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Drosophila Cytoplasmic Dynein, a Microtubule Motor That Is 

Asymmetrically Localized in the Oocyte 

Min-gang  Li, Maura  McGrai l ,  Madel ine  Serr, and  T h o m a s  S. Hays 

Department of Genetics and Cell Biology, University of Minnesota, St. Paul, Minnesota 55108-1095 

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. 

M ICROTUB U LES provide the  a rch i t ec tu ra l  f r a m e w o r k  

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 orb 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 Mclntosh 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 (Mclntosh 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 
ceils, these unidirectional cytoplasmic motors provide a 
mechanism for partitioning cellular organdies 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 AI- 
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 oogenesis 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- 
crotubuie-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 k ZAP eDNA expression library (Stratagene, La Jolla, CA), constructed 
by random priming from Drosophila 2-14 h embryo mRNA, was screened 
with a rabbit polyclonsl 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 ai., 1994). The library was plated and induced according to 
the suppliers instructions. Positive clones wore detected with alkaline phos- 
phatase-conjngated goat anti-rabbit secondary antibody (BioRad Labs., 
Hercules, CA) using 5-bromo-4-chloro-3-indolyl-phospbate (BCIP) l and 
nitro blue tetrazolium (NBT) substrate (Sigma Chem. Co., St Louis, MO), 
and recombinant plasmids wore recovered by in vivo excision. 

One positive clone, MS3, was shown by RNA blot analysis to hybridize 
to an '~14-kb RNA. Radiolabeled probes from this clone were used to ex- 
tend the cDNA sequence in both directions by hybridization screens of the 
)~ ZAP library and a 4-8 h embryo plasmid cDNA library in the vector 
pNB40 (Brown and Kafatos, 1988). Hybridization conditions wore 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 SEMBL3A and a cos- 
mid library, wore both derived from an isogenic Drosophila stock (iso-1 
[Brizuela et al., 1994]) and wore 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 
HindIH fragments wore subcloned into pBluescript II (Stratagene) for se- 

1. Abbreviations used in this paper: BCIP, 5-bromo-4-chloro-3-indolyl- 
phosphate; EST, expressed sequence tags; HS, hybridization solution; 
MTOC, microtubule-organizing center; NBT, nitro blue tetrazolium; ORF, 
open reading frame. 

quence analysis. To isolate cDNA sequence from the Y-most end of the tran- 
script, primers based on the available cDNA sequence in the region wore 
used to prime the synthesis of new cDNA from total embryonic RNA. Re- 
verse transcription and initial amplifications were performed using a 
"5'RACE System" kit (GIBCO BRL, Gnithersburg, 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 nuclnotides 1834 to 1857 or alternatively 
nucleotides 1691 to 1713 (see Fig. 3). The RNA/DNA hybrids wore 
digested with RNaseH, and the first strand cDNAs wore tailed at the 3' end 
with dCTP using terminal deoxynucleotidyl transferase. FL, st 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 subelones. The PCR products were 
cloned into pBluescriptII, resulting in the subelones pTR13 and pLRI52 
(see Fig. 1). The primers used to recover the subclone pTR13 wore 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 
cDNA 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 pTR13 and pLR152 wore as follows: 5 
ttl of 5' RACE product was amplified in a 50-#1 reaction containing 50 mM 
KC1, 10 mM Tris-HCI pH 9.0, 0.1% Triton X-100, 1.5 mM MgCI2, 0.2 mM 
dNTP, 0.2/~M 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 rain, 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- 
rained within overlapping clones, as well as selected genomic subelones, 
were fully sequenced using nested serial deletions generated by exonuclease 
Ill 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 
et al., 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 RNase Protection 

Primer extension was performed as described by Ausubel ct al. (1987). Fif- 
teen micrograms of total embryonic RNA wore 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 20met, 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 
HindIH 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 wore 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 RNaseT1. 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 
NaC1, 5 mM KCI, 2 mM CaC12, 10 mM Hepes pH 6.9) and fixed for 
20-25 rain in 200-/d PP (4% paraformaldehyde in PBS), 20-/~1 DMSO, 
600-td 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 rain with four changes. They were 
incubated 15 rain in a 1:1 mixture of PBT and hybridization solution (HS), 
10 rain 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 rain in room temperature PBT. They were incubated 
for 90 rain with alkaline phospbatase-conjugated anti-digoxigonin antibody 
(previously preadsorbed against fixed ovaries) diluted 1:3,000 in PBT. After 
several brief rinses in PB'r, the ovaries were washed overnight in PBT at 
40C. They were washed three times in alkaline phosphatase buffer at room 
temperature before staining with nitro blue tetxazolium (NBT) plus 5-bro- 
mo-4-chloro-3-indolyl-phosphate (BCIP). Color development was stopped 
with PBT washes, and ovaries were stored at 40C in PBT until mounting 
in Immumount (Shandon, Pittsburgh, PA). 

Probes were prepared using a Boehringer Mannbeim "Genius" kit ac- 
cording to the suppliers 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 Mannbeim) 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 800C for 1.5 h. DNA probes 
were gel-purified and labeled with [32p]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, 4× 
SSC (600 mM NaCI, 130 mM sodium citrate), 5× Denhardt's solution 
(0.02 % each of BSA, Ficoll, and Polyvinylpyrolidone), 100/~g/ml sheared 
denatured salmon sperm DNA, and 20 mM KH2PO4. Final washes (3 × 
20 rain) were at high sla-ingency, in 0.2× 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 -800C, and ground 
with a mortar and pestle immediately before RNA extraction. Twenty-five 
micrograms of total RNA were run on 0.75% agarose-formaidehyde dena- 
turing gels. The hybridization and washing conditions were the same as for 
Southern blots. 

[3-Galactosidase Reporter Construction 
and Expression 

An 'x,l-kb BamHI fragment was isolated from the gonomic subcione pCHS1 
and was inserted into the BamHI site of the P-element vector pCaSpeR-/3gal 
(Thnmmel et al., 1988). The construct (600 ttg/ml) was coinjected with 50 
tLg/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. ~-Galactosidase activity during oogenesis was 
assayed by the protocol of Cheung et ai. (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 Tekironics Phaser IISDx dye sublimation printer. 

Antibody Production and Purification 

Polyclonal antibodies were elicited in rats against fusion proteins produced 

in E. coli. The dynein cDNA fragments ZAP8, 822, 828 and 3100 (Fig. 
8 A) were cloned inframe into the expression vector pET5a (Novagen, Inc., 
Madison, WI) and expressed in the bacterial strain BL21 (Novagen, Inc.; 
Studier et ai., 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 NaCI, 16 
mM Na21-IPO4, 4 mM NaH2PO4, 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 mi. 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-l) and the ZAP 8 antibody, were purified over an affinity column 
prepared with a ZAP8 fusion protein expressed in the vector pGEXI (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 pGEXI-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/mi BSA. 

Ovary MAP Preparation 

Ovaries from well fed 3-d-old females were dissected in EBR, placed on 
ice until 100-td 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.4H20; 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 ~tg/ml aprotinin, 1 ttg/ml leupeptin, 1 
ttg/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 l: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 NaC1, 5 mM MgC12, 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-tal devitellinizing 
buffer/600-~l heptane using the method of Cooley et ai. (1992). Devitel- 
linizing buffer = 1 vol buffer B:I volume 36% formaidehyde:4 vol H20. 
Buffer B contains 100 mM KH2POdKeHPO4, pH 6.8, 450 mM KC1, 150 
mM NaCI, and 20 mM MgC12. 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 b at RT. 
Ovarioles were again washed with Block for 2 h with at least eight changes, 
rinsed 3 × in PBT, and washed for 5 rain in PBTI and mounted in a solution 
of 10% PBS, 90% glycerol containing 1 mg/mlp-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-td 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 
I0 microscope with epifluorescence illumination using plan-neofluar 16 
x/0.5, 40 x/0.75 lenses or a 63 ×/1.4 oil planapochromat lens, or a Nikon 
diaphot microscope with an MRC-600 confocal imaging system (Bio-Rad 
Labs.), using a 60 ×/1.4 planapochromat lens. 

The wild-type Drosophila strain OrngonR was used in all localization ex- 
periments unless otherwise noted. The alleles BicD ~'~6, BicD ~6, egl wvso, 
capu sin2, and spire m's were provided by Dr. Trudi Schfipbach (Princeton 
University, NJ) and are described in Suter et al. (1989), Manseau and 
Schupbach (1989), and Schupbech and Wieschans (19913. The deficiency 
Df(2L)TWII9 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)TWll9 females that were recovered from the cross BicD/CyO 
× Df(2L)TWI19/CyO. The stau D3 allele was provided by Dr. Paul Mac- 
donald (Stanford University, CA), and is described in St. Johnston and 
Nusslein-Volhard (1992). The I~J/C(I)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 
I~I/FM7 stock was created by crossing I ~ / Y  males from the attaehed-X 
stock/W 1/C(/)Dx to virgin l~(I:3)JCI35/FM7 females. From the progeny 
of this cross virgin, lqUt/FM7 females were collected and backerossed to 
/v ~/Y males from the attached-X stock. When maintained at the permis- 
sive temperature, Na//W ~ progeny survive. Temperature shift experiments 
were as described in Ruohola et al. (1991). 1-2-d-old female N=t//Va and 
I~/FM7 siblings were incubated at 32"C for 30 h before processing ova- 
ties for immunocytochemistry. 

Results 

Isolat ion o f  the  FuU-Length  Dyne in  e D N A  

The molecular characterization of  the Drosophila cytoplas- 

mic dynein heavy chain gene was initiated by isolating 

cDNA clones encoding the full-length dynein polypeptide. 

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 eDNA expression library. The putative dynein clones 

were plaque-purified and their eDNA 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 

et al., 19943. 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 Y 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 

cDNA 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 

sequenced. Several independent clones representing the 3' 

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 hZAP 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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Figure L Molecular map of 
cytoplasmic dynein clones. 
(A) Overlapping cDNA clones 
are represented by open bars. 
Starting and ending nucleo- 
tide positions of each clone 
are indicated relative to the 
first nuclootide of the 14,381 
nucleotide dynein transcript. 
Asterisks in the ZAP4 and 
ZAP8 clones indicate the po- 
sitions of four phosphate bind- 
ing loop (P-loop) motifs. A re- 
striction map of the entire 
dynein eDNA is shown below 
the individual clones (shaded 
bar; B, BamHI; E, EcoRI; H, 
HindHI). (B) Genomic clones 
from the region of the dynein 
gene. Shaded bar at bottom 
shows the restriction map of a 
genomic cosmid clone (pCS3) 
that contains the entire dynein 
gene (B, BamHI; E, EcoRI; 
H, HindIID. Discrepancies 
between the genomic and 
eDNA restriction map reflect 

the presence of a known polymorphism and 5' intron (see text). Thin line above the cosmid clone represents a genornic phage DNA clone 
(EMBL#I). The cytoplasmic dynein gene (long arrow extending to the right) is flanked on the 5' side by a putative leueyl-tRNA synthetase 
gene that is transcribed in the opposite direction, and on the 3' side by a testis specific transcript. The relative positions of selected genomic 
HindlII fragments used in the doning and characterization of the dynein gene are shown at the bottom. Maps are drawn in scale as indicated. 
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kb of open reading frame (ORF) in the dynein transcript. 
eDNA clones extending further 5' to the end of the dynein 
transcript were recovered using a genomic probe to screen 
the eDNA library, and by priming the synthesis of new 

eDNA from embryonic mRNA (see Materials and Meth- 
ods). The 5' coding sequence determined from PCR-derived 
eDNA clones was verified in the sequence of genomic clones. 

Since the 5' most eDNA 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 
eDNA 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 A). 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 

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 ORE 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 (c/, AA ^/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 inflame 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. 

Figure 2. Determination of transcription start sites for the heavy 
chain mRNA. (A) 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 Ievealed, 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. 

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- 
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-921 AG~"r~..-~.-.t-¢~: CCACCTTOGC 

-801  AATCCATOOC GATOGAGCAT 

-681 A T C T ~  T G T T ~  

-561 ATTCO~ A A C ~  

-441  GGATrGAACT GTCCTt"CACT 

-321  TTATOCACCC A C A T C A ~  

-201  ~/~AAT'I~CAC ATTTCACAAT 

-81 ~rAAOAAATTT TOOC~OGAAG 

40 G G C A ~  TTTACATTTT 

160 G A C A ~  ACTCCTTOOA 

M G D S L E 

280 G A G I ~ T G  TGOTTCCC~ 

E D D V V P A 

400 ATTAAAGAGG A C O A ~  

1 K E D D 8 g 

520 A / ~  TGGTCGTGGA 

K R G L V V g 

640 TACTTCAAGT CGTAC~ 

Y l t' K 8 Y V K 

760 ATCGACATAC CGGAGATCAC 

I D ~ P E I T 

880 TCTTTCCTGA ATCTGCTGCA 

$ F L N L L Q 
1000 A A ~ G C  GGGCCTTGTA 

N L E R A L Y 

1120 ACCGGACTAA AACAOOCTCT 

T G L K Q A L 

1240 ATCTTCGCTC ATt"TAC~CAA 

I P A H L R K 

1360 CGCCTAATGC ACA'fTCC'FIT 

R L N H l P P 

1480 AAGAAOCGCG ACGAGCATCT 

K K R D E H L 

1600 ATTCT~ TOCT~OGCC 

I L R V L g P 

1720 GCCTACGAGA ACGTCAAOQA 

A Y E N V K E 

1840 GCTCATCTAC GTOATCAGCT 

A H L R D O L 

1960 ACGCAGCTGA TTCAG~ 

T ~ L I Q R V 

2080 OOCTCCATCA TTTO00CCCO 

O S I I W A R 

2200 GGTOATAGCT TCAGA~ 

G D 8 P R A K 

2320 CGCATTOOAC OTOGCAATGT 

R I G R G N V 

2440 AACAAGGCGC ATCAGGCGAA 

N K A ~ Q A N 

2560 G C T ~  G ~ T G T  

A G L g K D V 

2680 AAGGTCGACG ATTTGCTGGT 

K V D D L L V 

2800 GACGATC'Z%'~ COCTOCOTCA 

D D ~ S L R 

2920 CTCACCGGCA ATAAGAAGGA 

L T O N K K E 

3040 AACCAGCAGA TOTATCTOTA 

N Q Q M Y L Y 
3160 GTOOGATTGG AAAAGCATGT 

V G L E K H V 

3280 TACOT~TG A G T ~  

Y V D E W L R 

3400 CGCACC~ T~TACGTC 

R T T F ~ T S 

3520 ~ CCCTOCTOGO 

K F O T L L G 

3640 ATCACCTACG TCCAATCACT 

I T Y V Q s L 

3760 CATGTGGACA ACATTGAAGG 

H V D N I E G 

3080 GTGOAGACAC OCAw~.'.~v.~A 

V E T R T V D 

4000 TTOAAGOAGG AGCGGGACAA 

L K E E R D N 

4120 CGCGOCGTCT GGAGCGAGTT 

R G V W S E L 

4240 CTCAAGGAGC T G C ~  

L K E r. P A R 

4360 GA~ATT GGAAGC~qATT 

E R H W K Q L 

4480 ATCCTAGTGG CCCAOGGCGA 

I L V A Q G E 

4600 TGGGACGATC TGTTCAACAA 

W D D L F N K 

4720 ATTAACGCCC TGTTTGATGT 

I N A L F D V 

4840 AGCATCAGCT CCOAATTCCT 

S I S S E F L 

4960 AAGATCCAGA AGOCTCTOGG 

K I Q K A L G 

5080 CTGCAGAAGC ATr'ITAAGAA 

L Q K H F K K 

5200 GTTTCCACCG TG~OCATCC 

V S T V g H P 

5320 GGAAAGATCG ACCCCCAGGC 

G K I D P Q A 

5440 GAGAACAACC AATCTA~ 

E N N Q S K P 

5560 CTTATAAACG A G T ~  

L I N E F V H 

GCCCGACCGC C A ~  C G T ~  CACCTOCTCA TCTOCGAGCA CGGTCTTATC ~ T C C  CAg/TAACAA Gg~CCTCGTT CTGGTAOOCC -002 

TAGGA~ T ~ C  ACTTOTAGTA T T T T ~  C~GGT~CA ATTCATOGTT C C A ~  G A ~  G T C ~  ~GTTCCTTC -662 

CGTCCAQGAC GCGGGCT~CA CCCCACOCTG ATTGGCGGCG ~ GCAGCCCAAA GGAATCCCAA CCCATTQGCT GAAACACATT ~ -562  

CGAATC~ ATGGTATAGA CGCOCACATG G C C C A ~  AGATTOCCOG A~TAC~ GAACAT~ A ~ A G T  A C T T ~  C G A ~  -442 

G A ~  C~TGAG CCTCAATCCG O T ~  TCACT~A G ~ T T  CT~TTTA A C ~  T A T T ~  CTC~TATA -322 

OGGTOCAGCT TTGOGTTAOC AGGCOCCGCC AOCTATTCCA OTAGAEAOCT ~ ~VL'a~.'L'A~..-L" ~ ATTATACC~ TTTAATT~T -202 

TATT~TAA C~AATAOGA A ~  GCACTCTACA A T C ~  TGTTT~ C A T C ~  CCACATCGCT CAC~TG GGAATTGCTC -62  

CATTCCTOAC TGACTGOTAA CATTTC~C AGTTCTGTAT TCTGATATCT G C C ~ A  TOGTAGCACT GG~-A-L-~.-x-x'~.u CTTTCGATTT ~ 39 

O C ~  A ~  AA'I'z%~z,'.L'CAC AOGGCGAOGC A T T ~  ATTAAATTGT ACAC~.~¢r~.-;,13 AGGAGTATTT AATACC~ ACCTTT~ 159 

GAACCCCGAT ACATC~ ATCCAATCGT G A ~  ATT~CT ATGATGCATT TGCCAATTAT C T T C ~  CGGTGA~T TTT~CG 279 

N P D T S V D P I V N L 8 I A N Y D A F A g Y L R K A V T I L L P 

ATCGCTOAAC GATGCTCTOG ACGATCCCGT CAACCAGGAC ACCATCCGGA AGTTCCTCTC GOATCCCCAG GTOCAOGCGC TTTACOTCCA ACGICAATTGC 399 

S L N D A L D D P V N Q D T Z R K F L S D P Q V Q A L Y V Q R N C 

G C A G ~  GAG~GG A C ~  GCAGGTAACC TACCAAATCA GCAACGATGT TCACTTCACC A A ~  TGGCATCTTT OGCCTGCATC 519 

Q P A E G R D g K E Q V T Y Q I g N D V H P T N S R M A 8 L A C 

OGCOGACAAG TCGATCCATT CGCAG~ GCTGATCAAC TTCT~CG GATCTCCCTA CGAGAC~ C A C ~  T C A G ~  C C T ~  639 

A D K B I H S Q L R L I N F B D G 8 P Y E T L M V r I S K N L A P 

OGAGT~ CGT~TC GCGATGGTGA CAA~T~ C C ~  A G A ~  G O C C ~  GAGAT~ TOCTOCATCT G ~  759 

E s G R A D R ~D G D K N A P S V E K K L A a L E M G L L H r. Q Q N 

GCTGACGGCT CACCAGA~ TCAACAATGT GATCCO~ T ~ G G  A O A ~  GGCC/~ ~CGATTTTO G C ~  G~TTCT 879 

L T A H Q T V N N V I R K C A E E N R K A K V A D F G D K V B D 8 

GAATGGTGT~ AACCGCTGGA T C ~ T  C A A ~  A t ~  AC~TCC A G G ~  A C T ~  AOGAAATTTC CTTCT~ 999 

N G V N R W I A E I K K V T K L N R D P G S G T A L Q E I S F W L 

TCGCATTCAG GA~G~'G A G T ~  GGTGGCTTTA ACTTTGGATA T C C T ~  T ~  TTCCATGCCA C C ~  TOATACAGAT 1119 

R I Q E K R E 8 P E V A L T L D I L K H G K R F H A T V S P D T D 

AGCTACAGTA GCCGACTACA ATCCTCTGAT GAAGGATTTC CCTATTAATG A T T T ~  CGCTACCGAG CTOGAGAAGA ~ TGTGCAGCAG 1239 

A T V A D Y N P L M K D F P I N D L L S A T B L E K I R P A V ~ ~" 

GGTGCGCAAC ACCAAGTACC CAATCCAGCG ~ CTTATCGAOG CCATATCGCO GGA~C-i~i~G C A ~  TTAAGGTGCT G ~  1359 

V g N T K Y P I O g C L K L I E A I $ R D L 8 Q Q L L K V L O T R 

CGATOAATTC GAGCGCGTCA TGAACCAOTO CT'ITGAGATT 'I'TCAOCTOCT GGGATGATGA GTACGACAAG T T ~ T  T ~  CATTGT~O 1479 

D E F E R V N N 0 C F E I P g C W D D g Y D K L Q G L L' R D Z V K 

TAAGATGGTG T ~  CTCCGGCCCA T A A ~  CAAACTCGCA TGGAGCACAT G ~  CGACGCCAGC ACOAACAGCT G C ~  1599 

K g V W R V S P A H K K L O T R g E H M R K F R R 0 H E Q L k T V 

CACCAAGCCG (~i-ix~GCG ATGAC(~ CGTCGT~ ACCAAGCAGC CCTACAGTCT G G A C ~  GATOCTAACG CTATC~ GGTCAACCTA 1719 

T K P A V G D D G N V V E T X Q P Y S L D A A D A N A I E E V N L 

AGTGGACTGT CTOGATATCA CCAAG~ ATCCGAOGCC T ~ C G  CCGTCAAGCG CTATGAOGAG AAGATTGATC GCGTOGAGAC TCGCATAACT 1839 

V D C L D I T K E G S E A W E A A V K R Y E E K I D R V E T R I T 

(~CAGCC AAG~CA ACGAGATGTT CCGCATTTTC TCGCGTTTCA A T ( ~  C G T ~ G  CACATCC~ GCGCTATCCG OGAGTACCAG 1959 

G T A K N A N E g F R I F S R F N A L P V R P H I R O A I R E Y Q 

CAAGGATGAT ATCGAGGCCT TGCATGAGAA GTTTAAOGTT CAGTATCCGC AGAGCAAGAG CTGCCGTTTG TCTTCOGTGC GAGATCTGCC GCCGGTTGCC 2079 

K D D I E A L H I K F K V Q Y P Q B K S C R L S S V R D L P P V A 

TCAGATT~AC AACCAACTGA CGATGTACTT GAAGCGCGTC GAGGATGTGT T ~ G G G  CTGGGAGACC CATATCGAGG OCCAGAAGCT G A ~ C  2199 

Q I D N 0 L T M Y L K R V E D V L G K G W E T H I E G Q K L K A D 

OCTTTCCATT TCGGATGTOT TCCATGAGTG GOCCCGCAAG G T ~  GCAACTTTGG CAOCACT~ CGTATCTTTA CCATCGAGTC AACGCGTTCC 2319 

L 8 I S D V P H E W A R K V 0 E R N P G $ T G R I F T I E S T R S 

T C T ~  C~r~AACT TTTTACCGGA GATCATCACC TTGGCCA~ AAGTGCGCAA CATCAAGAAT CTGGGCTTTA GAGTTCCACT GACCATTGTG 2439 

L R r. R V N F L P E I I T L A K E V R N 1 K N L G F R V P L T I V 

CCAGATTTAT CCTTATGCTA TATCATTGAT TGAGAGTGTC CGCACCTATG AGCGTACATT GGAAAAGATC GAAGATCOTG CTAGCATTGT GCCCCTTGTG 2559 

O I Y P Y A I S L Z E S V R T Y E R T L E K I E D R A 8 I V P L V 

ACTTAACCTG GTCTCCGAGG GCATCGOCCT CATCTGGGAG TCATATAAOC TCGATCCGTA CGTGATCCOC CTGTCGGAGT GTGTCACCCA GTTCCAGGAG 2679 

L N L V $ E G I G L I W E S Y K L D P Y V I R L 8 E C V T ~ F ~ E 

TOTTGAAGAG CAACTTOATO TGGATGTGCG CTCGCTGOAA ACCTGTCCCT ACAGTGCAGC CACCT'I~OTT OAOATTCTCT CGAAGATTCA GCATOCCOTT 2799 

V E E Q L D V D V R S L E T C P Y S A A T F V E I L S K I 0 H 'A V 

GTACT~ T T ~  GGGTTACTCG ACTCGATGAA GAGGTGGAGA AGAAG~ CCTCCGTCTG C A G ~ A  TTCAGGCCTG GACGGAGGCT 2919 

Y S N L S V W V T R L D E E V E K K L A L R L Q A G I O A W T E A 

~ A C C  TCTATOOACA CTGATGCGCC CGCTCAGCCC ACTCACAAOC TGGGAGGAGA CCCGCAGATT CAGAACGCTG TGCATGAGAT TCGTATCACC 3039  

V D T S M D T D A P A Q P T H K L G G D P ~ I O N A V H E I R I T 

CCCATCCATT GAGGA~ GTTTt~T CATGCAOCAO "~-~TZ-~OCCT GGCAGOCGAT CGTCACCTCC CAAGTOCGTC T ~  CCGCTACC~G 3159 

P S I E E A R F Q I M Q O F F A W Q A I V T S Q V R L Q S T R Y O 

TTCTCAGACG TACCGCAATC TGTTGACCAA GCTGCCCGAG GGA~TCT T ~ T G C  C T A T ~  ATCGA~ AGGTGAGCGA GGTGCGCAAC 3279 

S Q T Y R N L L T K L P E G K I L E N A Y O A I E ~ K V 8 E V R N 

CTATCAGAOC TTGT~TC TCCAGGCTGA TATGTTGTAT OGACOCTTGG GTGAOGATGT GAACTTGTGG ATCAAGTGCT TGAATGACAT CAAGCAATCG 3399 

Y 0 S L W D L O A D M L Y O g L G E D V N L W I K C L N D I K ~ S 

TGATACTCGC AGAGCCTATG GTCCCATTAT TATTGATTAC ~.AAGGTGC AOGCTAAOGT CACTTT~ TACGATTCCT GGCACAAGGA (~gCATTO~ 3519 

D T R R A Y G P I ~ I D Y A K V O A K V T L K Y D S W H K E A L G 

AACCGAGATO ACAAOCTTCC ACAGCAAGGT GTCCAAOTCO COTACCOATC TOOAOATOCA OAOCATCGAG GCCGCCAGTA CATCOGATOC cG'rGAGCTTT 3639 

T E M T S F H S K V S K S R T D L E g Q S I E A A S T S D A V S F 

G A ~  ATGATTOCTT GGGAC~ GGTGGAAGTG TTCAGGGAGG CTCAOCGCAT TCTAGA~ CAGCGTTTCC AGTTCCCCAA CACTT~ 3759 

K K D M I A W D K 0 V E V F R E A Q R I L E R Q R F Q F P N T W L 

CGAGTOGTCT GCCTTTAACG AGATTATCAA GCC, C A ~  ACGGCCATAC AGACACAOGT T ~  CA~AAGA TTGT~GA GGATAAGGCT 3879 

E W S A F N E I I K g X D T A I Q T Q V A S L Q A K I V A E D K A 

CTTCCTTAAC GATTG~ AGACCA~ AACAGGCGGC AAGATTCGAC CAGATGAT~ CCTACAACAG CT~TCT TTGAGAOCAA GTACTCGCGT 3999 

F L N D W E K T X P T G G K I R P D D A L Q Q L Q I F E 'S K Y S R 

C G T ~  OCCAAGGAGG C A C ~  GCAAGAATCA GCCGTTCCGA ACAACAGT~ TGAGCGTATG AACGT~ ~ ACAAGATCTG 4119 

V V K A K E A L E L Q E S A V P N N S A E R M N V A L E E L Q D L 

ATCCAAGGTT TGGACACAGA TTGATGAGAC ACGCGAGAAA CCCTGGCTTT CAGTGCAGCC GCGTAAGTTG CGTCAOCAAC TGGAGGCCAT G A T ~  4239 

$ K V W T Q I D E T R E K P W L S V Q P R K L R Q Q L E A M g A Q 

TCTTCOTATG TATGAATCGT ATGAOTACGT GAAGAAGTTG ATCCAGAGCT ACATCAAGGT GAACATGCTG A T T ~  TAAAGTCGGA TGCTCTAAAG 4359 

L R M Y E S Y E Y V K K L I O S Y I K V N M L I V E L K S D A L K 

GACCAAGCAG CT~GCOTTA ATTGGGTATT ATCCGATTTG T C C C ~  AGGTGTGGGA TGTGAATCTA CAG~CG AOOGTATCGT CAAGGATATT 4478 

T K Q L R V N W V L S D L S L G Q V W D V N L Q K N E G I V g D I 

GATGGCCTTG GAGGAGTTCC TCAAGCAGGT GCGTGAGTCC TGGCAGAACT ATGAGCTGGA CTTGATCAAC TACCAGAACA AGT~AT CATCCGCGGT 4599 

N A L E E F L K Q V R E S W Q N Y E L D L I N Y Q N K C R I I R G 

GGTGAAGGAG CACATTAACT TGTGOCCGCC ATGAAGCTGT CTCCCTATTA CAAGGTCTTT GAGGAGGAGG CTCCTTCCGG T G G ~  GCGTTTCCAG 4719 

V K E H I N S V A A g K L S P Y Y K V P E E E A L T W E E K L N R 

ATOGATTGAT G T ~  GTTGGGTCTA CTTGGAGGGA ATCTTCTCTG GCAGCOCTGA TATTAAGACG CTCCTTCCGG TGGAGACTTC GCGTTTCCAG 4838 

W I D V Q R R W V Y L E G I P S G S A D I K T L L P V E T S R F Q 

T ~ T G  A ~  CCAAATCGCC CAAGGTTATG GATGTGCTGA ACATCCCTOC T G ~  TCTTTGGAGC GCCTOGCCGA T T T ( ~  4959 

G L g K K V T K S P K V M D V L N I P A V Q R S r. E R L A D r. r. G 

CGAGTATCTG GAG~.GA GAACCTCATT CCCTCGCTTC TACTTCGTGG GAOATGAAGA TCTTTTGGAA ATAATTGGCA ACAGCAAGAA TATTGCACGT 5079 

E Y L E R E R T S P P R F Y F V G D E D L L E I I G N S K N I A R 

AATGTTTGCT OGTOTA~ CCATTCTGTT GAACGAGGAA AACAACGTTA TTCTGGGTAT TTCATCGCGC GAAGGAGAGG AGGTGCACTT CATGAACCCA 5199 

M F A G V A A I L L N E E N N V I L G I S S R E G E E V H F M N P 

CAAGATCAAC G A G T ~  CGCTGGT~ GAAGCAAATG CGATTCACGC T ~ C T  TTTG~CCAG GCTGT~AGG ATATCAAGCA GTTCCGCGAT 5319 

K I N E W L S L V g K Q M R F T L A S L L A Q A V Q D I K Q F .R D 

CTACATGGAG TGGTGTGACA AGTACCAAGC CCAGATTGTA GTGCTGGCCG CACAAATCCT GTGGTCCGAG GATGTGGAGT CCGCCCTTCA OCAO~-Iq~ 5439 

Y M E W C D K ~Y Q A Q I V V L A A Q I L W S E D V E S A L Q Q A S 

GAT~OC ,J-AT~-L~OGTA ACOTAGAGAG CACTCTCAAC GTCTT~TG ATTCGGTCTT GCAOGAGCAG CCGCCTCTCC GTCGTCGTAA G~TCGAGCAC 5559 

M" Q R V "L G N V E S T L N V L A D S V L Q E Q P P L H R R K L E H 

CAAOCGA~ GTGACCCGAC GACTCCTTAA CAACGGAGTT ACCTC~CCA AGTCCTTCCA A T ~  GAGATGCGAT TCTACTT~ TCCACGTCAA 5678 

K R T V T R R L L N N G V T S P K S P Q W L C E M R F Y P D P R Q 

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-I) 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 C-enbank under accession number L23195. 
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5580 A C ~  T O C A ~  GACCATTCAC ATOOCTA~CG CACGATTCTT CTAT~CTTT 

T • V L Q Q L T I • M A N A R F F Y O P 

5000 ACAAT~ AOOCTTT~ A T C A ~  ~ Q ~  CGTTT~ T ~ A C T  

T M T Q A L E B R L [st st • P F G p A Q T 

5920 AATI'OC'OATG AOACCTTCOA TTI'CCAOGCC ATOGOCCGAA TCTT'I'GTCGG ~ . - ~ 2 C . A G  

H C D E T P D 7 Q A M O R I P V st L C Q 

6040 TOCTCACAOC AAATC~ C A T T ~  GCOCT~ AC~TOGA C / ~  

C 8 0 Q I Q T I Q • A L X Y E M D 8 N K 

6150 TTTATTACCA TGAATCCTOG C T A T ~  CATTCCAATC TStCCGGATAA C T T ~  

P I T M N P st Y A st H 8 N Y" P D N L K X 

6280 ~ O A T T C ~  ~ ~ J U ~ . A ~  

P S Q G F R • A st K L A C K I V P F F X 

6400 T ~  T C T ~  AAACOTAAAG C G A G A T ~  TCAT~T C J ~  

• V L I S A G N V • R D R I M K I K K Q 

6530 CAOGAGATCC TAATCC~GTC G6~Gd~A ACCAT~ C C A ~  G G C C ~  

Q E I L I ~ • V C • T M V P K L V A • D 

6640 GAGATGAAGG G T C T ~  A~TCCGG A ~ C  AGGAGGACTA CCT~v~C 

E M K st L X • U I R K V C Q B D Y r. V C 

6760 TCCAACCTAA ACCATGGTCT TAT~T~ GGCCCATCCG GATCC~ G T ~  

S N L N • G L X N V O P S O S G • N T A 

6990 ATCGATCCCA AGGCCATTTC C A ~  CTTTAT~ T C t ~  GAATACCCOC 

I O P K A I • K E A L Y G V L D P N T R 

7000 GAOATCAACA AOC~TG GATCATCTTC GAC~TG TOGATCC~ GT~GAG 

• I N K R Q W I I P D G D V D P • W V • 

7120 ~ . ~ T C  CC.A~G GGT~ATGTTC GAOGT~ A C T T ~  CGCCACTTTG 

• L P P N V R V M F • V Q D L • P A T L 

?240 ATATTCGAGA ACTA~3;~ CCGTTT~ AC~TTCCTT TOGAGGAT~ AGACGAAGAC 

I P • N Y L 8 R L R T I P L R D G D • D 

7260 ~ ATATTGCTTT GCTTCT~ CCATTCTTCT CA~TGG CATTGTGGTC 

V Q R D I A L r. L L P P F • A D st I V V 

7400 CTAAGCTCAC TCTTCTCCAT GCTCA~ GCCGCTAGAA ATOTTCTTAC TTTCAATGCT 

L • • L F • M L M O A A R N V L T P N A 

7600 GTATACTCTG TTCTCT~ ATTTG~ G A T ~  TGAAGGTGCG CATTOATTTG 

V Y • V L W S P A G D A K L • V R I D L 

7720 ATCGACTACG ~ T  G A G T ~  T G ~  G Q A ~  GGTACCAGTC 

I D Y • V N M • st D W V P W • N • V P V 

7940 ~ O  ~ GTATACT~ C T ~  ACAAACCATT GGTG~v~'C 

V R H E 8 L L Y T W L A • • • p r, V L C 

7960 AT~TAG T A G ~  TTTCTCATCG GCTACCA~ C G G A ~  0CTTAAGACG 

M • V V st L N F 8 • A T T P • L L L • T 

8080 A T C ~  G G C T ~  GTTCT~T GAAATCAATT TGCCAGACAT GGAC/~AT 

I st K W L V L F C D E ~ N L P D M D • Y 

9200 GCC~GATC AGGCTT~ TTCCC~ COCATTCAGT T T G T ~  TTGTAATCCA 

A • D O A W V S L • R I Q F V G A C N P 

0320 TACOTGGATT ATCCTGOGGA GACATCTCTG AAOCAOATTT ~ T T  CTCOCOTGCC 

Y V D Y P O • T S L • 0 I Y G T P S R A 

8480 GAGTTCTATC T~TCACA GGATC~ ACT~TA T ~ A  TTATGTCTAC 

• F Y L A s Q D R P T Q D M Q P H Y V Y 

0560 TCCCTTt"CCG T T ~  G O T O C ~  T ~ C 2 ~ T G  A A G ~  CCTGTTCCAG 

S L P V • G r. V R L W A • • A L R L F Q 

0080 CAGAAGCACT TCCCTGGAAT C A A C ~  GAGGCATTGC AOCGTCCGAT CCTTTACAGC 

O • • P P G I N Q E • A L O R P I L Y S 

8500 OCCCGOCTTA AGGTCTTCTA C G A ~  CTCGATGTOC CACTCGTACT GTTCGACGAA 

A R L K V P Y • E E L D V P L V I* F D • 

8920 ~ T T G G A G  ~ ~ ACGCTCTCGIC ~ CTGGATGAAT 

L I st V ~ ~ & G K T T L S R F V A W M N 

9040 GATTT~ G C G T ~  CCGCTt~ T~GACG AJ~TTOC TTTCATTTTG 

D L R C V L R R S G C K D • • I A P I L 

9160 GGAGAOGTGC ~ T ' E ' G T T  ~ GAGTAC2~CCA CTCTGATGAC 

G • V P G L F • O D • Y T T L M T Q C • 

9280 A C C C ~  TGATGCGCAA T C T ~  GT~CCA TGAATCCTTC CACCGATGGA 

T O O V M R N L • V V F T M N P S T D G 

9400 G O C ~  CAGACTCGOC T C T ~  G T ~  AGTTCACCAC T C ~  

G D W S D • A L P Q V G • • P T T R V D 

9520 GCCAATCCAA CACATCGCGA TGCGGTCATC AACTCGTGCO TOTATOTCCA CCAGACACTC 

A N P T • R D A V I N 8 C V Y V H Q T L 

9640 CACTATCTOG ACTTTATTCA CCACTTTGTC AAGTTGTACA ATOAGAAGCG CAGCGATCTT 

• y r. D P I H H 7 V • L Y N E K R S D L 

9760 G T ~  T ~  G C T ~  A A G ~  A G T T ~  CAJ~CGAG 

V • • M O K • L A V • • Q E L Q A • N • 

9090 ATTCAAT~ AOGARATTCA GATAC~ G C T ~  C ~ T  CGAAGA~,AAA 

I Q a ~ E I Q I R L A D Q T V • I • • K 

10000 GCOOTCAAGT CAATCC~ ~ G T ~  GAACCATOGC TAATCCGCCA 

A V • S I R K Q ~ L V • V R T N A N P P 

10120 TGGAAATCGA T T C ~  GATTATOCGC GA~TTTCA TAAATTCAAT TGTATCTAAC 

W • • l R A V I M R • N 7 I N • I V • N 

10240 AATCCGGACT ATAACTTCGA GAAGGTTAAT CGCGCCAGTA T ~  TCCTATOGTC 

N P D Y N F • • V N R A • M A C G P • V 

10360 GAAGAGCTGC GTTCCCTOGA G G A G ~  GATGTGAATC TGGCCAGT~ C A ~ C C  

• • L R • L E • Q A D V N L A • A • • T 

10480 CTTATTTCCC AGGCTCAAGC AATCA~ GATCT~ A T ~  C A J ~ T  

L I S Q A Q A Z • T D L • N V Q A K V D 

10600 GAGACTTTCA AG'IT.ACAOAT OTCCACCATT A ~  ' rGT ' I~ ' rT I~  C ~ C T T T  

• T F K • Q N S T I I O D V L L S A A F 

10720 CAGCATCTGC A G G ~  CATTCAOTAC C ~ T A  TCGCCCGCAC TGAATATCTT 

Q H L Q A A S I Q Y R A D I A R T • Y L  

10840~~A~GAJ~AACCGCTA~CQCTGA~AT~TCCTTCG 

T E N A  I M L K R P N R Y P L I I  D P S  

10960TTCTTGGA~ATTCGTTCCGCAAGAA~GAGTCC~TACGTTTCGGT~ 

7 L D D S P R K N L E S A L R F G N P L  

11090CGTCGTA~GTOGAC~GTTOA~CT~AGGAC-A~TTTG~ 

R R T G G R V  L I T  L G D O  D I D  L S P  

1 1 2 0 0 ~ A G G G T ~ T T C G T T ~ ~ A C T C G T ~ C T t ~ G ~  

S R V T P V N  P T V T R B S L ~ 8 ~ C L  

I I 3 2 0 ~ A G G G C O ~ O C G C T T ~ C A ~ A G A G T C ~ G C ~  

L ~ G E ~ R L R L R ~ L K K S L L O A L  

1 1 4 4 0 A A G ~ A ~ T A T T ~ T C ~ G T ~ C A ~ T A T A G ~  

K • • A Y D I N ~ • V D B T D K V I A •  

II560~CAGTCT~GGTGCACTTC~ACCAGT~~TGTTCCTC 

~qGT&TCTQG 

R Y L 0 

G~aAAAACAG 

K T st 

O'rOGGt"OC.AT 

V st A W 

~AGAGTATCA 

E a I T 

~ A ~ T  

L P R 8 

CTAT~G 

L C D • 

A T ~  

M K ~ R 

ATCCC~ 

I P L L 

GGCGAG~ 

st • O D 

TOGAAGACTC 

W K T L 

GAAT(~ACCG 

• W T D 

AACTTGAACT 

N L N • 

GCTACAGTTT 

A T V • 

TTCGTGGGCG 

F V O V 
C O C ~  

R T L E 

CAAC.ATCCJ~ 

• P D 

GGAGACTTCG 

st D F V 

A T C ~  

I • V • 

GGCCCACCTG 

O P P O 

TTTGATCACT 

P D • Y 

GGCACGCAGC 

G T Q R 

CCCACTGATC 

P T D P 

ATGCTAAGAT 

M L R L 

TCGCCACGTG 

S P R • 

G A T C ~  

D R L V 
AACTGGCTAA 

N W L S 

V L D • 

GGCTT~ 

G L • I 

GATGAGTCGA 

D E. S N 

GAUGGTGCCC 

• o A 

CTCAAGGATC 

L K D R 

T T ~  

L • • P 

C A E C A  

• Q A N 

GAAGAACAAC 

1~ " O 0 
G ~ C A A C G  

A A N A 

CGCAJ~TACG 

R X Y V 

T C ~  

S V V • 

TTCGGTACAG 

P G T • 

AAATOGGCCA 

K W A I 

A~CTTOG 

• D L V 

CGCTCCATTG 

R S I A 

ATC~ATG 

I A Y G 

TCCAATCCCG 

• N P D 

GG'ITAGGCCA 

G ~ A T 

CTGGTCCAGG 

L V Q D 

s 7 V I 

AACCAGGT~ 

N Q V L 

AACGACGCAA 

N D A K 

ATCGA~ACI~ 

I • T V 

GATATCTTCT 

T M D S L N Q V • F  L Y Q Y • L K M F L D Z F S  

II680GAG~TAGTCACCAGGGACCTC~GGTGT~AT~St~AGCCC~C 

• R L G I V T  R D L F ~ V C Y E R V A R G M I •  

Figure 3. 

GTGTTCAJ~A 

v O D 
AATCCGTCAA 

B V K 

st C P 

V • L 

COCTOOCCAT 

L A N 

AOCAACI~qT 

g L • 

GCOGCGAC~q 

G D st 

TCTTCTCGCT 

F • L 

ACGAGCAGGG 

• Q G 

L • A 

ATG~L-z-z~-I" 

G L 

V L D 

t ~  

R C G 

~.ATT~%GCC 

I K P 
AGTAC~CTAT 

Y A N 

A T ~ C ~  

P C 

R 8 V 

A~GCACAA 

T • K 

S ~ K 

C • Y 
~ F G T ~ T C ~  

V I S 

CCGGCCGTAA 

G R K 

N P A 

AC, A T G ~  

N T R 

TAGACGATTC 

D D S 

K D Y 

V L R 

TATTCCAGAT 

v L D 

AGCGCGAGOG 

R • 0 

OTGCTGCCAC 

A A T 

CCAACTGGCA 

N W H 

ACGCTt'GTCT 

A R 

AGCTACATCT 

L H L 

CCAAOCTTAA 

K L • 

TTATGGCCGA 

M A D 

AATTOOC'rt'T 

L A L 

A G A ~ T A A C  

N I T 

~ T  

A 0 I 

• Q L 

L L • 
o'ruo'F~ACTT 

G Y 

ATOAOCOACT 

• R L 

CCAt~FFIT CT 

T F 

A ~ C ,  AA 

V K N 

TCTTCCTOTC 

P L • 

TAAAGOCTGA 

K A • 

AOGGCAAGAT 

G K I 

T C T C ~  

CCACGOTOCT 

T V L 

ATAACGATCG 

N D R 

TC~TT~ C / ~  T A A ~  

R L V Q T P L T D R 

QGCATTOGGT AACCAACTGG ~ 

, L st l  u Q ,. • n v v 

CStACGAGTTC A A ~  AGQAGCGTAT 

D R F N R b B g R N 

G~TQGOC.AAA ~ ~ 

V st K Q" V R V s p D 

GACCACGCCA G A T C ~  TTATTGCTOA 

T T P D R Q L I A B. 

CAACCAGAGC CACTACGACT T T ~  

N Q S H Y D P G .L R 

AAACATCGAC GAGGCTTCAG TGGCGGAGAA 

N I D • A S V A K N 

T C T ~ T  ,.,rn-rl~.CCCA A T ~ T A  

r. S D V P P N V O Y 

k & W N • • V L Q L 

T C ~  T T ~  T T ~  

L R R P g G V • G V 

CACC~TT C T T C ~  TAATCGACAA 

T H I L R K I I D N 

T G J ~  C T C T ~  TGCCTAATGG 

D N • L L T L P N G 

C A T ~  -rr~-~'C-~'GAGG ATOTACTCTC 

N A W F • • D V L S 

G G C ~  A ~  A G G T ~  

A K D K • • • V • P 

GGACCA~ CACATCATGG ACTTC~ 

D Q E • I N D F T R 

T T C ~ T  CAGTT~ ACTACATTCC 

• A D Q r, E H Y I P 

GACTACCGTT C C ~  qJ~gCAGCCOG 

T T V P L P O A A O 

G G T ~  CCGGACATTG TTGTOCCCAC 

v A T P D I V V P T 

GACTATGACC CTGTTCT~ CCCTCCGTGC 

T M T L P S A L R A 

CCGCAAGACA CCAAACGGAG TTGTGCTTTC 

R K T P N G V V L S 

OTTCC~ CAACT~ A A C ~  

F L R Q L V U H K G 

G C C ~  CATCGGTTCT TGAGACATGT 

P L • • R F L R H V 

T C T ~  TATGCAGA~ CTT~CCAA 

L R G Y A • P L T N 

TTOGGTGCGT GGTATCT~ AGGCTATCCG 

W V R G I C E A I R 

GGAG~CGA TGGACAAATG AGAATATCGA 

• R R W T N • N I D 

CATOCCGGTG A A T C ~  A G C T ~  

M P V N R • • L R • 

TATTGATCGT ATCTTCCGCC AGCCA~ 

I D R I P R Q P Q G 

CAAGGTGCAC AACAAGTACA CCAGCGAGGA 

K V • N K Y T S E D 

CTCTGGTTTC CT~GTA TGAAT&CACT 

S G F L • R M N T L 

TCTTATOTTG G A C ~  ACGAGCTGTA 

L M ,5 D S S D • L Y 

TTCGCCA~ CTATTCAATC GTTGT~ 

S P A L P N R C V L 

TGCACCG~C TTCTTCCCAT CCGTTTGTCC 

A P D P P P S V C P 

GGCCAAGCGT GGCGGTCGCA CCATGOCGGT 

A K R O O R T M A V 

GAATGT~ C T C A ~  TCOCCGAAAC 

N V (3 L N K I A E T 

GCAGATOTTC CAGGATCAGC AOGAGGCCGA 

Q N F Q D Q Q • A • 

TTT~CCAG G T ~  CTGTCATTGA 

L A Q V • P A V I D 

TOAATCGATC T G T ~  T ~  

• • I C L L L G E N 

CGATGATOTT CGCGAGAAGA TGAAGTCCAA 

D D V R • K N K • • 

CGAGTACGCT GATATGTTGA A G ~  

• Y A D M L K R V • 

GGAGCGCAGT A T T O ~  ACAAGGAGGA 

E R • I A A Y • E • 

GA~JL'TTC.,AAC ATCGAAC~ A ~  

S L N I • R E R W E 

CGATCAGCAT TACCGTTTGA ACTTGTT~.C 

D Q • Y R L N L F T 

C C G C T ~  ~,~IU~A'i"~'*CC ~ C C A C G ~  t. 

• w Q A N A L P T D 

GCTCAATGAA TATGCAGGTA AGAAGATCAC 

L N • Y A st • • I T 

CTATGATCCT ATTCTTAACC CGgrGT'rGAA 

Y D P I L N P V L N 

TA~"FCOCGAT CCCACTGTCSt A A T T ~  

T R D P T V • P P P 

ACGTCCGGAT A~/GACGAGA AGCGCTCAGA 

R P D I D • • R S D 

CCTT~T GATTCGGTTA TCACAACACT 

L D D D S V I T T L 

GTATCTCCCA ~ CGTGCAGCAA 

Y L P L • V A C S N 

GTATAATAAC C C C ~  A J ~  

Y N N P • L B O R T 

CTTGACATTT GCCCTGCTTA T ~ T  

L T F A L L M C K I 

CTGCT&TTTG 5799 

C Y L  
TCTCGTA~ 5019 

L V P  

~ - ~ ' T  6039 

L S A  

~TGGCTA~ 6159 

N A I  

OGEGA'rGTTG 6279 

V N L  
TOt"TTTGJg~ 6300 

A L K  
C C T ~  6519 

L P E 
C A C T ~  0639 

T R A  

~ A C C A ~  6759 

Y 0 2  
GGCTCA~A 6879 

A H V  

TGTGCGCGIGT 0999 

V R O  
~GL~G~ 7119 

E R L 

~ C G A G A ~  7239 

T E N  

ATCCCTC~ 7359 

S L Q 

'Z"fTGCGTOCC 7679 

L R A  
C A ~  7509 

K A ' L  

T ~  7719 

A P Z 

ATTGGAT~ 7939 

L D T  

TCTGC~T 7959 

L P D  

CCCAGTGCAG 8079 

P V 0  
CTTCTATAGG 9199 

F Y R  

G C C C A ~  0319 

P I I  
CGCCATGGTT 9439 

A N V  
CCCGTT~T 8559 

P L D  

T'rTGGTGGGC 9079 

L V G  
ATATGTCCAT 8799 

Y V H  

TCACTTACTG 9919 

H L L  

~ 9039 

P D B  

GTTOOCCAAC 9159 

L A N  
C A ~  9279 

K W F  

A A A ~  9399 

N W F  

9510 

L V P 
GAClTCACGT 0639 

T P R  
TGTTGA~AO 9759 

V • O 
GAAGAAGAAG 9979 

• K K  
TGCACAAGtCA 0990 

A Q A  

T O C G A ~ T 1 0 1 2 9  

A T . D  

~ATCT~ 10239 

Y L S  

~CTt"ITt"GC 10359 

PL-R 

ATATGCACAG10470 

Y A Q  

GTCCACT~ 10590 

S T •  
10719 

T W •  

TGACTTGTGC 10839 

D L C  

GAA~C~GI0959 

K T S  

CC~GAGTTG 11079 

R • L  

C~CATTTGC11199 

D I C  

TTTGTTGAAG 11319 

L L K  
OOAGACOCl'T 11439 

• T L  
CATCTACTTC 11559 

I Y P  

C~TCACTCGII679 

D • 8  

ACACCTT~ 11759 

• L K  
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1 1 8 0 0  O G C A C C T e G G A G T C T ~ G G A ' J ~ C C G ~  

G T S E B N L D A R  

1 1 9 2 0  CGGCTGGCCC TTCGTCTTCC ~ T C T T C C ~  

R L A L R L P I F R  

12040 ~ g ~ A ~ - ~ v ~ x ~ % G T C C ~  

• J K A  L g P I A S  

12160 GACTTTA~ CCAACG~AGCAGGAA~ 

D F N P N A • O E L  

12290~TGACT' I~GCAGC, !~_~A~ATRAACAA 
D D L A A B ~ H K Q  

13400 TTGAAGAJ~'GTCCACTTAOC ~ T ~ G  

L K N V M L A  P ~ W  

12520 ~ A A C C T ~  ~ CCGCATCTTT 
V N L L R A G R I P  

12680 A G A ~  ~ACTT~ G C T ~  

R A R L Y F L L A W  

12760 T ~ T  T ~  ~ T ~  

C D T L D T W I D T  

12890ATCGATAACGATTTCGATCAGC~.~T~T~ 

I D N D P D O R L L  

13000 t~TCACA~ACCAT~CCC~A 

R H I T  N P D G T R  

13120CTTACCACCCGT~GTACT~ATTTOGTC.AGT 

L T T R G T D L V S  

13240 GAGGAT~ACGTCCATCA~TGAAGGCA 

R D G R P g W N K A  
1 3 3 6 0  T A C C G A T ~  TC(L%GCGCGAGG'I'GAC2~A~ 

Y R Y F B R B V ' T 8  
13480 ~ T G T T G T  ~ A G T T C G C G G T A T A  

S M L S • L V R G I  

13600 CAGAAGGTO~CGCAACTTGT 
Q • V S Q L V S Q A  

1 3 7 2 0 C A ~ T A G T T ~ A G A ~  

~ A N S W S L • E L  

13840CAGTGCAAG~ACAATOAA~GICTCCTGGCT 

0 C K N N B L  L L A  

13960 TACTT~ ~ A~ACTC 

Y L N S T R T  E L L  

14090 TAAOTGTT~ GCACAAOATA~ATAT 

14200AAAAAACA~AGAATTTT~A~u%ATGT~T 

14320 -~-*-a-~-a'~d~A~ T ~ A T T T ~ T A A A  

F/gure 3. 

T T ~  T ~  eC~'GAGGGT CI~CTAG~2~A ATCCCACGCC CGTAGAAGGA CTTTCTGCCG 

F N F P L R B R • G L L A N P T P V • G L B A • 

A / ~  AGAAOGTACG &TCCATTCCC GAACTGGGTG CCTGGTTGCA aCAOAGC~CG 

K L L • • V R B I P • L G A W L Q Q 0 B 

T ~  ~ T A T ~  T T ~  A T ~ A T  

8 V H Q L L L I Q A F R P D R V I A A A 

G~CTTCACTT CTGTOG*~GGA PJU~CAGTTG AACTGCAACA CTCCT~CGCT ~CTOTGCTt'G 

D F T S V V D • Q L N C N T P A L L C g 
ATTTCCAGCA TTGCTATCOG ~ GGATTCAATC ~ A~CTATTAAC 

I S g I A I G 8 A 8 G F N 0 A • R A I N 

CTTGTGCAGC T~GAQAAGAA GATGCACTCC CTGCAGCCTC A ~  CCGGCTGTTC 

L V ~ L • K X X M 0 L ~ P H S • P R L F 

GTGTTCGAGC CACCAt~%GG CATCAGAOCT ~ATCI~-"[~C OCACCTTCTC TACGGTACCG 

V P • P P P G I R A N L L R T F S T V P 

T T ~  T t ~  GCGA~GA T A T ~  T T ~  CAAGAAGTAC 

F II A I V Q E R r. R Y V P L G W A K K Y 

ACGGCCATGG GCCGCACCAA TCTGCCACCA GAG~AOGTTC CATGGGAT~C 

T A X O R T • L P P B K V P W D A L V T 

/~'TTCCTTCT T°_~_e!~%GCT ~ CQCJ~'TTTO AO~CGGACPT T~CCCTGGTG 

T 8 P L • K L F T A R B F • A D F A L V 

COO3ATCATT T C ~ T ~  GATT~%n_~_%C ~ ~ 

R D H P L K W I E N L T D g ~ T P 8 W L 

A J ~  A O A T ~  G t ~  6g~TGAOT T~ACAG CGTt~__%_nn_%T 

K L L K M Q Q L • D D D • L A Y $ V E D 

CA~CTACT~C ~ CTGCTCCCGA AOAATCTOCA AGTUClTAAa 

L H N g A T A W L • L L P • N L ~ V L K 

G O T T ~  T ~  AGTGATACTG G A C ~  A T ~  AATTT~ 

G 8 R L L ~ T V I L D L Q D V V L I C 

A T T t ~  G T T ~  GTATAC~ ~ T  G ~ T  CCAAT~TC 

I P E G W • R Y T V P A G C T V I 0 W I 

GOCGCCAAOa A~CTOCAGOO ~ TaGC~'GGT~ ~ Tt'C~6U~O= 

G A K • L Q G F P V W L G G L L g P • A 

GCCCTGGATG T(tACAATTAC GGATGCTGGG CTAF_~_~_%CG A T C A ~  T T ~  

A L D V T I T D A G L • N D Q • D C C P 

Tt~ATCA TGAT~TCT A ~ C  ATTCTC~ GGATARAGAT T T ~  

T I • g D L P V T I L K W I K I • ~ • 

T T ~  A C T T ~  T ~  CAGGAAT~ ATAOCTTCTA CGAAA~ 

P T V D L A V A A G ~ E g H 0 P Y • R G 

CCCATATTTT 'AGTC~TT A T T ~  AGCCTTTACC TAAGGTATCT A ~ A A  

TT~TTT AAAAT~T ACTTTAAACT TGTAGAGTTT ATTTTA~ TATTT~TT 

GCTTACTAAA TATATATACT C A T A ~  CCA(n) 

A G C A G A T I ' G A ~  11919 

Q I Z 0 V N  
~ T I ' G T R C C C C A ~ q v t u ~ u A C 1 2 0 3 9  
P E Q V V P Q L W D  
CACAAT~'GGTC.MtP.ACrGTGICTCGGAGAA 12159 
M N V V N T V L G E  
OTGCCCGO'ZT'JL'CGATGCA~ C,,~GAO'JL~ 12279 
V P O F D A g G R V  
A T G G C C T G C A A G A C T G G T C G ~  12399 
N A C K T G R W V L  
CTCACGATGGAGA~TCC AJUtGGTGCCG 12519 
L T N E X N P K V P  

O C ~  TGATGAAOAC ~ 12539 
A A R M N K T P g E  

GAGTTTAJIL'G~TCGGATCT ~ 12759 
E F N E S D L R V A  

~ q ~ - ~  AGTCCATTTA C G G A ~  12879 
L L S Q S I Y O G K  
GCTAACGTTGATGGCGCCTC CGGAGGACTC 12999  

A N V D G A S G G L  
GGA~ACCOAACAATGCGGA~;IGTGTrc13119 
G L P N N A E K V L  

~ q % ~ G k ~ ~  ~ 13239  

G S B Q S A V G R G  

C G T ~ A G A A C A T C A A O G A T C C G T T G ~ 3 S 9  

R T V E N I K D P L  

GGCGAGAA~%AACAAACCAA CCACCATCGT 13479  

G E K K Q T N H ' H R  

ACGGACTTCA G C A A C C G T Q T ~  13599  

T D P g N R V Q Q L  

T J ~ . A ~ C ~ - - ~ G ~ . A G f i ~ q ~ I T G C C 1 3 7 1 9  

Y I T A T R Q C V A  

G G G G ' I T A C T Q ~ A C A O G ~ C C I 3 0 3 9  

G V T G L K L Q G A  
~.ACGCATCA G~.k~GTTGAC A ~  13959  

P R Z 0 X L T L P V  

GrI'GGCAGq~ T(~*CCTCCAC GOCCT2GAAC 14079 

V A V L T S T A L N  
T C T A ~ A  TATTCGTACT ~ T r r , ~ T T C  14199 

~v~t-3GATAGCATGATTTTGTGAAAGT~14319 

14381 

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 Ch/amydomonas 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 NH2-terminal one third of the poly- 
peptides. Further comparisons between the sequences were 
made using NH2-terminal (residues 1-1500), Central (resi- 

Table 1. Dynein Heavy Chain Sequence Similarities 

Drosophila Dhc64C 

Full Residues Residues Residues 
length 1-1500 1500-3000 3000-end 

Cytoplasmic 
Rat 72 (84) 67 (82) " 79 (88) 70 (81) 

AspergiUus 51 (69) 40 (60) 62 (78) 49 (68) 

Dictyostelium 52 (70) 41 (62) 61 (77) 52 (69) 
Yeast 30 (55) 20 (46) 39 (62) 31 (56) 

Axonemal 

Sea urchin 26 (51) 19 (44) 33 (58) 27 (51) 
Chlamy. /5 26 (50) 19 (45) 33 (57) 26 (49) 
Chlamy. 7 26 (50) 19 (45) 33 (56) 26 (49) 
Chlamy. oe NA NA 31 (55) NA 

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 
BESr~rr program using the default settings. The dynein sequences used for 
rat, Aspergillus, Dictyostelium, yeast, sea urchin and Ch/amydomonas are G-en- 
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. (i~O4). 

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 NH2-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%), AspergiUus (62%), Dictyostelium (61%), yeast 
(61%), sea urchin (39%), Chlamydomonas c~ (31%), Chla- 
mydomonas/3 (33%), and Chlamydomonas 7 (33%). 

The conserved central domain encompasses a cluster of 
four phosphate-binding loop (P-loop) motifs with the con- 
sensus sequence of GXXGXGKT/S (Fig. 4 B). The positions 
of these four P-loops in the central domain of the dynein 
polypeptide, the spacing of the sites relative to one another, 
as well as the amino acid residues that comprise each site, 
are highly similar in all reported dynein sequences (Fig. 4 
B). The predicted sequence of the first P-loop (residues 
1895-1902) in Drosophila is totally conserved among all 
dynein sequences. The sequence of the second Drosophila 
P-loop (residues 2210-2217) is conserved in the rat cytoplas- 
mic sequence (Fig. 4 B) and in a cytoplasmic dynein se- 
quence from sea urchin (not shown; see Gibbons et al., 
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 ~ axonemal dynein sequence, as 
well as the o~, /~, and 7 axonemal sequences reported for 
Chlamydomonas (e.g., see Fig. 4 B; see also Gibbons et al., 
1991; Mitchell and Brown, 1994; Witman, et all., 1994). The 
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A 

"%... 

lm  

I 
vrm,~hl l8  

B 

. .-... 

"~ .~  .~. 

~c m 

!':. 

dmcdhc 
¢TlcdLhc 
dtdcdh¢ 
er~¢dhc 
scc~ac  

c r ~ c  
c r ' ~ c  

P-loop: 

dmcdhc 

z~cdhc 
ddcd~c 

encdh¢ 
sccdhc 
8ullage 
cr~dhc 
c r ~ c  
crGdhc 

P-loop: 

dm~dhc 
rncdhc 

ddcdhc 
encdh¢ 

s¢cdhc 
su~dhc 
c r ~ c  
c r l ~ h ~  

P - l o o p 6  

dmcdh¢ 
m e d i c  
dl&:d~c 
eclcdh¢ 
ilccdhc 
suJ~hc 
c r ~ l h c  

crTdhc 
cr0~lhc 

1872 pLTDRCYL~RLGGSPFG pAGTGKTESVKALGR~LGRFVLVI~NC 

1881 ............... A ...................... H ........... 

1946 ......... L ....... g. .N ........... T ..... S ......... C. 

1910 ...... F..L .... C~ ...... Y ............... L ..... T...C. 

1773 . .LLIGFA.L.DS.HQKY. .CF .......... T. . .~.~N. . .V.V .... 

1529 ....... I.L..S.HLVMS.A.A ......... T~.D..RA..IM.Y .... 

1896 ...... PI.L. . .QRLV. . .A.A ......... TT. D.ARA. .IOCY .... 

1796 .... I. .I.LS.. .G~F. . .A.A ......... TT.D. . .T..KY.V .... 

552 ..... I.I.A...CWLS . .TA.A ......... TT.D.SA...KS.Y .... 

2187 ~ L Y Q  Z S~ff2~IGLRB~/G P S G S G K S T ~ I ~ V R G  

2199 .GN.V ......... TQZ ............... g. .RV ....... L ..... 

2248 KQE.V../...H..L.I...V ....... G..T.S.EVY.E.I.~IKS 

2204 SI~q. IT.I ...... QSIH..V .... K ...... S...I. .O..0.1 ..... 

2051 8EEPLK.CM.P.YI~. IL..KA.C..TAT...VID.MAI.D.HAN 

2110 EDSFVL..V..tu*ra%VR.SVFVI.NA.T...G~L.V.N.TY~RKPV 

2179 DD~FLL. IS~IVR~LFVV~RSVFLL.AA. C..TAV.R...R.~SSGEKTI 

2075 HPI~ . N . CI . . . BTYLV~ . . I . L ......... A I C E C . A A . . ~  

855 EI~FVLR.VDFSELLAIR.CVFLM..T.T.RTECFRV.A..I~ 
• * * 

2559 TVRHESLL~F~LAEHK PLVLCGP PGSGKTMTLFSALRALF~$m~GL~P S 

25?2 ..... A ............................................ 

2649 .T. .VDV.HA. .S. .R..I ............. T.T...F. .P...S .... 

2571 ..... DV. .S ........ L .............. A...K. .N ......... 

2 3 9 7  . ZK . . KIP . ~.NSKRGZT ........... ~ . . .NSSLYD . . . I. . . 

2439 .T.VRFFImk---V~T~RGR,VM.V.NA.L. .SVLVGD~.SN.GEDS. .ANVP~ 

2509 . T. LTYF. DSLVSRI~YANFV .NT. T.. SAIMVNK.. ~ A ' ~ t t ~ ' T ~  
2404 S. .YGA. .NLSYNVD.ATL.V.G. .TA. .N. I N Q F I S ~ I T  

1207 . SSLRWp . ~IMVDLR . . IMFV . GA . V . . . ~LVKGK . GS. NEI~ISLS/SP 

2902 ~WLRII~IFRQ~GW~LI~SG~KT~S~VN'a~L~Sv~I~IGTK 
2915 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  VY . . . . .  R. 
2991 . .I ..... V ....... A ....... G..SV ............. YT...N.N 

2912 E.A ..... V ........ I ...... S ............... KV ...... G. 

2739 . .Z ..... ALK.V.. .~.. .A.RT.. .I.T ..... L. . .K.V.P.I.RK 

2785 Q..C..N. .LES.R.NA..V. .G.S..QS.A.LASYISS.EV.. .TLRKG 

2959 E..T. .A. .IDL,R.NAM.V. .G.S. .QS.A.LASYZC.YEVY..S.SST 

2783 T.LM. .T.LLAM.-.LG. .V..G.S. .QS.. .LS.YIA.PTFYIT.TY.V 

1560 K. .C. .S. .VS~.S. .A. .V. .G.S. .QS.A.LA.HIC.YATQM.VISGS 

Figure 4. Structural similarities among dynein heavy chain poly- 
peptides. (A) 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 ~ axonemal dynein (bottom 
right; Tripneustes gratilla; Gibbons et al., 1991). Numbers indicate 
amino acid positions. The PAM250 scoring matrix (Pearson, 

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 o~ helix,/3 sheet, and 
fl 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 t h e ,  helical 
domains to form coiled-coil conformations using an al- 
gorithm developed by Lupas et al. 0991) to identify charac- 
teristic 4-3 hydrophobic heptad repeats (Hedges 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 NH2-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; ddcdhc, Dictyostelium discoideum cytoplasmic dynein heavy 
chain, Koonce et al., 1992; encdhc, Emericella (AspergUlus) nidu- 
/ans cytoplasmic dynein heavy chain, Xiang et al., 1994; scedhc, 
Saccharomyces cerevisiae cytoplasmic dynein heavy chain, Yeh 
et al., 1993; Eschel et al., 1993; su~hc, sea urchin n$ axonemal 
dynein heavy chain, Gibbons et al., 1991; crflhc, Chlamydomonas 
reinhardtii ~ axonemal dynein heavy chain, Mitchell and Brown, 
1994; cradhc, Chlamydomonas reinhardtii a axonemal dynein 
heavy chain, Mitchell and Brown, 1994; cr~dhc, Chlamydomonas 
reinhardtii 7 axonemal dynein heavy chain, Witman et al., 1994). 
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Eight human eDNA sequences (accession numbers: T07853, 
"106228, "1"03672, T09530, "1"05469, T05294, M62078, and 
M85915) 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 eDNA 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 eDNA 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 

partial (,0400 bp) dynein clones recovered by PCR also 
maps to position 64C. The complete eDNA 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 eDNA clone 
was used to probe a XEMBL3A library (Tamimn 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 ",,14 kb towards the 5' end of the 
gene. We subsequently screened a cosmid library (Ihmkun 
et al., 1992) with a 2.0-kb HindIII insert from the genomic 
subclone EM12 (Fig. 1 B). Two often positive clones, pCS3 
and pCS14, included the entire coding sequence of the 
dynein heavy chain gene. The clone pCS3 extends ,05 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 R 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 eDNA clones, with the excep- 
tion of one Hindlll restriction site polymorphism toward the 
3' end of the eDNA 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 HindllI restriction 
site polymorphism and the boundaries of the large 5' intron 

Figure 5. Copy number and chro- 
mosomal location of the Dro- 
sophila cytoplasmic dynein gene. 
(A) G-enomic DNA blots. DNA 
was digested with restriction en- 
zymes as indicated (E, EcoRI; P, 
PstI). (Panel 1 ) DNA was probed 
with a 0.4-kb internal DNA frag- 
ment that spans bp 5770-617% 
and includes the first P-loop mo- 
tif. (Panel 2) DNA was hybrid- 
ized to a ,~l-kb BamHI-Hindm 
fragment at the Y end of the 
dynein gene (see Fig. 1). Neither 
probe contained internal restric- 
tion sites for EcoRI or PstI, 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 
eDNA was labeled using digoxi- 

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 eDNA clones. The restriction map of the 
eDNA 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 eDNA sequence 
revealed the presence of a "ol-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 eDNA sequence and "ol.3 kb of addi- 
tional downstream sequence. A 1.3-kb transcript was de- 
tected only in total RNA prepared from testes. 

Two eDNA clones containing a portion of the 5' flanking 
transcript were isolated with a probe derived from pCH81. 
Both eDNA 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 
pCHS1 and the two eDNA 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 "o-924 bp upstream of the dynein coding se- 
quence to position ,o15,681 bp that lies ',,100 bp downstream 
of the eDNA 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 eDNA fragments that span the 
entire dynein gene. All eDNA probes derived from the 
dynein heavy chain coding sequence recognized a transcript 
of 'ol4.5 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 

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-loopb The same expression profile was ob- 
served with probes derived from the 5' and 3' ends of the dynein 
eDNA. 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 indicatr~d in kb at right side. 

derived from the eDNA clones pTR13, ZAP8, and PL4 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- 

Li et al. Drosophila Cytoplasmic Dynein 1485 

o
n
 J

a
n
u
a
ry

 2
6
, 2

0
1
7

D
o
w

n
lo

a
d
e
d
 fro

m
 

Published September 15, 1994



Figure 7. Spatial distribution of Dhc64C expression in ovaries. (A 
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 (nc) 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 Bgal. 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 cons .t(uct. 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 B-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, ~galac- 

tosidase activity is detected throughout oogenesis 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/3-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/~-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 eDNA subclones pET822, 
pET828, and pET3100 (Fig. 8, A and B, lanes 1-3; 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 micrombule-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. ai., 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 dyneln distribution 
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A PepUdes Used for Antibody Production 

m , ~ : . ,  + +, + + ,,m,, 
t I 

PEP1 t 0 ~ ~ + 9 o e  
I. GG 8~'r.G Pfl, GI'G, KTE S V KA L 

8 2 2  1564 - -  2211 

828 2294 3210 

Z A P 6  1564 3210 

31 oo 3401 41139 

Figure 8. Antibodies specific for distinct dynein heavy chain epi- 
topes. (A) A map of the position of peptides used in the production 
of dynein heavy chain antibodies is shown. (B) The antisera PEPI, 
828, and 3100 define three distinct, non-overlapping epitopes in the 
Drosophila cytoplasmic dynein heavy chain and specifically recog- 
nize the pET5-822, pET5-828, and pET5-3100 bacterially ex- 
pressed fusion proteins, respectively. Four replicate samples of 
pET5-822 (lanes 1, 4, 7, and 10), pET5-828 (lanes 2, 5, 8, and//) ,  
and pET5-3100 (lanes 3, 6, 9, and 12) were run on 7.5% SDS- 
polyacrylamide gels. One set of the gel fractionated samples was 
stained with Coomassie blue (lanes 1-3). Molecular mass mark- 
ers are shown at left (lane M). The remaining three replicate gels 
were blotted to nitrocellulose and separately probed with antiserum 
PEPI (lanes 4-6), antiserum 828 (lanes 7-9), or antiserum 3100 
(lanes 10-13). Approximately 1/zg 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 1-8) One 
gel was stained in Coomassie blue. (Lanes ~8') The replicate gel 
was blotted to nitrocellulose and probed with attinity-purified 
PEP-1 antibody. Approximately 1 #g of protein from each purifica- 
tion step was loaded on a 7.5 % polyacrylamide gel. (Lane 1 ) 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 

in follicle ceils could reflect the role that these cells play in 

the polarized secretion of components required for the for- 
marion 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 (A; small arrow); and a perinuclear 
concentration of the dynein antigen is frequently apparent in 
stage 6-8 egg chambers (Fig. 9 A;/arge 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 A, egl ~5° 
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 A). 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 T) 
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. (A) 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 (/arge 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 dyuein 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-I antibody, the antibodies elicited against the bacterial fusion proteins encoded by nonoverlapping cDNAs (3100, 828) and the 
ZAP8 eDNA all show the same pattern of dynein localization in ovaries, fc, follicle cells; nc, nurse cells; o, oocyte; magnification in A, 
B, and C are identical. Bar shown in C is 50/~m. Bar shown in D is 100/~m. 

egl ~ °  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 ~6 

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- 
D v6 ovaries probably reflects the partial function of the Bic- 
/ye6 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 inset). 
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-lY e6 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 ~6 show a completely nor- 
mal dynein distribution. 

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 ~ z  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 e°~ 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. (A-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. (A) Ovarioles from an eglVa:5°/egl vevS° female. Dynein does not accumulate in a 
single cell in the syncytial 16 cell cyst and remains uniformly distributed throughout all 16 nurse ceils in the egg chamber. (B) Ovarioles 
from a BiclYU6/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 capumaZ/capu ma2 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 m~ mutant (not shown). (D) A stage 9 egg cham- 
ber from a caputUa2/capu too2 female. Dynein is not enriched at the oocyte posterior, but is uniformly distributed throughout the nurse cell 
and oocyte cytoplasm. Like capu sjaz, the spire m~ mutant specifically disrupts the posterior localization of dynein in the stage 9 egg 
chamber. (E) A stage 9 egg chamber from a APa/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 lCa/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: (A and C) 100 #m; (D) 50/zm. 

tations, flies homozygous for staufen °3 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 Notch, 

N ~. Notch is required in the posterior follicle cells for the 
specification of polarity along the anterior-posterior axis in 

the oocyte (Ruohola et al., 1991). In N ~j 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~I/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 

Li et al. Drosophila Cytoplasmic Dynein 1489 

o
n
 J

a
n
u
a
ry

 2
6
, 2

0
1
7

D
o
w

n
lo

a
d
e
d
 fro

m
 

Published September 15, 1994



change in the accumulation of dynein during early stages of 
oogenesis. In heterozygous N ~/+ flies incubated at the re- 
strietive 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 NH2-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 Mclntosh 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 organdies such as Golgi and synaptic vesicles (Vallee 
and Shpetner, 1990; Vallee, 1993; Schroer, 1994). The re- 
cent analysis ofa/~-axonemal dynein mutation in Chlamydo- 
monas has shown that the NH2-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 NH2-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 NHz-terminal domains of dynein heavy 
chains may reflect the varied attached cargoes of the different 
dynein heavy chains. Whether the NH2-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 
Drosaphila and all the other full-length dynein sequences 

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 Ch/amydomonas 
/$ and 7, and sea urchin/~ heavy chain sequences, are respec- 
tively 4639, 4644, 4725, 4344, 4568, 4485, and 4466 
residues in length. The reported fuU-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 termina- 
tion of the yeast sequence ,,o300 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 NH2-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, 
/3-turns, and a-helical domains are intermixed throughout 
the length of the heavy chain. The two longest o~-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 ot 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 Dhc64C dynein heavy chain. Consistent 
with this interpretation, we previously showed that vanadate- 
mediated (V0 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 ann 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- 

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 u~ and egl ~ °  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 

Li et al. Drosophila Cytoplasmic Dynein 1491 

o
n
 J

a
n
u
a
ry

 2
6
, 2

0
1
7

D
o
w

n
lo

a
d
e
d
 fro

m
 

Published September 15, 1994



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 ldnesin 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/3-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 
et al., 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 ~2 and spire e'~'8 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 ~1 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~I/N ~ ovaries. 
Given the requirement for capu, spire, and Notch in the 

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 ~'3 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)KlO) 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, fi(1)KlO, 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; Spradiing, 1993; Ding and Lipshitz, 1993; St. John- 
ston and Nusslein-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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