynein heavy chain
in ovaries is also present in a functional dynein motor
complex.

In striking contrast to the expression and distribution of
the cytoplasmic dynein transcript in nurse cells, the encoded
dynein heavy chain polypeptide is differentially localized to
the oocyte. Each of the dynein antibodies was used to probe
whole mount preparations of Drosophila ovarioles. As illus-
trated with the PEP1 antiserum in Fig. 9, each of the affinity-
purified antibodies detects the differential accumulation of
cytoplasmic dynein in the presumptive oocyte during oogen-
esis. Initially, dynein is uniformly distributed in the more an-
terior and mitotically active regions 1 and 2a of the germar-
ium (Fig. 9 A; bracket). The elevated level of staining of a
single cell in the 16-cell cyst is first detected in region 2b of
the germarium (arrowhead), just anterior of where the egg
chambers bud off from the germarium. As egg chamber de-
velopment and migration down the ovariole proceeds, the cy-
toplasmic dynein antigen remains differentially localized to
the presumptive oocyte (Fig. 9, A and B). Then, before the
bulk transport of nurse cell cytoplasm to the oocyte, an in-
crease is observed in the amount of dynein antigen present
in the nurse cell cytoplasmic domain of stage 10 egg cham-
bers (Fig. 9 D). Dynein is also detected at a low and uniform
intensity in the follicle cells surrounding early egg chambers.
At later stages this follicle cell dynein appears to concentrate
to the apical region of each follicle cell that surrounds the
oocyte (Fig. 9 D). This apical pattern of dynein distribution
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Figure 8. Antibodies specific for distinct dynein heavy chain epi-
topes. (4) A map of the position of peptides used in the production
of dynein heavy chain antibodies is shown. (B) The antisera PEP1,
828, and 3100 define three distinct, non-overlapping epitopes in the
Drosophila cytoplasmic dynein heavy chain and specifically recog-
nize the pETS5-822, pETS-828, and pET5-3100 bacterially ex-
pressed fusion proteins, respectively. Four replicate samples of
pET5-822 (lanes I, 4, 7, and 10), pETS-828 (lanes 2, 5, 8, and 11),
and pET5-3100 (lanes 3, 6, 9, and /2) were run on 7.5% SDS-
polyacrylamide gels. One set of the gel fractionated samples was
stained with Coomassie blue (lanes /-3). Molecular mass mark-
ers are shown at left (lane M). The remaining three replicate gels
were blotted to nitrocellulose and separately probed with antiserum
PEPI1 (lanes 4-6), antiserum 828 (lanes 7~9), or antiserum 3100
(lanes 10-13). Approximately 1 ug of fusion protein was loaded in
each lane. (C) Cytoplasmic dynein is enriched in microtubules pre-
pared from ovary homogenates. Duplicate sets of identical samples
from the purification steps in a typical preparation of microtubule-
associated proteins from Drosophila ovary extracts were fraction-
ated on separate 7.5% SDS-polyacrylamide gels. (Lanes /-8) One
gel was stained in Coomassie blue. (Lanes &) The replicate gel
was blotted to nitrocellulose and probed with affinity-purified
PEP-] antibody. Approximately 1 ug of protein from each purifica-
tion step was loaded on a 7.5 % polyacrylamide gel. (Lane /) Ovary
homogenate; (lane 2) high speed clarification pellet; (lane 3) high
speed supernatant; (lane 4) taxol-assembled microtubule pellet;
(lane 5) microtubule-depleted supernatant; (lane 6) MgATP ex-
tracted tubulin pellet; (lane 7) MgATP extracted microtubule as-
sociated protein supernatant; (lane 8) wash of taxol-assembled
microtubule pellet before MgATP extraction. Lanes labeled M were
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in follicle cells could reflect the role that these cells play in
the polarized secretion of components required for the for-
mation of several shell layers that encapsulate the mature egg
(for review see Spradling, 1993).

Subcellular localizations of dynein within the oocyte
cytoplasm are also observed. As shown in Fig. 9, a bright
focus of dynein staining is closely apposed to the oocyte
nuclei in early chambers (4; small arrow); and a perinuclear
concentration of the dynein antigen is frequently apparent in
stage 6-8 egg chambers (Fig. 9 A; large arrowhead). These
patterns may reflect the early focus of the minus ends of
microtubules at the single microtubule-organizing center
(MTOC) of the oocyte, and a subsequent cage of microtu-
bules that extends from the MTOC and encompasses the oo-
cyte nucleus. During stage 9, the oocyte has grown to occupy
approximately a third of the egg chamber volume (Fig. 9 C).
At this stage, we detect an accumulation of dynein antigen
at the posterior end of the oocyte, while a relatively lower
level of dynein is still present throughout the oocyte cyto-
plasm. In some preparations, we can also observe slight ac-
cumulation of dynein in the anterior cortical regions of the
oocyte that may represent intermediate steps in the path to
posterior localization (Fig. 9 C). The posterior concentra-
tion of dynein appears to diminish in later stages, while an
elevated level of dynein appears in the nurse cell cytoplasm
(Fig. 9 D). Our results suggest that the cytoplasmic dynein
motor is transported to and asymmetrically localized within

the oocyte.

Maternal Effect Mutations Disrupt the Localization of
Cytoplasmic Dynein

To examine the genetic requirements for dynein localization
to and within the oocyte, we have asked whether the distribu-
tion of dynein is altered by several maternal effect mutations
(Fig. 10). The gene products of the maternal effect loci
Bicaudal-D (Bic-D) and egalitarian (egl) are the two earliest
gene products known to be required for the specification of
an oocyte within the syncytial 16-cell cyst. Loss of function
mutations in either of these two genes disrupt oocyte
differentiation and give rise to egg chambers in which each
of the 16 cells develop as polyploid nurse cells (Schiipbach
and Wieschaus, 1991). The differential localization of cyto-
plasmic dynein to the pro-oocyte appears to coincide with
oocyte specification, suggesting that the Bic-D and egl prod-
ucts might be required for the accumulation of cytoplasmic
dynein in the pro-oocyte. As shown in Fig. 10 A4, egl"vs
mutant ovaries show no accumulation of dynein in the oo-
cyte. Dynein staining is uniformly distributed in the cysto-
blasts in the anterior most regions of the germarium, but
rarely becomes localized to a single cell within the syncytial
16-cell cyst (compare Figs. 9 A and 10 4). Occasionally, we
have observed a slightly elevated accumulation of dynein in
a cell that is positioned toward the center of the cyst. In the
later stage egg chambers, dynein staining is uniformly dis-
tributed throughout the 16 nurse cells. The localization of the
dynein protein in sibling flies that are heterozygous for

loaded with molecular mass standards. A high molecular mass
band present in the taxol microtubule pellet (lane 4 and 4’) and en-
riched in the ATP eluted microtubule supernatant (lane 7 and 7)
is specifically recognized by the PEP-1 dynein peptide antibody.
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Figure 9. Asymmetric localization of dynein during oogenesis. Ovaries from 3-d-old females were dissected, processed for immunocyto-
chemistry, and probed with the affinity-purified PEP-1 antibody. (4) The dynein polypeptide is detected uniformly throughout regions 1-2a
of germarium (bracket). Dynein becomes concentrated in the presumptive oocyte as early as region 2b in the germarium (small arrowhead).
As the egg chamber proceeds down the ovariole, the dynein antigen remains highly enriched in the developing oocyte relative to the nurse
cells and gradually becomes concentrated to the posterior end of the oocyte (large arrowhead). In early egg chambers, a focus of staining
is observed on the posterior side of the oocyte nucleus (see inset). (B) Early and late stage 9 (C) egg chambers showing the transition
between the uniform (B) and posterior (C) accumulation of dynein in the growing oocyte. (D). In the stage 10 egg chamber the posterior
focus of dynein staining is reduced, while a rim of dynein staining becomes apparent in the apical region of the follicle cells. The level
of dynein staining observed in the nurse cell cytoplasm of both stage 9 and 10 egg chambers appears increased relative to earlier stages.
The PEP-1 antibody, the antibodies elicited against the bacterial fusion proteins encoded by nonoverlapping cDNAs (3100, 828) and the
ZAP8 cDNA all show the same pattern of dynein localization in ovaries. fe, follicle cells; nc, nurse cells; o, oocyte; magnification in A4,

B, and C are identical. Bar shown in C is 50 um. Bar shown in D is 100 um.

egl"Us0 was indistinguishable from the pattern observed in
the ovaries of wild-type flies.

The accumulation of dynein in the presumptive oocyte is
also disrupted in ovaries derived from hemizygous Bic-D*¢
mutant mothers (Fig. 10 B). In this case, dynein accumula-
tion is initially observed in the pro-oocyte in region 2a-2b
of the germarium, as well as in early stage 2 egg chambers.
However, this accumulation in the single pro-oocyte is no
longer observed in stage 4-5 egg chambers. The transient ac-
cumulation of dynein to the pro-oocyte in hemizygous Bic-
DR gvaries probably reflects the partial function of the Bic-
D% mutant protein (Ran et al., 1994). Moreover, this initial
dynein accumulation in Bic-D®6 ovaries is not completely
identical to that observed in wild-type ovaries. In ovaries
from wild-type flies, a bright focus of dynein staining is nor-
mally situated posterior to the oocyte nucleus in stage 1-4
egg chambers (Fig. 9 A, see small arrowhead and inser).
This focus of dynein staining most likely reflects the position
of the MTOC where the minus ends of microtubules are fo-
cused. In the Bic-D®¢ mutant ovaries the focus of dynein
staining is instead located anterior to the nucleus (Fig. 10 B;
see inset micrograph). This later result suggests that the Bi-
caudal-D protein may function in MTOC migration. Sibling
progeny heterozygous for Bic-D®¢ show a completely nor-
mal dynein distribution.
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The posterior concentration of dynein during stage 9 of
oogenesis is similar to the concentration of the pole plasm
components staufen protein and oskar RNA. This suggests
that the cytoplasmic dynein motor may play a role in the as-
sembly of the pole plasm during stages 8 and 9 of oogenesis.
To address this possibility, we localized dynein in ovaries
from flies homozygous for the maternal effect mutations,
cappuccino (capu) and spire. These genes act upstream of
staufen and are required for the localization of staufen pro-
tein and oskar RNA to the posterior pole of the oocyte. In
ovaries from capu®™® flies, the pattern of dynein localiza-
tion is unaffected until stage 9 of oogenesis (Fig. 10, C and
D). As shown for ovaries derived from capu mutant flies, the
enrichment of dynein at the posterior pole of the oocyte in
stage 9 egg chambers is never achieved, and a uniform level
of dynein is detected throughout the nurse cell and oocyte
cytoplasm. Yet before stage 9, the initial accumulation of
dynein to the presumptive oocyte is indistinguishable from
that observed in wild-type ovaries (Fig. 10 C). The identical
result was observed in oocytes from spire*™ mutant flies
(data not shown). Control flies heterozygous for either the
capu or spire mutations show a dynein distribution in oogen-
esis that is completely wild type. We have also examined the
localization of dynein in ovaries from flies carrying a muta-
tion in staufen protein. In contrast to the capu and spire mu-
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Figure 10. The effects of egl, BicD, capu, and N mutations on dynein localization in oogenesis. (4-E) Confocal images of ovarioles and
egg chambers from ovaries dissected and processed for immunocytochemistry with the affinity-purified PEP1 antibody. The orientation
of all egg chambers is with the anterior end to the left. (4) Ovarioles from an egl#U*%/egI*V* female. Dynein does not accumulate in a
single cell in the syncytial 16 cell cyst and remains uniformly distributed throughout all 16 nurse cells in the egg chamber. (B) Ovarioles
from a BicD®6/Df(2L)TW119 female. A transient accumulation of dynein in the pro-oocyte is observed through stage 2-3 egg chambers.
In contrast to wild-type egg chambers, the perinuclear focus of dynein staining in the pro-oocyte is located anterior to the oocyte nucleus
(see inset). (C) Germarium and egg chambers from a capu™?/capu®®? female. Dynein accumulates in the oocyte through stage 8 of oo-
genesis as in wild-type ovaries. The same result is observed with ovaries from the spire®™# mutant (not shown). (D) A stage 9 egg cham-
ber from a capu™"?/capu®™? female. Dynein is not enriched at the oocyte posterior, but is uniformly distributed throughout the nurse cell
and oocyte cytoplasm. Like capu™?, the spire®™® mutant specifically disrupts the posterior localization of dynein in the stage 9 egg
chamber. (E) A stage 9 egg chamber from a N*//N*! female incubated at the restrictive temperature of 32°C for 30 h. Dynein is not en-
riched at the oocyte posterior, but is mislocalized to the center of the oocyte. A slight accumulation of dynein is detected at the anterior
of the oocyte and in the cortical region of the oocyte extending along the anterior-posterior axis. Control N*//+ siblings from the N*//FM7
stock incubated at the restrictive temperature show normal dynein distribution throughout oogenesis. Magnification in A and B, and in
D and E, are identical. Bars: (4 and C) 100 um; (D) 50 pm.

tations, flies homozygous for staufen showed no effect on
accumulation of dynein in the oocyte, or on the enrichment
of dynein at the oocyte posterior (data not shown). These
results suggest that dynein is not a component of the pole
plasm, but that like cappuccino and spire, dynein might par-
ticipate in the assembly of the pole plasm. To test this hy-
pothesis further, we localized dynein in ovaries from females
homozygous for a temperature-sensitive allele of Norch,
Nl Notch is required in the posterior follicle cells for the
specification of polarity along the anterior-posterior axis in
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the oocyte (Ruohola et al., 1991). In N=! females incubated
at the restrictive temperature, the anterior determinant bi-
coid (bcd) RNA is localized to both the anterior and
posterior of the oocyte, while oskar RNA and staufen protein
are mislocalized to a spot in the center of the oocyte (Ruo-
hola et al., 1991). As shown in Fig. 10 E, we observe a simi-
lar misplacement of cytoplasmic dynein to the center of oo-
cytes derived from N#//N=! flies incubated at the restrictive
temperature of 32°C for 30 h. This mislocalization of dynein
is restricted to stage 9 egg chambers, with no discernable
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change in the accumulation of dynein during early stages of
oogenesis. In heterozygous Ne!/+ flies incubated at the re-
strictive temperature, cytoplasmic dynein distribution ap-
pears normal throughout oogenesis.

Discussion

The cytoplasmic dynein heavy chain gene, Dhc64C, encodes
a dynein heavy chain that is similar to cytoplasmic dyneins
characterized from other organisms. The predicted Dro-
sophila dynein protein sequence shares 72 % and 52 % amino
acid identity with the cytoplasmic dynein heavy chains
reported for rat brain and Dictyostelium, respectively. In
contrast only 26% of the Drosophila dynein amino acid
residues are identical to those found in either the sea urchin
or Chlamydomonas (3-heavy chain axonemal dyneins that
function to power flagellar motility. The greater similarity of
the Drosophila dynein sequence to cytoplasmic isoforms is
also observed in the conservation of residues that surround
each of the four clustered P-loop motifs (Fig. 4 B). Interest-
ingly, for all known cytoplasmic dynein sequences the amino
acid residues of the first and third P-loops are totally con-
served. In the case of the axonemal dyneins, the residues of
the first and fourth P-loops are totally conserved. The con-
servation of amino acid residues in the first P-loop regions
most likely reflects the participation of this domain in the
binding and hydrolysis of ATP by the dynein motors. While
the presence and positions of three additional phosphate-
binding motifs in the central domain of the polypeptide is
characteristic of all known dynein heavy chains, the contri-
bution of these sites to motor function and/or structure re-
mains to be determined.

In contrast to the P-loop regions and the central domain,
the NH;-terminal ~1500 residues of the dynein heavy
chains are the most divergent. As viewed by electron micros-
copy, the native structures of cytoplasmic and axonemal
dynein heavy chains are quite similar and appear to consist
of a globular head domain and a short slender elongated stalk
domain (for reviews see McIntosh and Porter, 1989; Vallee,
1993; Schroer, 1994). The short stalk domain is believed to
provide the attachment of the dynein motor to the associated
cargo. In the case of axonemal dyneins the cargo is the
A-tubule of the outer doublet microtubule, while for cyto-
plasmic dyneins the cargo may include a variety of membra-
nous organelles such as Golgi and synaptic vesicles (Vallee
and Shpetner, 1990; Vallee, 1993; Schroer, 1994). The re-
cent analysis of a 8-axonemal dynein mutation in Chlamydo-
monas has shown that the NH,-terminal domain of the dy-
nein heavy chain is located within the stalk of the native
dynein complex (Sakakibara et al., 1993). This work dem-
onstrates that an NH,-terminal 160-kD portion of the heavy
chain is capable of stable assembly into the axoneme and is
associated with a wild-type complement of intermediate and
light chain polypeptides. Given these results, the sequence
divergence in the NH,-terminal domains of dynein heavy
chains may reflect the varied attached cargoes of the different
dynein heavy chains. Whether the NH,-terminal sequence
specifies and directly interacts with a cargo, or instead medi-
ates the interaction through its association with intermediate
and light chain polypeptides, is at present unknown.

In comparison to the S. cerevisiae dynein sequence, the
Droscphila and all the other full-length dynein sequences

The Journal of Cell Biology, Volume 126, 1994

appear to have extended COOH-termini. The predicted cy-
toplasmic dynein heavy chain polypeptides encoded by the
Drosophila, rat, Dictyostelium, and Aspergillus sequences,
and the axonemal dyneins encoded by the Chlamydomonas
{3 and v, and sea urchin 8 heavy chain sequences, are respec-
tively 4639, 4644, 4725, 4344, 4568, 4485, and 4466
residues in length. The reported full-length yeast sequence
is only 4092 residues in length (Eshel et al., 1993). Multiple
sequence alignment of the dynein sequences indicates that
much of this length difference is accounted for by termiina-
tion of the yeast sequence ~~300 residues earlier than the
other heavy chain polypeptides. While the location of the
COOH terminus in the folded polypeptide remains to be
determined, it does not appear to be required for the nucleo-
tide-insensitive binding of axonemal dynein and therefore
may contribute exclusively to the globular head domain
(Sakakibara et al., 1993). No extended stretches of amino
acid identities are observed in comparisons of the last 300
residues of the longer sequences and similar to the NH,-ter-
mini these divergent COOH-termini may reflect heavy chain-
specific functions. The cloning of the dynein heavy chains
in a number of organisms will now permit the construction
of truncated as well as chimeric dynein heavy chains. The
reintroduction of these engineered hybrid dyneins using
transformation methods should help to reveal the functional
significance of the extended COOH-termini and other diver-
gent and/or conserved domains.

The established globular head and flexible stem structural
motifs of native axonemal and cytoplasmic dynein com-
plexes are not mirrored by a bipartite secondary structure
prediction. Dynein sequences do not predict an extended
coiled-coil tail domain analogous to that observed for mem-
bers of the myosin and kinesin superfamilies. (-sheets,
B-turns, and «-helical domains are intermixed throughout
the length of the heavy chain. The two longest a-helical do-
mains are present in the COOH terminus of the Drosophila
heavy chain polypeptide (residues 3158-3272 and residues
3397-3542). These domains appear to be conserved in their
relative positions in both axonemal and cytoplasmic dynein
isoforms (e.g., Dictyostelium residues 3253-3365 and resi-
dues 3492-3629; Koonce et al., 1992; sea urchin residues
2975-3223 and residues 3260-3314; Gibbons et al., 1991).
In all cases they are predicted to form « helical coiled-coil
domains and may participate in the folding of the globular
domain of the heavy chain polypeptide or function in the
binding of a separate component or regulator of the dynein
complex. Recent work has described a “spring-loaded”
mechanism for the conformational change of influenza he-
magglutinin that is dependent on the dynamic interactions of
coiled coils (Carr and Kim, 1993). Whether similar dy-
namics in the putative coiled-coil domains of the dynein
globular head might contribute directly to motor function
will require further investigation.

The Drosophila Dhc64C transcript is expressed through-
out development and appears to encode the major cytoplas-
mic dynein present during oogenesis and embryogenesis (see
also Rasmusson et al., 1994). This result suggests that the
native Drosophila cytoplasmic dynein most likely contains
a homodimer of the Dhe64C dynein heavy chain. Consistent
with this interpretation, we previously showed that vanadate-
mediated (V,) cleavage of the Drosophila cytoplasmic dy-
nein appears to occur at a single site in the heavy chain and
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produces only two heavy chain polypeptide fragments (Hays
et al., 1994). In comparison, similar cleavage of axonemal
outer arm dynein produces multiple heavy chain fragments
corresponding to the multiple distinct heavy chains known
to be present in the outer arm complex (Mocz et al., 1988;
King and Witman, 1987, 1988). Observations of a single ma-
jor species of cytoplasmic dynein containing two identical
dynein heavy chain polypeptides have been reported in rat
brain, Dictyostelium, and rat testis (Mikami et al., 1993;
Zhang et al., 1993; Koonce et al., 1992). However, in Dro-
sophila we have detected minor levels of other dynein tran-
scripts in embryos and ovaries, and we cannot rule out the
possibility of additional dynein complexes containing other
heavy chain polypeptides (Rasmusson et al., 1994).

The Dhc64C cytoplasmic dynein transcript is present in
the nurse cell complex of the egg chamber throughout most
stages of egg chamber maturation in the ovariole. In con-
trast, a striking differential localization of the dynein motor
to the oocyte is observed with antibodies directed against
three separate epitopes of the heavy chain polypeptide. Why
does cytoplasmic dynein accumulate in the oocyte? One ex-
planation is that the dynein motor is maternally supplied and
stored in the oocyte for its later use in the syncytial embryo.
The large size of the dynein heavy chain gene most likely
precludes the synthesis of full length transcripts during the
rapid nuclear division cycles of the syncytial blastoderm
(Shermoen and O’Farrell, 1991). The high level of the dynein
transcript detected in 0-2-h embryos is therefore presumed
to represent the maternal supply that is rapidly transferred
into the oocyte before nurse cell breakdown. The subsequent
loss of the dynein transcript in 2-4-h old embryos suggests
that this maternal endowment is degraded, and then later
(4-8-h embryos) replaced by the zygotic transcription of the
dynein heavy chain gene. We showed previously that the dy-
nein heavy chain polypeptide is present throughout the cyto-
plasm in the syncytial blastoderm and appears to associate
with mitotic and interphase microtubules during the rapid
nuclear division cycles, as well as other microtubule arrays
(e.g., CNS axons) at later stages (Hays et al., 1994). In as-
sociation with these varied microtubule arrays, cytoplasmic
dynein may power the transport of a variety of cellular com-
ponents during embryonic development.

Does the early accumulation of dynein in the oocyte sup-
port a role for the dynein motor in the differentiation of the
oocyte and the specification of embryonic axes? The distinct
localization of the dynein heavy chain polypeptide in the oo-
cyte, compared to the presence of the dynein transcript in the
nurse cell complex, suggests that dynein may transport itself
into the oocyte. An intriguing possibility is that the dynein
motor also powers the transport of morphogenic molecules
and signals from the nurse cell complex into the oocyte. In
this regard, we have shown that the Drosophila cytoplasmic
dynein motor can be purified from ovaries (Fig. 8 C) and
embryos (Hays et al., 1994) by its increased affinity for
microtubules in the absence of MgATP. This property
reflects the enzymatic activity required for the minus-end
directed microtubule translocation that we have previously
shown for the Drosophila cytoplasmic dynein (Hays et al.,
1994).

The movement of the dynein motor from the nurse cell
cytoplasm where it is synthesized into the oocyte is likely to
occur along a polarized array of microtubules. Recent evi-
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dence supports the existence of a microtubule array with the
necessary polarity to account for the translocation of dynein
into the oocyte (Theurkauf et al., 1993; see also Pokrywka
and Stephenson, 1991; Koch and Spitzer, 1983). The Dro-
sophila oocyte develops within a cyst of 16 cells that are in-
terconnected by cytoplasmic bridges or ring canals (King,
1970). Shortly after the formation of the syncytial 16 cell
cyst in the germarium, the MTOC of the 15 cells destined
to become nurse cells degenerate, or lose their association
with the germline nuclei, and are transported through the
ring canals to the single cell that will develop as the oocyte
(Mahowald and Strassheim, 1970). The resulting single
MTOC complex is first detected in region 2a-2b of the ger-
marium and organizes a polar array of microtubules (Theur-
kauf et al., 1993). The minus ends of microtubules are ap-
parently focused to the single MTOC located in the oocyte,
while the distal plus ends of the microtubules extend through
the ring canals and into the nurse cells. In the presence of
this polar microtubule scaffold, the dynein motor is pre-
dicted to “walk” into the oocyte. Our results show that the
differential accumulation of cytoplasmic dynein in the oo-
cyte begins in region 2b of the germarium and so is tem-
porally coincident with the establishment of microtubule
polarity in the early egg chamber. The differential localiza-
tion of the dynein heavy chain in the oocyte is maintained
throughout oogenesis. Our analyses of ovaries from Bic-
D®s and egl*s0 homozygous mutant flies indicate that the
corresponding gene products are required for proper ac-
cumulation of dynein to the oocyte. This might readily be ex-
plained by the apparent participation of the Bic-D and egl
gene products in the establishment and maintenance of the
polarized microtubule array in the 16-cell syncytial cyst
(Theurkauf et al., 1994). In the absence of this polar array
of microtubules, the directed migration of the dynein motor
into the oocyte would not occur. Previous studies have shown
that the microtubule inhibitor colchicine, similar to muta-
tions in Bic-D and egl, can disrupt the polarized microtubule
array and block oocyte differentiation (Theurkauf et al.,
1993; Koch and Spitzer, 1983). Preliminary data show that
the accumulation of cytoplasmic dynein in the oocyte is also
disrupted by colchicine (unpublished observations). Given
that recessive mutations in Bic-D and egl block dynein trans-
port to the oocyte and oocyte differentiation, our results are
consistent with the view that dynein mediates the micro-
tubule-based transport of cargoes that are required for oocyte
differentiation.

A second pattern of dynein distribution is observed later
in stage 8-10 egg chambers. In the somatic follicle cell
epithelia that surrounds the oocyte, dynein is concentrated
at the apical surface of the columnar cells. This polarized ep-
ithelium participates in the secretion of the multilayered egg
shell and is known to provide signals that are involved in the
specification of both the dorso-ventral and the anterior-
posterior axes in the oocyte (for reviews see Schiipbach et
al., 1991; Ruohola-Baker et al., 1994). It will be interesting
to determine if dynein-mediated polarized secretion by the
follicle cells is a component of the signaling mechanism be-
tween the soma and germline during oogenesis.

Within the oocyte, the dynein antigen becomes enriched
at the posterior pole during stage 9 of oogenesis. These
changes in dynein distribution may reflect a further reorgani-
zation of the oocyte microtubule cytoskeleton. In stage 7-8
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egg chambers, the now posteriorly located MTOC degener-
ates and the apparent center and highest density of microtu-
bule nucleation appears to shift to the anterior cortex of the
oocyte (Theurkauf, 1993). Theurkauf and coworkers (1993)
have shown that after brief treatments with microtubule-
destabilizing agents, short microtubules remain at the an-
terior of the oocyte. Based on these results, the authors sug-
gest that the more stable minus ends of the microtubules lie
at the anterior cortex with the distal plus ends extending into
the ooplasm. If the inference regarding microtubule polarity
is correct, then it is not clear how, or if, the reorganization
of microtubule polarity contributes to the apparent posterior
enrichment of dynein. Given that dynein is a minus-end
directed motor one might have predicted an anterior enrich-
ment of dynein. One potential explanation is that the dynein
motor may selectively bind and translocate along a subset of
microtubules of opposite polarity to that inferred from the
colchicine studies. Alternatively, the posterior enrichment of
dynein may occur earlier in stages 2-7 as dynein actively
translocates to and accumulates at the posterior MTOC. This
earlier enrichment at the posterior pole might be masked by
the elevated level of soluble dynein present throughout the
ooplasm at these stages. Later during stages 9 and 10 the in-
creased growth of the oocyte may effectively lower the con-
centration of soluble dynein and reveal the localized enrich-
ment of dynein at the posterior pole. On this scenario, the
gradual reorganization of microtubule polarity during stages
7-10 and the initiation of cytoplasmic streaming in stage 10b
might contribute to the reduction in dynein localization at the
posterior pole that we observe in oocytes after stage 10.

While we favor a model in which the dynein motor ac-
tively translocates to the posterior MTOC, we cannot elimi-
nate alternative models. For example, the dynein motor
could be complexed with a plus-end directed kinesin motor
and so potentially be transported to the posterior pole as a
cargo of the kinesin motor. However, to date, no native kine-
sin motor has been shown to accumulate at the posterior end
of the oocyte. Yet, an ectopically expressed fusion protein
in which 8-galactosidase is attached to the motor portion of
the Drosophila kinesin heavy chain has been reported to be
transiently localized to the posterior end of the oocyte (Clark
etal., 1994). The posterior localization of dynein could also
result from the differential binding and stability of dynein at
the posterior pole and the degradation of unbound dynein.
Regardless of the mechanism of localization, the dynein mo-
tor must be added to the list of endogenous cytoplasmic com-
ponents that are asymmetrically positioned to the posterior
pole of the oocyte. Significantly, dynein is the only member
of the list for which an intrinsic motor activity has been
demonstrated.

The accumulation of dynein to the posterior pole plasm of
stage 9 oocytes is distinct from the earlier accumulation of
dynein to the pro-oocyte beginning in region 2b of the ger-
marium. This is dramatically demonstrated in the ovaries of
flies homozygous for the capu®’? and spire®™ mutations. In
these ovaries the posterior accumulation of dynein fails to
occur, while the earlier transport of dynein to the pro-oocyte
occurs normally. Similarly, only the posterior localization of
dynein is affected in N=!//N*! ovaries. The mislocalization of
dynein to the center of the oocyte is similar to the misposi-
tioning of staufen protein and osk RNA in N=!//N#! ovaries.
Given the requirement for capu, spire, and Notch in the
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proper assembly of the posterior pole plasm it is tempting
to speculate that the dynein motor is also required for pole
plasm assembly. In contrast dynein distribution is undis-
turbed in ovaries from homozygous staufen® flies, suggest-
ing that dynein is not a component of the polar plasm itself,
but a component of the localization machinery. Together
with the disruption of dynein accumulation in the pro-oocyte
by recessive mutations in Bic-D and egl, our observations
suggest that dynein might participate in multiple steps during
oogenesis. In early oogenesis, dynein might play an active
role in some aspect of oocyte determination, while in later
stages it might function in the correct spatial distribution of
morphogens involved in the specification of the embryonic
axis and pole cell formation. However, whether dynein mo-
tor activity is directly responsible for transport of any com-
ponents of the posterior pole plasm remains to be deter-
mined.

In summary, while the role of cytoplasmic dynein in the
transport of vesicles and organelles is well established, there
is some evidence to support the speculation that dynein may
also function to transport informational macromolecules in
the form of mRNAs, RNP complexes, and proteins (for re-
view see Wilhelm and Vale, 1993). Genetic studies have
identified a number of genes (e.g., Bic-D, egl, oskar, bicoid,
staufen, cyclin B, nanos, swallow, orb, and fs(1)KI10) that
participate in oocyte differentiation and/or the establishment
of the embryonic axes in Drosophila (for reviews see Mac-
donald, 1992; Ruohola-Baker et al., 1994; Spradling, 1993;
Ding and Lipshitz, 1993; St. Johnston and Nusslein-Vol-
hard, 1992; Lasko, 1992). Several of these genes encode
products (mRNAs and/or proteins) that show patterns of spa-
tial distribution during oogenesis that are similar to those
that we observe for cytoplasmic dynein. For example, oskar,
cyclin B, Bic-D, fs(1)KI0, swallow, and orb transcripts also
appear to be synthesized in the nurse cells and accumulate
preferentially in the presumptive oocyte (for reviews see
Macdonald, 1992; Lasko, 1992; Ruohola-Baker et al.,
1994; Spradling, 1993; Ding and Lipshitz, 1993; St. John-
ston and Nussiein-Volhard, 1992). In addition, the posterior
enrichment of staufen protein, as well as oskar and cyclin B
mRNAs, is quite similar to the pattern seen for the dynein
heavy chain polypeptide. In addition to describing the first
evidence for the accumulation of an endogenous molecular
motor protein in the Drosophila oocyte, we demonstrate sev-
eral genetic requirements for proper dynein localization.
The correlation between the requirement for the gene prod-
ucts egl, Bic-D, capu, spire, and Notch in oocyte determina-
tion and differentiation, and their requirement for the asym-
metric localizations of cytoplasmic dynein in oogenesis,
supports a model in which the motor protein is actively in-
volved in the transport of morphogenetic determinants dur-
ing oogenesis. The cloning and molecular characterization
of the dynein heavy chain gene provides the necessary foot-
hold to begin to understand the relationship between the
structure of the Drosophila dynein motor and its function.
Mutations in the dynein heavy chain gene are currently being
characterized (Gepner, J., M.-G. Li, C. Kortas, S. Lud-
mann, M. McGrail, and T. S. Hays, manuscript in prepara-
tion) to establish the range of developmental processes that
require dynein function and to directly address whether
dynein-based microtubule transport is intimately coupled to
oocyte differentiation and axis specification.
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