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Abstract. The Drosophila Glued gene product shares
sequence homology with the p150 component of verte-
brate dynactin. Dynactin is a multiprotein complex that
stimulates cytoplasmic dynein—-mediated vesicle mo-
tility in vitro. In this report, we present biochemical,
cytological, and genetic evidence that demonstrates a
functional similarity between the Drosophila Glued
complex and vertebrate dynactin. We show that, similar
to the vertebrate homologues in dynactin, the Glued
polypeptides are components of a 20S complex. Our
biochemical studies further reveal differential expres-
sion of the Glued polypeptides, all of which copurify as
microtubule-associated proteins. In our analysis of the
Glued polypeptides encoded by the dominant muta-
tion, Glued’, we identify a truncated polypeptide that
fails to assemble into the wild-type 20S complex, but re-
tains the ability to copurify with microtubules. The spa-
tial and temporal distribution of the Glued complex

during oogenesis is shown by immunocytochemistry
methods to be identical to the pattern previously de-
scribed for cytoplasmic dynein. Significantly, the pat-
tern of Glued distribution in oogenesis is dependent on
dynein function, as well as several other gene products
known to be required for proper dynein localization. In
genetic complementation studies, we find that certain
mutations in the cytoplasmic dynein heavy chain gene
Dhc64C act as dominant suppressors or enhancers of
the rough eye phenotype of the dominant Glued’ muta-
tion. Furthermore, we show that a mutation that was
previously isolated as a suppressor of the Glued’ muta-
tion is an allele of Dhc64C. Together with the observed
dependency of Glued localization on dynein function,
these genetic interactions demonstrate a functional as-
sociation between the Drosophila dynein motor and
Glued complexes.

mic dynein has been implicated in numerous intra-

cellular motile processes including mitotic chromo-
some movements (Pfarr et al., 1990; Steuer et al., 1990;
Hyman and Mitchison, 1991), mitotic spindle morphogen-
esis (Vaisberg et al., 1993), nuclear positioning (Plamann
et al,, 1994; Xiang et al., 1994), nuclear and mitotic spindle
migration during cell division (Eschel et al., 1993; Li et al.,
1993), perinuclear localization of the Golgi complex (Cor-
thésy-Theulaz et al., 1992), and retrograde axonal vesicle
transport (Paschal and Vallee, 1987; for review see Holz-
baur and Vallee, 1994). While it seems clear that cytoplas-
mic dynein is likely to participate in the transport of multi-
ple cytoplasmic organelles and/or cargoes, there is much to
be learned about the mechanisms that regulate specific
functions of the dynein motor within cells. One essential
aspect of dynein regulation that is a focus of current re-
search is how the cytoplasmic dynein motor is targeted to
particular cellular cargoes. In this regard, recent work has
drawn attention to the role of the dynactin complex (Gill

T HE minus-end directed microtubule motor cytoplas-
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et al., 1991; Schroer and Sheetz, 1991) as a potential regu-
latory component involved in the coupling of the dynein
motor complex to membrane-bound vesicles.

Dynactin is a 20S complex that has been biochemically
characterized in chicken and bovine brain extracts (Gill et
al., 1991; Schroer and Sheetz, 1991; Paschal et al., 1993).
The complex includes a doublet of 150/160-kD polypep-
tides, a 45-kD actin-related protein Arp-1/centractin, con-
ventional actin, actin-capping protein, and polypeptides of
62, 50,27, and 24 kD (Gill et al., 1991; Schroer and Sheetz,
1991; Lees-Miller et al., 1992; Paschal et al., 1993; for re-
view see Schroer, 1994). Although the dynactin complex is
not required to support dynein-mediated microtubule glid-
ing in vitro, dynactin has been shown to stimulate cyto-
plasmic dynein-mediated in vitro vesicle motility (Gill et
al., 1991; Schroer and Sheetz, 1991). The predicted amino
acid sequence of the p150 component also contains a con-
served motif that is found in the endosome linker protein
CLIP-170 (Pierre et al., 1992), which is postulated to par-
ticipate in connecting the motor cargo complex to the mi-
crotubule lattice. These results have fostered a model in
which the dynactin complex acts to regulate dynein func-
tion at the level of cargo attachment.

Recent studies in Neurospora crassa (Plamann et al.,
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1994) and Saccharomyces cerevisiae (Clark and Meyer,
1994; Muhua et al., 1994) have provided molecular and ge-
netic evidence for the existence of dynactin-related sub-
units in these organisms, as well as their involvement in a
common cellular process together with cytoplasmic dy-
nein. In N. crassa, the isolation of suppressors of a muta-
tion in the cot-1 locus, which encodes a cAMP-dependent
protein kinase (Yarden et al., 1992), identified a number
of loci including the genes encoding the cytoplasmic dy-
nein heavy chain (ro-1) and homologues of the p150 (ro-3)
and Arp-1 (ro-4) subunits of dynactin (Plamann et al,,
1994). In a wild-type background, the ro-1, ro-3, and ro-4
mutations share a phenotype characterized by a defect in
nuclear migration (Plamann et al.,, 1994). In the budding
yeast S. cerevisiae, disruption of the cytoplasmic dynein
heavy chain gene, and/or the Arp-1 homologue ACT5/
ACT3, results in defects in mitotic spindle orientation and
nuclear migration (Eschel et al., 1993; Li et al., 1993; Clark
and Meyer, 1994; Muhua et al., 1994). Despite this evi-
dence for similar phenotypes produced by mutations in
the dynein heavy chain gene and genes encoding apparent
dynactin-related subunits, the nature of the interaction be-
tween dynein and dynactin in vivo remains to be deter-
mined.

The Drosophila Glued gene shares significant homology
with the gene encoding the p150 subunit of the dynactin
complex in rat and chicken (Swaroop et al., 1987; Gill et
al., 1991; Holzbaur et al., 1991). The Glued locus was ini-
tially identified by the spontancous mutation, Glued!
(GI"), which results in a dominant rough eye phenotype in
aduit flies (Plough and Ives, 1935). In heterozygotes the
GI! mutation causes a severe disruption in the organiza-
tion of the retina and in the retinal projections to the optic
lobe (Meyerowitz and Kankel, 1978). In homozygous ani-
mals the G mutation is recessive lethal, demonstrating
that the Glued gene is also essential for normal develop-
ment in Drosophila. Screens for revertants of the domi-
nant rough eye phenotype of GI! recovered additional re-
cessive lethal mutations at the Glued locus (Harte and
Kankel, 1982). In addition to late embryonic and larval le-
thal phenotypes, several of these new Glued alleles dis-
played a temperature-sensitive maternal effect, suggesting
that Glued is required not only for proper nervous system
and eye development, but during the early development of
the egg or embryo (Harte and Kankel, 1982). In mosaic
analyses using a null mutation of Glued, somatic clones of
homozygous Glued mutant tissue were not recovered, sug-
gesting that the Glued gene product has an essential func-
tion within the cell. Alternatively, Glued might be re-
quired for the successful differentiation and incorporation
of particular cell types into developing tissues (Harte and
Kankel, 1982).

The Drosophila Glued gene is expressed throughout de-
velopment (Swaroop et al., 1986), consistent with the ge-
netic data suggesting that Glued has an essential role in
Drosophila development (Harte and Kankel, 1982). The
molecular characterization of the dominant GF mutation
revealed the insertion of a transposon into the Glued cod-
ing sequence, resulting in the production of a truncated
message that could potentially encode a truncated poly-

1. Abbreviation used in this paper: GI', Glued'.
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peptide (Swaroop et al., 1985). The dominant nature of the
GI' mutation suggests that the truncated Glued transcript
encodes a protein product that acts as a “poison” to dis-
rupt the function of the wild-type polypeptide.

We previously cloned Dhc64C, a gene encoding a Dro-
sophila cytoplasmic dynein heavy chain (Li et al., 1994),
and subsequently isolated recessive lethal mutations in the
gene (Gepner, J., M.-g. Li, S. Ludmann, C. Kortas, K. Boy-
lan, M. McGrail, and T. S. Hays, manuscript in prepara-
tion). In addition to the recessive lethality, we have no-
ticed additional phenotypes in adult flies that are doubly
heterozygous for certain combinations of the dynein muta-
tions. These phenotypes include female sterility, male ste-
rility, bristle defects, and a rough eye phenotype similar to
that observed in flies that contain the dominant G/ muta-
tion (Gepner, J., manuscript in preparation). The Dhc64C
mutations provide tools to analyze the regulation and
function of the dynein motor. In this report, we use muta-
tions in both the dynein heavy chain and Glued genes to
investigate the interaction between the Drosophila cyto-
plasmic dynein motor and the dynactin-related Glued
complex. We identify and characterize the Glued polypep-
tides as components of a 20S complex similar to vertebrate
dynactin and present cell biological and genetic observa-
tions that indicate the physical and functional interaction
of the Glued and dynein motor complexes.

Materials and Methods

Fly Stocks and Genetic Analyses

The Dhc64C mutations used in this study were isolated by a standard F2
screen for recessive lethal mutations under the deficiency DA3L)I0OH
(64B10-12; 64C5-9) which removes the chromosomal region containing
the dynein gene. The third chromosome deficiency Df(3L)10H was pro-
vided by J. Garbe (University of California, Berkeley). For the purposes
of the studies described here, the identity of the dynein mutations is estab-
lished by the rescue of the recessive lethal phenotype of the dynein muta-
tions by an X-linked P element insert containing a genomic copy of the
Dhc64C transcription unit (designated P(Dhc™); see Table I1I). Molecular
clones containing the intact Dhc64C transcription unit were previously re-
ported (Li et al., 1994). A detailed description of the isolation and pheno-
typic characterization of the dynein mutations will be reported elsewhere
(see also McGrail, M., J. Gepner, M.-g. Li, S. Ludmann, K. Boylan, S. Iya-
durai, and T. S. Hays. 1994. Mol. Biol. Cell Abstracts. 5:131a).

The stocks G §b, D(3L)GI*®?, and Su(Gl)102 were provided by Dr.
Douglas Kankel, Yale University, and are described in Harte and Kankel
(1982). The alleles egalitarian™V*’, Bicaudal-D®?, cappuccino®¥'?, and
spire®P® were provided by Dr. Trudi Schiipbach, Princeton University,
and are described in Manseau and Schiipbach (1989), Suter et al. (1989),
and Schiipbach and Weischaus (1991). The second chromosome defi-
ciency D(2L)TW119, which removes the Bicaudal-D gene, was obtained
from Dr. Ruth Steward, Rutgers University, and is described in Steward
et al. (1987).

For the analysis of cytoplasmic dynein and Glued localization in the fe-
male-sterile combination of dynein alleles Dac64C%%/Dhc64C% 12, virgin
females of the genotype Dhc64C%/TM6B, D Hu were crossed with males
of the genotype Dhc64C*'2/TM6B, D Hu, and female progeny that were
wild type for the dominant marker mutations Dichaete (D, outheld wings)
and Humeral (Hu, extra hairs on the shoulder) were selected. In the anal-
ysis of cytoplasmic dynein and Glued localization in the Bicaudal-D®
mutant, Bicaudal-D**/Df(2L)TW119 females were recovered from the
cross Bicaudal-D®%/CyO X Df(2LYTW119/CyO. Markers and other chro-
mosomes used are described in Lindsley and Zimm (1992).

Analysis of the genetic interactions between the Dhc64C alleles and
the GI' mutation was performed by crossing heterozygous virgin females
from the stock GF Sh/TM6B, D Hu with heterozygous males of the fol-
lowing genotypes: Df(3L)I0H/TM6B, D Hu, Dhc64C*%/TM6B, D Hu;
Dhc64C54/TM6B, D Hu; Dhc64C*1%/TM6B, D Hu. In the progeny, flies
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heterozygous for the G/ mutation and the dynein mutation were identi-
fied by the presence of adults which show the dominant bristle phenotype
caused by the Sb (Stubble, short blunt bristles) mutation, but were wild
type for the dominant wing and bristle phenotypes of the D (Dichaete)
and Hu (Humeral) mutations. To examine the effect of an additional copy
of the wild-type Dhc64C gene in flies heterozygous for the G/ mutation
and the dynein alleles Dhc64C*8 or Dhc64C%'%, an X chromosome bear-
ing the wild-type Dhc64C transgene was separately crossed into the
Dhc64C%® and Dhc64C** backgrounds and stocked. Males of the geno-
type P(Dhc*)/Y; Dhc64C*¥/TM6B, D Hu and P(Dhc*)Y, Dhc64C*10/
TM6B, D Hu were crossed to virgin GI/ Sb/TM6B, D Hu females. All of
the female progeny from this cross carry one X chromosome bearing the
Dhc64C transgene P(Dhc*).

Complementation analyses between the Su(G/)102 mutation and the
Dhc64C mutations were performed by crossing heterozygous Su(Gl)102/
TM6B, D Hu virgin females with males heterozygous for the deficiency
Df(3L)10H or the appropriate Dhc64C allele, and TM6B, D Hu. The crit-
ical class was scored by the absence of the TM6B, D Hu third chromo-
some balancer dominant marker mutations Dichaete (D) and Humeral
(Hu) in adult progeny.

To test the ability of the dynein transgene to rescue the lethality of
Su(Gl)102 in combination with Df(3L)I0H and the Dhc64C alleles
Dhc64C*°, Dhc64C*'%, and Dhc64C%%, the following crosses were per-
formed: heterozygous w, P(Dhct w™)/Y; Su(Gl)102/TM6B males were
crossed with heterozygous, virgin w/w; DA3L)I10H/TM6B, wiw;, Dhc64C*%/
TM6B, wiw; Dhc64C*6/TM6B or wiw; Dhc64C%5/TM6B females. Rescue
of the critical class (Su(G!)102/mutant) was scored by the presence of w*
Dichaete™ Humeral® adults in the progeny from each cross. Because the
wild-type dynein transgene is carried on the X chromosome and is con-
tributed by the male, only female progeny inherit the wild-type dynein
transgene and should be rescued. The absence of male progeny that carry
the dynein mutations but lack the paternally derived X-linked wild-type
dynein transgene demonstrates that the rescue of lethality in the female
progeny is due to the presence of the dynein transgene.

RNA Blot Analyses

Total RNA was isolated from ovaries and testes, staged collections of em-
bryos, larvae, pupae, and heads, as described previously (Li et al., 1994).
25 pg total RNA was run on a 7.5% agarose—formaldehyde denaturing
gel, and blotting, hybridization, and washing conditions were as described
previously (Li et al., 1994). A 1.8-kb BamHI fragment from the Glued
cDNA (Swaroop et al., 1987), provided by Dr. Alan Garen, Yale Univer-
sity, was used to prepare a DNA probe labeled with [*2P]JdATP using ran-
dom hexamer primers (Pharmacia LKB Biotechnology Inc., Piscataway,
NJ). A probe derived from the RP49 gene (Vaslet et al., 1980) was used to
monitor loading and to verify integrity of the RNA.

Antibody Production and Purification

An anti-Glued rat polyclonal serum was prepared using a bacterially ex-
pressed Glued fusion protein. A 1.8-kb BamHI fragment of the Glued
cDNA, provided by Dr. Alan Garen, which encodes the ~600 COOH-ter-
minal residues of the Glued open reading frame (Swaroop et al., 1987),
was cloned in frame into the expression vector pGEX1 (Smith and
Johnson, 1988) and expressed in the bacterial strain HB101. Inclusion
bodies containing the glutathione S-transferase-Glued fusion protein
were prepared as described (Li et al., 1994) and fractionated by SDS-
PAGE. Gel slices corresponding to the glutathione-S-transferase-Glued
fusion protein were excised and used to elicit a polyclonal serum in rat as
described (Li et al., 1994). The anti-Glued antiserum was affinity purified
over an affinity column prepared with a Glued fusion protein expressed in
the vector pET5b (Novagen, Inc., Madison, WI) in the bacterial strain
BL21 (Novagen, Inc.). The affinity column was generated by coupling the
fusion protein to Actigel (Sterogene Bioseparations, Inc., Arcadia, CA)
resin according to the supplier’s instructions. The affinity-purified anti-
bodies were stored in PBS containing 1 mg/m! BSA.

Microtubule-associated Protein Preparations

Opvaries from well-fed 3-d-old wild-type OregonR females and heterozy-
gous GI'/TM6B females were dissected in EBR buffer (130 mM NaCl, §
mM KCl, 2 mM CaCl,, 10 mM Hepes, pH 6.9), placed on ice until 100 pl
of ovaries were obtained, quick frozen in liquid nitrogen, and stored at
—80°C until use. Heads and embryos were collected from the wild-type
OregonR and the GI!//TM6B stocks, quick frozen in liquid nitrogen, and
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stored at —80°C until use. Microtubule-associated proteins from each tis-
sue were prepared as described previously (Hays et al., 1994). Briefly, ~1
ml packed ovaries, 6 ml packed heads, or 15 ml packed embryos, were
rinsed three times in PMEG buffer (100 mM Pipes, pH 6.9, 5 mM
MgOAc, 5mM EGTA, 0.1 mM EDTA, 0.5 mM DTT, 0.9 M glycerol) plus
protease inhibitors (10 pg/ml aprotinin, 1 pg/ml leupeptin, 1 pg/ml pepsta-
tin, 0.1 pg/ml each of soybean trypsin inhibitor, n-tosyl L-arginine methyl-
ester, and benzamidine). Tissues were homogenized on ice in a glass ho-
mogenizer in 1.5 vols PMEG plus protease inhibitors. The homogenate
was spun at 125,000 g for 40 min at 4°C, and the supernatant was pulled
from between the top lipid layer and the insoluble pellet at the bottom of
the tube. All subsequent steps were carried out at 4°C. Microtubules were
assembled in the high-speed supernatant by the addition of GTP to 1.0
mM and taxol to 20 uM, plus 20 pM cytochalasins B and D to inhibit as-
sembly of filamentous actin. After 15 min incubation with gentle rocking,
endogenous ATP was depleted from the extract by the addition of hexoki-
nase and glucose to final concentrations of 10 U/mi and 100 mM, respec-
tively, and the extract incubated further for 45 min. The extract was un-
derlaid with a 1/4 vol 15% sucrose cushion and centrifuged at 37,000 g for
30 min in a rotor (SW50.1; Beckman Instruments, Inc., Fullerton, CA) to
pellet microtubules and microtubule-associated proteins. The microtubule
pellet was washed once by resuspension in PMEG plus taxol and recentri-
fuged. The microtubule pellet was extracted with PMEG containing 10
mM Mg-ATP and 20 uM taxol, and recentrifuged at 37,000 g for 15 min in
an SWS50.1 rotor plus adapters for 5 X 41 mm open-topped ultraclear
tubes (Beckman Instruments, Inc.).

Sucrose Density Gradient Centrifugation

1 mg total protein of a high-speed extract (125,000 g) from ovary homoge-
nates, and 2 mg total protein of a high-speed extract from embryo and
head homogenates, were sedimented through 11.5 ml 5-20% sucrose gra-
dients prepared in PMEG buffer plus protease inhibitors as described pre-
viously (Hays et al., 1994). The gradients were spun at 4°C in a rotor
(SW40; Beckman Instruments, Inc.) for 16 h at 230,000 g, and then col-
lected into 0.5-ml fractions. The sedimentation standards thyroglobulin
(19S), catalase (11S), and cytochrome (2S) (Sigma Chemical Co., St.
Louis, MO) were run in parallel on a separate gradient.

Immunoblotting

SDS-PAGE and immunoblotting were carried out as described by
Laemmli (1970) and Towbin et al. (1979). Proteins were electrophoresed
on 0.75 mm, 7.5% polyacrylamide slab gels prepared with a 1:100 ratio of
bis-acrylamide/total monomer. To better resolve the migration of the
truncated Glued polypeptide from the wild-type, samples shown in Fig. 3
were run on 6.5% polyacrylamide gels. Gels were stained with Coomassie
brilliant blue or electroblotted to PVDF membrane (Millipore Corp., Bur-
lington, MA). Blots were probed with the affinity-purified anti-Glued an-
tibody diluted 1:100, or the affinity-purified anti-dynein heavy chain anti-
body PEP1 (Li et al, 1994) diluted 1:500, in PBS/0.05% Tween-20
containing 0.2% I-Block (Tropix, Bedford, MA). Alkaline phosphatase—
conjugated secondary antibodies were diluted in the same. Blots were de-
veloped with NBT and BCIP (Sigma Chemical Co.) in alkaline phos-
phatase buffer (100 mM NaCl, 5 mM MgCl,, 100 mM Tris, pH 9.5), or
with a nonradioactive chemiluminescence detection system (Tropix) ac-
cording to the supplier’s instructions. Images of gels were captured on an
IRIS Indigo Video board installed on a Silicon Graphics R3000 Indigo
workstation (Silicon Graphics Computer Systems, Mountain View, CA).
Images of blots were obtained from blots and x-ray films scanned into a
Maclntosh Power PC 8100 (Apple Computer Corp., Cupertino, CA) with
a flat bed scanner (ScanJet IIc; Hewlett Packard, Corvallis, OR) using
Adobe Photoshop 3.0 software (Adobe System, Inc., Mountain View,
CA). Hardcopy image prints were produced on a dye sublimation printer
(Phaser IISDX; Tektronix, Inc., Beaverton, OR).

Immunolocalization

Opvaries were dissected, fixed, and prepared for immunocytochemistry as
described previously (Li et al., 1994). Briefly, ovaries were dissected from
2-3-d-old females in EBR and fixed for 5 min in 100 pl devitellinizing
buffer/600 pl heptane using the method of Cooley et al. (1992). Devitellin-
izing buffer = 1 vol buffer B/1 vol 36% formaldehyde/4 vol H,O. Buffer B
contains 100 mM KH,PO,/K,HPO,, pH 6.8, 450 mM KCl, 150 mM NaCl,
and 20 mM MgCl,.6H,0. After fixation, ovaries were rinsed three times in
PBS, rinsed three times in PBS/0.1% Triton X-100 (PBT), and washed for
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1-2 h in PBT with gentle rocking. The ovarioles were then teased apart,
washed for 1-2 h on a rotating wheel (Cole-Parmer Instrument Co., Chi-
cago, IL), and blocked in PBT containing 1% BSA for 1-2 h at room tem-
perature. The ovarioles were double labeled with the affinity-purified rab-
bit anti-dynein antibody PEP1 (Li et al., 1994) diluted 1:5 or 1:50, and the
affinity-purified rat anti-Glued antibody diluted 1:5. The anti-dynein and
anti-Glued antibodies were detected with anti-rabbit FITC-conjugated
(Boehringer Mannheim Biochemicals, Indianapolis, IN) and anti-rat
Texas red—conjugated (Jackson Immunoresearch Laboratories, West
Grove, PA) secondary antibodies, respectively. Antibody incubations
were performed overnight at 4°C. The secondary antibodies were used at
a final dilution of 1:100 after preabsorbing against fixed embryos at a dilu-
tion of 1:10. All antibodies were diluted in PBS/0.1% Triton X-100 con-
taining 1% BSA. Ovarioles were mounted in a solution of PBS/90% glyc-
erol containing 1 mg/ml p-phenylenediamine (Sigma Chem. Co.), and
examined on a diaphot (Nikon Inc. Instrument Group, Melville, NY) mi-
croscope with a confocal imaging system (MRC-600; Bio-Rad Laborato-
ries, Hercules, CA), using a 60%/1.4 planapochromat lens.

SEM Analysis

Drosophila heads were dehydrated in an ethanol series as described
(Carthew and Rubin, 1990) and prepared for scanning electron micros-
copy by critical point drying and coating with gold-palladium. Images
were recorded on film (type 55; Polaroid Corp., Technical Imaging Prod-
ucts, Cambridge, MA).

Results

Drosophila Glued Gene Product Is a Component
of a 20S Complex

To initiate our analysis of the Drosophila Glued gene, we
characterized the expression profile of Glued during de-
velopment. Our results, like those reported by Swaroop et
al. (1986), show that the Glued transcript is expressed
throughout embryonic development. Our analysis also
shows that Glued is expressed in heads, testes, and ovaries
of adult flies (Fig. 1 a). The developmental profile of the
Glued gene is highly similar to that of the cytoplasmic dy-
nein heavy chain gene, Dhc64C (Li et al., 1994), Both the
Glued and Dhc64C transcripts are abundantly expressed
in the ovaries of adults, and are present at high levels in
0-2-h embryos (Fig. 1 a, and Li et al., 1994). The high level
of Glued transcript present in 0-2-h embryos indicates
that, like Dhc64C, there is a substantial maternal contribu-
tion of Glued in the early embryo.

The polypeptides encoded by the Glued gene exhibit
biochemical characteristics similar to those of the homolo-
gous vertebrate gene products. As shown in Fig. 1 b, we
used an affinity-purified rat polyclonal serum specific for
the Drosophila Glued polypeptides (see Materials and
Methods) to determine whether the polypeptides were
components of a multiprotein complex. Analysis of Dro-
sophila ovary cytosol by sucrose density gradient centrifu-
gation revealed that a doublet of polypeptides of ~145/
160-kD are recognized by the Glued antibody, and sedi-
ment in the ~208S fraction of the sucrose gradient (Fig. 1 b,
bottom). The apparent molecular weights of the Glued
polypeptides and their sedimentation as a 20S particle are
similar to the characteristics of the homologous p150 sub-
units in vertebrate dynactin (Gill et al., 1991; Schroer and
Sheetz, 1991; Paschal et al., 1993). In comparison, the cyto-
plasmic dynein complex in ovary extracts sediments at a
lower S-value as detected by antibodies that recognize the
heavy chain polypeptide (Fig. 1 b, top). The Drosophila
Glued polypeptides, like the homologous vertebrate poly-
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peptides, also exhibit an ATP-sensitive microtubule asso-
ciation. In the absence of endogenous nucleotide, the
Glued polypeptides are detected in microtubule protein
prepared from ovary extracts (Fig. 1 ¢, lane 5'). The Glued
polypeptides are enriched in the fraction of proteins re-
leased from taxol-stabilized microtubules by extraction
with 10 mM ATP (Fig. 1 ¢, lane 8’). These results show
that the Drosophila Glued gene and the related vertebrate
genes encode polypeptides with similar biochemical prop-
erties.

Glued and Cytoplasmic Dynein Colocalize
Throughout Drosophila Oogenesis

The Drosophila ovary consists of ~15 ovarioles, each of
which contains a series of egg chambers of increasing de-
velopmental age (for reviews on Drosophila oogenesis, see
King, 1970; Spradling, 1993). The egg chamber is formed
at the tip of the ovariole in the germarium, where the stem
cells reside. Oogenesis begins with a stem cell division,
which produces a cystoblast that will then undergo four
rounds of cell division with incomplete cytokinesis to pro-
duce a cyst of 16 cells that remain connected by intercellu-
lar bridges called ring canals. As the 16-cell cluster moves
posteriorly through the germarium, one of the 16 cells is
specified to become the oocyte, while the other 15 adopt
the fate of nurse cells. Somatically derived follicle cells mi-
grate around the 16-cell cluster, eventually enveloping the
cluster as it buds off the germarium to form the stage 1 fol-
licle, or egg chamber. As the egg chamber matures, the
nurse cells supply the oocyte with the materials required
for growth. Ultimately, during stages 10B-11 the nurse
cells transfer their entire cytoplasmic content into the oo-
cyte and subsequently degenerate as formation of the ma-
ture egg is completed.

We have previously reported that during Drosophila oo-
genesis cytoplasmic dynein accumulates in the presump-
tive oocyte in region 2b of the germarium, and is asymmet-
rically localized to the posterior pole of the oocyte during
stage 9 of oogenesis (Li et al., 1994). The temporal and
spatial pattern of dynein distribution during oogenesis
provides an excellent opportunity to examine the associa-
tion of the Glued complex and cytoplasmic dynein. We
compared the distribution of the dynein and Glued poly-
peptides during cogenesis by immunocytochemical double
labeling of ovaries with the affinity-purified anti-Glued
antibody and the affinity-purified anti-dynein antibody
PEP1 (Li et al., 1994). The pattern of Glued localization is
indistinguishable from that of cytoplasmic dynein (Fig. 2,
a-d). Glued is initially evenly distributed throughout all
cells in the anterior of the germarium (Fig. 2 ¢, arrow-
head), then accumulates in the single cell destined to be-
come the oocyte in region 2b of the germarium (Fig. 2 c,
arrow). Similar to the cytoplasmic dynein heavy chain, the
Glued polypeptides remain enriched in the oocyte as the
egg chamber matures and later during stage 9 become lo-
calized to the posterior pole of the oocyte (Fig. 2, b and d,
arrowheads).

Glued Localization in Oogenesis Requires
Cytoplasmic Dynein

To address whether the colocalization of dynein and Glued
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Figure 1. Developmental profile of the Glued mRNA and behavior of the Glued gene product. (a) Top: RNA blot containing total
RNA isolated from adult ovaries; 0-2, 24, 4-8, 8-12, and 12-24-h embryos; larvae (mixed instars); pupae; and adult testes and heads.
The blot was hybridized with a 32P-labeled DNA probe produced from the Glued cDNA. Bottom: as a control to monitor equal loading
of the RNA, the blot was subsequently rehybridized with a probe derived from the Drosophila RP49 gene (Vaslet et al., 1980). (b) Im-
munoblot demonstrating the behavior of the dynein and Glued polypeptides on a sucrose density gradient. 1 mg total protein from a
high-speed ovary extract was fractioned on a 5-20% sucrose density gradient, then collected into 0.5 ml fractions. 15-ul samples from
each fraction of the gradient were analyzed in duplicate on separate gels by SDS-PAGE and immunoblotting with the affinity-purified
anti-dynein heavy chain antibody PEP1 (Li et al., 1994) or the affinity-purified anti-Glued antibody. Sedimentation of the cytoplasmic
dynein heavy chain peaks at ~188S (fop, fractions 9-12). The Glued antibody detects a ~145/160-kD doublet present in a ~20S complex
(bottom, fractions 7-8). Numbers above the panels indicate the gradient fractions; the positions of the 19S and 118 sedimentation stan-
dards are indicated below. Left, bottom of gradient. (¢) The Glued polypeptides sediment with microtubules and are enriched with cyto-
plasmic dynein after ATP extraction of the microtubule pellet. Samples containing 1 pg total protein from each fraction of a microtu-
bule-associated protein preparation from ovary extracts were run, in duplicate, on separate 7.5% polyacrylamide gels. Lanes 7-8,
Coomassie blue-stained gel. Lanes 2'-8’, immunoblot of duplicate gel probed with the affinity-purified anti-Glued antibody. (Lane 1)
molecular weight markers; (lanes 2 and 2’) homogenate; (lanes 3 and 3') high speed pellet; (lanes 4 and 4’) high speed supernatant;
(lanes 5 and 5") taxol-stabilized microtubule pellet; (lanes 6 and 6') supernatant of microtubule pellet; (lanes 7 and 7’) microtubule pel-
let after ATP extraction; (lanes 8 and 8") ATP-extracted microtubule-associated proteins. The high molecular weight band in lane 8 is
the cytoplasmic dynein heavy chain polypeptide (arrow, DHC; Li et al., 1994). The affinity-purified anti-Glued antibody detects a dou-
blet of polypeptides that sediment with the microtubule pellet (lane 5’) and are enriched in the ATP elution fraction (lane 8") with cyto-
plasmic dynein. The relative molecular mass of each marker is indicated between the panels.

in oogenesis reflects an association of the dynein and
Glued complexes, we asked whether Glued localization is
dependent on the function of cytoplasmic dynein. To do
this, we made use of mutations in the cytoplasmic dynein
heavy chain gene that disrupt the localization of dynein
during oogenesis. Flies that are doubly heterozygous for
the mutations Dhc64C% and Dhc64C%'2 are female sterile
(data not shown). In ovaries derived from these sterile fe-
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males, the dynein heavy chain does not accumulate at the
posterior pole of the oocyte in stages 9 and 10 egg cham-
bers, but is mislocalized in a punctate pattern at the ante-
rior margin of the oocyte (arrows, Fig. 2, e and f). In addi-
tion, dynein is frequently concentrated in patches within
the cytoplasm of the nurse cells (arrowheads, Fig. 2, e and
f). In this mutant combination of Dhc64C alleles the poste-
rior localization of the Glued polypeptides is similarly dis-
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Figure 2. The Glued polypeptides colocalize with cytoplasmic dynein during oogenesis and have the same genetic requirements for lo-
calization. (a—d) Double-label immunolocalization of cytoplasmic dynein (a and b) and Glued (c and d) in ovaries from wild-type Ore-
gon R females. The Glued polypeptides are evenly distributed in the mitotically active cells in the anterior of the germarium (arrow-
head, c) and are differentially localized to the pro-oocyte (arrow, c) coincident with cytoplasmic dynein (arrow, a; Li et al., 1994). The
Glued polypeptides remain enriched in the oocyte as the egg chamber matures during its passage down the ovariole. Later in oogenesis,
like cytoplasmic dynein (arrowhead, b; Li et al., 1994), the Glued polypeptides are asymmetrically localized to the posterior pole of the
oocyte in the stage 9 egg chamber (arrowhead, d). (e-h) Double-label immunolocalization of cytoplasmic dynein (e and f) and Glued (g
and h) in stages 9 and 10 egg chambers from heteroallelic DAc64C%%/Dhc64C%'? females. (e and f) In egg chambers from Dhc64C55/
Dhc64C%'2 females, dynein is not localized to the posterior pole of the stage 9 and stage 10 oocyte. Instead, dynein is mislocalized in a
punctate pattern at the anterior margin of the oocyte (arrows, e and f), and in bright patches within the nurse cell cytoplasm (arrow-
heads, e and f). (g and h) Like cytoplasmic dynein, localization of the Glued polypeptides to the posterior pole of the oocyte is disrupted
in the Dhc64C%%/ Dho64C%1? mutant egg chambers. Glued is mislocalized with dynein to the anterior margin of the oocyte (arrows, g and
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rupted, and Glued is colocalized with the mislocalized dy-
nein at the anterior margin of the oocyte (arrows, Fig. 2, g
and h) and to the patches within the nurse cells (arrow-
heads, Fig. 2, g and h). Earlier in oogenesis both dynein
and Glued accumulate in the developing oocyte as in wild-
type egg chambers (data not shown). The coincident mis-
localization of the dynein and Glued polypeptides due to
mutations in the cytoplasmic dynein heavy chain gene pro-
vides strong evidence that the localization of Glued is de-
pendent on its association with the cytoplasmic dynein
motor complex.

Glued and Cytoplasmic Dynein Localization Exhibit
Similar Genetic Requirements in Oogenesis

To examine further the association of dynein and Glued in
vivo, we asked whether mutations in other genes that dis-
rupt the localization of dynein during oogenesis also affect
the distribution of the Glued polypeptides. We have previ-
ously shown that mutations in the genes Bicaudal-D (Bic-D)
and egalitarian (egl) disrupt the accumulation of dynein to
the presumptive oocyte (Li et al., 1994). Loss-of-function
mutations in either of these genes prevent oocyte differen-
tiation and result in egg chambers containing 16 cells that
develop as nurse cells (Suter et al., 1989; Schiipbach and
Weischaus, 1991). Like the cytoplasmic dynein heavy
chain polypeptide, the Glued polypeptides fail to accumu-
late in a single cell in egg chambers derived from females
homozygous mutant for the eg/""? mutation, or hemizy-
gous for the Bic-D®? mutation (Fig. 2, i and k).

We also examined the effect of mutations in cappuccino
(capu) and spire (Schiipbach and Weischaus, 1991) on the
accumulation of Glued during oogenesis. The capu and
spire genes are required for both dorsoventral and antero-
posterior axis formation during oogenesis. Mutations in
these two maternal effect loci cause a disruption in the ac-
cumulation of the posterior group gene products, staufen
protein and oskar mRNA, to the posterior pole of the oo-
cyte (Manseau and Schiipbach, 1989). We have previously
shown that both the capu and spire gene products are also
required for the enrichment of cytoplasmic dynein at the
posterior pole of stage 9 oocytes (Li et al., 1994). As
shown in Fig. 2, we observe a similar disruption of Glued
accumulation at the posterior pole in oocytes derived from
females that are homozygous mutant for either capufK2
or spireRP® (Fig. 2, j and I). The observations that the
Glued and cytoplasmic dynein heavy chain polypeptides
exhibit similar genetic requirements for their proper local-
ization during oogenesis is consistent with the physical as-
sociation of the two complexes.

A Dominant Mutation in the Glued Gene, GI,
Encodes a Truncated Polypeptide that Associates
with Microtubules

The dominant mutation in the Glued locus, G, was previ-

ously shown to be caused by the insertion of a transpos-
able element in the 3’ coding sequence of the Glued gene
(Swaroop et al., 1985). Analysis of Glued expression in
heterozygous GI!/+ flies revealed, in addition to the wild-
type Glued transcript, a truncated message presumably
caused by premature termination of transcription due to
the inserted transposon (Swaroop et al., 1985). Like other
Glued alleles, the GI mutation is a recessive lethal muta-
tion and homozygous animals die in late embryogenesis or
early larval stages of development (Plough and Ives, 1935;
Harte and Kankel, 1982). In addition, the GI/ mutation
produces a dominant rough eye phenotype in heterozy--
gous adults (Plough and Ives, 1935). This dominant pheno-
type was shown to be dosage dependent. The addition of
small chromosomal duplications carrying extra copies of
the wild-type Glued gene into heterozygous GI/+ flies
rendered the severity of the eye phenotype less extreme in
a dosage-sensitive manner (Harte and Kankel, 1982). The
dosage dependence of the eye phenotype, together with
the molecular nature of the lesion, suggests that the G
mutation encodes a truncated polypeptide that acts as a
poison product. In support of this model, we have identi-
fied the truncated protein product encoded by the G mu-
tation and examined the association of the truncated poly-
peptide with microtubules and the Glued complex.

To identify the product of the G mutation, we com-
pared the Glued polypeptides in microtubule-associated
proteins prepared from wild-type versus heterozygous GI//+
tissues. These studies provided a number of new findings.
First, the pattern of Glued polypeptide species encoded by
the wild-type Glued gene is tissue dependent. The simplest
pattern is observed in extracts from adult heads, in which
the predominant species of Glued polypeptide is a single
band which migrates at ~160 kD on SDS-PAGE (upper
arrow, Fig. 3 a, lane marked head, +/+). This species is
larger than the predicted molecular mass of 148 kD based
on the cDNA sequence (Swaroop et al., 1987). An addi-
tional lower molecular mass species of ~145 kD is present
in minor amounts (Jower arrow, Fig. 3 a, lane marked
head, +/+). In contrast, the 145-kD species in ovaries ap-
pears more abundant than the 160-kD form (Fig. 3 a, lane
marked ovary, +/+). In embryos, the 160-kD and 145-kD
species are present in relatively equal amounts (Fig. 3 a,
lane marked embryo, +/+). In all three tissues, a third spe-
cies that migrates at ~135 kD is present in minor amounts
(arrowhead, Fig. 3 a). The presence of a single Glued tran-
script in each of these tissues suggests that the multiple
Glued polypeptides may arise from the posttranslational
modification of a single wild-type product, as opposed to
different products resulting from alternative splicing. Sec-
ond, each of the wild-type Glued species sediments with
microtubules (Fig. 3 b, lanes marked +/+) and is enriched
in microtubule-associated proteins eluted with ATP (Fig. 3
¢, lanes marked, +/+; see also Fig. 1 ¢). Lastly, a substan-
tial portion of the Glued polypeptides in each tissue re-

k) and to bright patches within the nurse cell cytoplasm (arrowheads, g and k). (i~l) Glued localization, like cytoplasmic dynein (Li et al.,
1994), requires the genes egalitarian, Bicaudal-D, cappuccino, and spire. The Glued polypeptides are not enriched in a single cell in egg
chambers from egalitarian¥Ylegalitarian¥V>(i) or Bicaudal-D™*/Df(2L)TW119(k) mutant females. In cappuccino®</cappuc-
cino®K12(j) or spireRF*spireRF4([) females, the Glued polypeptides are not asymmetrically localized to the posterior pole of the stage 9
oocyte. The localization of Glued to the oocyte through stage 8 of oogenesis is completely normal in cappuccino®¥12 and spireRP* mu-
tants (data not shown). In all panels, anterior is at left. Magnification is identical in panels a-d, e, and i~l. Bars shown in d and 1, 100

pm; bar in h, 50 pm.
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Figure 3. Behavior of the truncated polypeptide encoded by the dominant mutation G¥. (a—c) Immunoblots of supernatants (a), taxol-
stabilized microtubule pellets (b), and ATP-eluted, microtubule-associated proteins (¢) prepared from ovary, embryo, and head ex-
tracts, from wild-type (+/+) and heterozygous G¥/+ (GI'/+) animals. To better resolve the difference in migration between the wild-
type and mutant Glued polypeptides samples were run on 6.5% polyacrylamide gels. After SDS-PAGE, gels were blotted and the mem-
branes probed with the affinity-purified anti-Glued antibody. 45 pg total protein of the supernatant and taxol-stabilized microtubule
pellet samples (a and b) were loaded per lane, in comparison to 8 pg total protein of the ATP-eluted, microtubule-associated protein
samples (c). The anti-Glued antibody detects an additional polypeptide which migrates at ~130 kD in samples derived from GI/+ tis-
sues (asterisks, a—c). Like the wild-type Glued species of ~160 kD (upper arrow), ~145 kKD (lower arrow), and ~135 kD (arrowhead),
the truncated polypeptide sediments with microtubules (b) and is present in the ATP-eluted, microtubule-associated proteins (c). A
substantial portion of both the wild-type and truncated Glued polypeptides do not sediment with the taxol-stabilized microtubules (a).
(d) Immunoblot demonstrating the behavior of the truncated Glued polypeptide on a sucrose density gradient. 2 mg total protein from
a high-speed (125,000-g) extract from GI//+ heads was fractioned on a 5-20% sucrose density gradient, then collected into 0.5-ml frac-
tions. 68-ul samples from each fraction of the gradient were run on a 6.5% polyacrylamide gel which was blotted and probed with the af-
finity-purified anti-Glued antibody. In extracts from GI//+ heads, the ~160-kD wild-type Glued polypeptide sediments in the 19-20S
fractions of the gradient (arrow). In contrast, the truncated Glued polypeptide sediments as a 6-7S particle distinct from the wild-type
product (asterisk). Bottom of the gradient is at left. Numbers above the panel indicate gradient fractions. The positions of the 198, 118,

and 2S sedimentation standards are indicated below the panel.

main unbound in the supernatant after microtubule sedi-
mentation (Fig. 3 a, lanes marked +/+), similar to the
behavior described for the dynactin complex from chicken
(Gill et al., 1991).

The analysis of microtubule-associated protein prepara-
tions from heterozygous GI!/+ tissues reveals a truncated
Glued polypeptide of ~130 kD in addition to the wild-type
polypeptides. The truncated polypeptide is most easily dis-
tinguished in the samples derived from head extracts, in
which the truncated polypeptide is most abundant (aster-
isks, Fig. 3 a—c, lanes marked G//+). In comparison to
wild type, the additional polypeptide present in GI//+ ex-
tracts migrates slightly faster than the smallest wild-type
species of ~135 kD. The presence of this additional
polypeptide in extracts from heterozygous GI/+ tissues
indicates that the ~130-kD polypeptide represents the
truncated protein encoded by the G mutation. The varia-
tion in the amount of the mutant Glued polypeptide be-
tween ovaries, embryos, and heads may reflect variability
in the expression of the Glued gene, or in the stability of
the truncated Glued product, in these different tissues.
Like the wild-type Glued polypeptides, the ~130-kD
Glued polypeptide sediments with microtubules (asterisks,
Fig 3 b, lanes marked GI/+) and is enriched in the ATP-
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eluted microtubule-associated proteins (asterisks, Fig. 3 c,
lanes marked GI!/+). This result suggests that the COOH-
terminal ~20 kD of the wild-type Glued polypeptide is not
strictly required for the ability of Glued to sediment with
microtubules.

To examine further the behavior of the mutant Glued
polypeptide, we analyzed the sedimentation of the trun-
cated polypeptide on sucrose density gradients. Extracts
from wild-type and heterozygous GI!/+ tissues were frac-
tionated and analyzed by SDS-PAGE and immunoblot-
ting with the affinity-purified Glued antibody. In wild-type
head extracts the predominant 160-kD Glued polypeptide
sediments in the 208 fraction of the gradient, similar to the
sedimentation profile of the major 145/160-kD doublet of
Glued polypeptides present in wild-type ovaries (see Fig. 1
b) and embryos (data not shown). In head extracts from
Gll/+ flies, the truncated Glued polypeptide of ~130 kD
sediments at ~6-7S (asterisk, Fig. 3 d), while the 160-kD
wild-type Glued polypeptide remains in the 208 fraction of
the gradient (arrow, Fig. 3 d). A similar result was ob-
tained from the fractionation of extracts from GI//+ em-
bryos (data not shown). The distinct sedimentation values
of the wild-type and mutant Glued polypeptides indicate
that the truncated Glued product does not associate with
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the wild-type polypeptide in an ~208 complex. Based on
the predicted molecular mass of ~130 kD for the trun-
cated polypeptide, its sedimentation behavior suggests
that the mutant Glued polypeptide may be present in the
cytoplasm as a monomer. However, our experiments do
not exclude the possible association of the truncated
Glued protein with other component polypeptides of the
Glued complex.

Mutations in Dhc64C Display a Rough Eye
Phenotype Similar to the GI' Mutation

The Drosophila adult eye is composed of ~800 ommatidia
arranged in a precise hexagonal pattern (Fig. 4, a and a’;
for a review on Drosophila eye development, see Dickson
and Hafen, 1993). Each of the ommatidia, or unit eyes, is
made up of ~20 cells, including eight photoreceptor cells,
four cone cells which secrete the lens material, several pig-
ment and associated cells, and a single hair cell. The or-
dered array of ommatidia in the adult eye arises from a
precise spatial and temporal sequence of cell divisions, cell
shape changes, and cell signaling events during the differ-
entiation of the eye imaginal disc epithelium in the third
larval instar.

We have identified several heteroallelic combinations of
Dhc64C mutations that produce viable adults displaying a
rough eye phenotype. For example, as shown in Fig. 4 (b
and b’), the heteroallelic combination of Dhc64C alleles
Dhc64C3? Dhc64C%10 disrupts the shape, size, and organi-
zation of the ommatidia within the eye. This eye pheno-
type is similar to that observed for the dominant G/ muta-
tion (Plough and Ives, 1935; Meyerowitz and Kankel,
1978; Harte and Kankel, 1982) (Fig. 4, ¢ and ¢’). The G/
rough eye phenotype is apparently due to the failure to
complete and/or maintain the differentiation of clusters of
neuronal precursor cells within the developing retinal epi-
thelium during the third larval instar (Renfranz and Ben-
zer, 1989). The similarity between the rough eye pheno-
types of heteroallelic combinations of Dhc64C mutations
and the dominant GI! mutant suggests that the dynein and
Glued complexes are components of a common cellular
pathway involved in the development of the adult eye.

Mutations in Dhc64C Act To Suppress or Enhance
the Rough Eye Phenotype of GI!

To obtain more direct evidence that dynein and Glued in-
teract in vivo, we asked whether mutations in the Dhc64C
gene could act to modify the rough eye phenotype of the
dominant mutation G/. In the analysis of flies doubly het-
erozygous for a Dhc64C allele and the G/ mutation, we
have found that certain Dhc64C alleles act as dominant
suppressors of the GI! rough eye phenotype, while other
Dhc64C alleles act as dominant enhancers of the GI phe-
notype (Table I and Fig. 4). For example, in flies doubly
heterozygous for the Dhc64C59 allele and the GI! muta-
tion, the rough eye phenotype is largely suppressed except
in the most posterior portion of the eye (Fig. 4 ¢), and the
shape and packing of ommatidia is véry similar to that ob-
served in wild-type flies (Fig. 4 ¢’). In contrast, the
Dhc64C%® and Dhc64C%0 alleles enhance the rough eye
phenotype of GI; the eyes are significantly smaller (Fig. 4
g) and the remaining ommatidia are more severely dis-
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rupted than those observed in flies carrying only the G/
mutation (Fig. 4 g'). The specificity of these genetic inter-
actions is demonstrated by the observation that a defi-
ciency that removes the Dhc64C gene, DA3L)I0H, in het-
erozygous combination with G/ does not alter the GI
rough eye phenotype (Fig. 4, f and f'; Table I). Moreover,
the Dhc64C alleles do not display a phenotype in combi-
nation with a deletion that entirely removes the Glued
gene, GI*®2 (Table I; Harte and Kankel, 1982), or with
other recessive lethal alleles of Glued (data not shown).
The observed allele specificity indicates that the dominant
genetic interactions depend on the presence of the mutant
dynein and Glued gene products.

To gain insight into the nature of the interaction be-
tween the enhancer alleles of Dhc64C and GI, we exam-
ined the effect of an additional copy of the wild-type
Dhc64C gene on the enhancement of the GV rough eye
phenotype by the Dhc64C?® and Dhc64C519 alleles. The
appropriate crosses were conducted to introduce a wild-
type Dhc64C transgene carried on the X chromosome into
flies that were also doubly heterozygous for the G/ muta-
tion and the Dhc64C%%, or Dhc64C%0 allele. The increased
dosage of wild-type dynein heavy chain resulted in the re-
versal of the enhanced rough eye phenotype (Table I and
Fig. 4 h). The shape, size, and alignment of the ommatidia
were less disrupted (Fig. 4 A') and more nearly resembled
the original G# rough-eyed phenotype. This result demon-
strates that the activity of the wild-type Dhc64C gene
product can functionally compete with the product of the
Dhc64C enhancer allele. We conclude that the genetic in-
teraction observed between the Dhc64C and Glued muta-
tions reflects the normal interaction of the dynein and
Glued complexes in vivo, rather than an aberrant (neo-
morphic) activity associated with the mutant polypeptides.

A Previously Isolated Suppressor of GI, Su(Gl)102,
Is a Dhc64C Allele

Our observations that certain known Dhc64C mutations
interact with GF suggested that mutations originally
isolated as suppressors of G/ might identify additional
Dhc64C alleles. One candidate was the Su(G1)102 muta-
tion (Harte and Kankel, 1982), which was previously re-
covered in a screen for EMS-induced revertants of the GI
rough-eyed phenotype (Fig. 4, d and d'). The Su(Gl)102
mutation is recessive lethal and maps within the interval
between roughoid and hairy on the left arm of chromo-
some three (Harte and Kankel, 1982). Significantly, this
interval includes the deficiency DA3L)I0H which removes
the Dhc64C gene. To examine whether the Su(G/)102 mu-
tation is an allele of Dhc64C, we performed a number of
complementation tests. We found that Su(G/)102 is lethal
in combination with the deficiency Df3L)I0H, as shown
by the absence of progeny of the genotype Su(Gl)102/
Df(3L)10H in the cross between heterozygous Su(GI)102/
TM3 and DA(3L)I0OH/TM6 flies (Table II, column labeled
Critical Class). This result shows that the Su(G/)102 muta-
tion lies within the region uncovered by the deficiency.
Similar crosses were performed between the Su(Gl)102
mutation and each of the Dhc64C alleles, and show that
Su(GI)102 is lethal in combination with all but two of the
Dhc64C alleles that we had isolated (Table II, column la-
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Figure 4. Low (a—h) and high (a’-h’) magnification SEM micrographs documenting the genetic interaction between Dhc64C alleles and
the GI! mutation. (2 and a’) An eye from a wild-type OregonR adult fly. (b and b") The heteroallelic combination of Dhc64C alleles
Dhc64C32/Dhc64C%10 produces a rough eye phenotype. (¢ and ¢’) The phenotype of the dominant mutation G¥, in which the omma-
tidia appear disorganized, misshapen, and the alignment of bristles is disrupted. (d and d') The Su(GI)102 mutation suppresses the G
rough eye phenotype; the bristles and ommatidia in the eye are normally aligned. (e and e') The Dhc64C* allele suppresses the Gl
rough eye phenotype, except in the most posterior region of the eye, similar to the Su(GI)102 mutation (d and d’). (f and f') The third
chromosome deficiency, Df(3L)I10H, in combination with GI! does not alter the rough eye phenotype. (g and g') The Dhc64C*!° allele
enhances the GI rough eye phenotype in that the eye is smaller, has fewer ommatidia of abnormal shape and size, and duplicated or
missing bristles. A similar result is obtained with the Dhc64C? allele (data not shown). (k and k') Addition of a wild-type copy of the
Dhc64C transgene can tescue the enhancement of G by the Dhc64C% 10 allele. The alignment ‘of ommatidia and bristles is less disrupted
than in the Dhc64C519/GI combination (g and g'). The same result is obtained when the Dhc64C transgene is present in Dhc64Co%/Gl!
flies (data not shown). The genotypes of the flies represented in each panel are (a and a') wild-type OregonR; (b and b') Dhc64C*?/
Dhc64C51% (c and ¢') +/GI; (d and d') Su(GD102 +/+ GI'; (e and e’) Dhc64C%® +/+ GI; (f and f') Df(I0H)3L +/+ GI'; (g and g')
Dhc64C%1° +/+ GI'; (h and h') P(Dhc™)/w; Dhc64C%7° +/+ GIL. Crosses to generate flies of the above genotypes are described in Ma-
terials and Methods.
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Table I. Summary of Eye Phenotypes in Flies Doubly Heterozygous for Glued' and Dhc64C Mutations

Genotype* Eye phenotype*

+/GI't Rough eyes, misshapen ommatidia, abnormal bristle distribution

Dhc64CSIGI GU' rough eye is suppressed, normal hexagonally shaped ommatidia except in the most posterior of the eye
Dhc64C8IGH Gl rough eye is enhanced, eyes are reduced in size, frequently fused ommatidia

Dhc64C19GY GI' rough eye is enhanced, eyes are reduced in size, frequently fused ommatidia

P(Dhc*); Dhe64C1GIN Rough eyes, similar to the original GI! rough eye phenotype

Df(3L}I0H/GV G rough eye phenotype is neither suppressed nor enhanced

Dhc64CS%GITRA Wild-type eyes

*Flies doubly heterozygous for the Glued! (GI) mutation and a Dhc64C mutation (Dhc64C%°, Dhc64C%5, or Dhc64C% /%) were generated by crossing heterozygous virgin females
of the genotype GI//+ with heterozygous Dhc64C%5/+, Dhc64C%%/+, Dhc64C%'%+, or Df{3L}10H/+ males. The small third chromosome deficiency, Df{3L)10H, removes the
Dhc64C gene (Gepner, J., M.-g. Li, S. Ludmann, C. Kortas, K. Boylan, M. McGrail, and T. S. Hays, manuscript in preparation).

*See also Fig. 4 micrographs.

$The dominant mutation Glued’ (Plough and Ives, 1935; Meyerowitz and Kankel, 1978) results in a rough eye phenotype in adult flies heterozygous for the Glued! allele.
IThe Dhc™ transgene also reverses the enhancement of the GI! rough eye phenotype in doubly heterozygous Dhc64C%%/GI! flies.
1The recessive lethal GI**? allele is a small deficiency that removes the Glued gene (Harte and Kankel, 1982). Doubly heterozygous Dhc64C%/GI**? and Dhc64CO/GI* R flies

also have wild-type eyes.

beled Critical Class). The lethal phenotype of the Su(Gl)-
102 mutation in combination with the Dhc64C mutations
strongly suggests that Su(GI)102 is a Dhc64C allele. Inter-
estingly, Su(GI)102 is viable in combination with the two
Dhc64C alleles, Dhc64C% and Dhc64C%1%, which act as
enhancers of the GI! mutation (Tables I and II). To con-
firm that Su(GI)102 is an allele of Dhc64C, we have shown
that the lethality of the Su(G/)I02 mutation in combina-
tion with other Dhc64C alleles is rescued by a wild-type
Dhc64C transgene. As shown in Table III, flies doubly
heterozygous for Su(Gl)102 and a Dhc64C allele, and
which also carry one copy of a wild-type Dhc64C trans-
gene on the X chromosome (designated P(Dhc™)), are
viable (column labeled P(Dhc*)/+; m/Su(GI)102, where
m indicates the appropriate Dhc64C allele). The wild-type
dynein transgene also rescues the lethality of Su(G1)102 in
combination with the deficiency, DA3L)IOH (Table III).
These results demonstrate that an independently isolated
suppressor of the G mutation, Su(GI)102, is a Dhc64C al-
lele. The characterization of Dhc64C alleles that act as al-
lele-specific, dominant second-site modifiers of the GI
mutation suggests that the functional interaction of the dy-
nein motor complex and Glued complex is mediated by
their physical interaction in vivo.

Discussion

Previous work has described the structural similarity be-
tween the Drosophila Glued gene and the gene encoding

the p150 subunit of the dynactin complex in rat and chick
(Swaroop et al., 1987; Gill et al., 1991; Holzbaur et al.,
1991). In this report, we have demonstrated that the prod-
ucts of the Drosophila Glued gene are subunits of a 208
complex similar to the homologous components in verte-
brates. In addition, we have provided cell biological evi-
dence for the physical association of the Glued and cyto-
plasmic dynein motor complexes. Specific mutations in the
dynein heavy chain gene, Dhc64C, result in the coincident
mislocalization of both the dynein heavy chain and Glued
polypeptides in late stage oocytes. Finally, our analysis of
genetic interactions between a dominant Glued mutation,
GUI, and Dhc64C mutations demonstrates the functional
interaction in vivo between the Drosophila Glued and dy-
nein complexes.

Similar to the Glued-related polypeptides in chicken
(Gill et al., 1991), the three major species of Drosophila
Glued polypeptides with apparent molecular masses of
160, 145, and 135 kD, show tissue-specific variations in
abundance (Fig. 3). Although multiple electrophoretic
species of Glued polypeptides are present, we and others
detect a single copy of the Glued gene (data not shown;
see Swaroop et al., 1986), as well as a single predominant
transcript throughout development (Fig. 1). While these
results suggest that the multiple Glued polypeptides in
Drosophila may result from posttranslational modifica-
tions, we cannot exclude the possibility that alternate tran-
scripts of low abundance contribute to the heterogeneity

Table II. Suppressor of Glued' Mutation, Su(Gl)102, Is Lethal in Combination with Dhc64C Mutations

Genotypes of progeny classes (total number of surviving adults)

Sibling classes

Genotypes of mated flies* Critical class* Su(GL)102/TM6 m/TM3 TM3/TM6
m/Su(G1)102
DASL)IOHITM6 O X Su(Gl)102/TM3 § 0 107 99 62
Dhc64CHITM6 X Su(G1)102/TM3 § 0 104 149 24
Dhc64C+5ITM6 &' X Su(GL)102/TM3  § 0 28 37 7
Dhc64C*ITM6 ' X Su(GD102/TM3 § 0 183 228 71
Dhc64C8ITM6 X Su(GD102/TM3  § 37¢ 75 79 21
Dhc64C5ITM6 O X Su(G)102/TM3 & 148¢ 133 154 56

*Males () heterozygous for the deficiency DA3L)IOH or a Dhc64C mutation were mated with virgin females (Q) heterozygous for the Su(GL)102 mutation. TM6 and TM3 re-

fer to multiply marked balancer chromosomes which are wild type at the Dhc64C locus.

*Critical class [m/Su(G1)102] refers to the class of progeny that carries both the Su(G)102 mutation and the Dhc64C allele (m). The abscence of progeny of this genotype demon-
strates that Su(G!)102 fails to complement, or is lethal in combination with, the deficiency Dff3L}10H or the Dhc64C alleles Dhc64C*5, Dhc64C*'6, and Dhc64C%,
#The presence of the critical class in these two crosses demonstrates that the Su(G!)102 mutation is viable in combination with the Dhc®® and Dhc®® alleles.
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Table III. Su(Gl)102 Mutation is a Dhc64C Allele

Genotypes of Progeny Classes (total number of surviving adults)*

P(Dhc* )/ +; +/Y; P(Dhc* J/+; +/7; P(Dhc*)/+;  +/Y;

Genotypes of mated flies* m/SGDI02  m/Sw(GDI02  SWGDIO2TM6  Su(Gl)102/TM6 m/TM6 m/TM6
?* o4 ? d ? d
+/+; Dhc64C+5/TM6 § X P(Dhc™)IY; Su(G)102/TM6 & 115 0 101 99 76 80
+/+; Dhc64C+151TM6Q X P(Dhc*)IY; Su(G)102/TM6 & 89 0 78 92 67 88
+/+; Dhc64C5ITM6 § X P(Dhc™* )IY; Sw(G)102ITM6 & 97 0 64 99 76 98
+/+; DfA3L)IOHITM6 § X P(Dhc™ )IY; Su(G)102ITM6 & 76 0 98 85 61 44

*Virgin females (§) heterozygous for the Dhc64C mutation or the deficiency Dff3L)I0H were mated with males () heterozygous for the Su(G!)102 mutation. The wild-type
Dhc64C transgene, P(Dhc'), is on the paternal X chromosome. ¥, Y chromosome; +/+, maternal X chromosome pair.

¥ At the top of each column the genotype of the progeny class is indicated. Note that female and male progeny are shown in separate columns. Because male progeny inherit their
X chromosome from the mother, only female progeny inherit the Dhc* transgene present on the paternal X chromosome. The presence of female progeny of the class P(Dhc* )/ +;
mSu(G1)102* demonstrates that the Dhc* transgene rescues the lethality of the Su(G1)102 mutation in heterozygous combination with the dynein mutations (m). In the absence of
the Dhc* transgene, males! doubly heterozygous for Su(G1)102 and the dynein mutation (m) do not survive.

of polypeptides. In this regard, multiple transcripts have
been described for the Glued homologue in chicken (Gill
et al., 1994) and human (Tokita, M. K, V. M. Y. Lee, and
E. L. F. Holzbaur. 1993. Mol. Biol. Cell. Abstracts. 4:162).
In our characterization of the Drosophila Glued polypep-
tides we show that each of the polypeptides partially copu-
rifies with microtubules and is present in the 20S Glued
complex. In addition, we show that the truncated polypep-
tide encoded by the G/ mutation also copurifies with mi-
crotubules. In this case, the failure of the truncated poly-
peptide to incorporate into the 20S complex suggests that
the microtubule association observed for the Glued
polypeptides is independent of their presence in the 20S
complex. Although the multiple Glued polypeptides are
not distinguished by their biochemical properties, the
functional significance of the variation in expression of
each species is suggested by the apparent restriction of the
GI' dominant phenotype to the eye. In extracts derived
from head tissue of wild-type flies, a single 160-kD species
is the predominant Glued polypeptide. In GI/+ heterozy-
gous flies, the mutant truncated polypeptide is more abun-
dant in head extracts than in the other tissues examined.
Whether a dominant effect of the truncated polypeptide is
limited to the eye because of the level of its expression, or
alternatively reflects an eye-specific function of the 160-
kD species, remains to be determined.

The dominant G mutation was previously shown to re-
sult from the insertion of a transposable element that
causes the premature termination of the Glued transcript
(Swaroop et al., 1985). In GI!/+ heterozygous flies, both
the wild-type transcript of 6.0 kb and a shorter transcript
of 5.1 kb are detected. The shorter transcript has been pro-
posed to encode a truncated polypeptide that lacks a
COOH-terminal domain. Since the Glued gene is required
for normal development (Harte and Kankel, 1982), the ex-
pression of a dominant phenotype in GI/+ adult flies sug-
gests the defective gene product functionally competes
with the wild-type product, rather than completely block-
ing the function of the wild-type Glued polypeptide. Con-
sistent with this hypothesis, gene dosage analysis has
shown that the mutation behaves as an antimorphic muta-
tion, most likely as the result of the truncated Glued
polypeptide acting to poison the function of the wild-type
Glued gene product. This “poison product” or dominant-
negative mechanism is distinct from dominant phenotypes
that can arise from alterations in the amount of wild-type
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gene product (Lindsley et al., 1972) or that arise from the
misexpression of a mutant gene (Struhl, 1981). As pointed
out by Herskowitz (1987), for proteins whose activity de-
pends on multiple functional sites, a mutant variant that
retains only a subset of these sites could act to compete
with the wild-type counterpart for its substrate or ligands.
The relative stoichiometry of the major components in the
bovine brain and chicken dynactin complex is 1.5-2:5:10
(p150/160:p50: Arp-1/actin) (Paschal et al., 1993; Schafer et
al., 1994). The extended regions of heptad repeat se-
quences present in the Glued polypeptide may form coiled-
coil structural domains that mediate the dimerization of
the polypeptide and/or the association of the Glued
polypeptides with the 20S complex. In this regard, the
dominant effect observed for the truncated Glued poly-
peptide could result from its dimerization with an intact
Glued polypeptide and its incorporation into a defective
Glued complex.

In support of a dominant negative mechanism underly-
ing the GI! phenotype, we have identified a truncated
~130-kD Glued polypeptide in cytoplasmic extracts of tis-
sues from heterozygous G///+ flies. However, the sedi-
mentation of the truncated polypeptide in the 6-7S frac-
tions on sucrose density gradients demonstrates that the
truncated polypeptide cannot assemble into the 20S Glued
complex. We conclude that the dominant phenotype is not
due to the truncated polypeptide acting as a structural poi-
son to render the Glued complex defective. The separa-
tion of the wild-type and truncated Glued polypeptides in
two distinct peak fractions of 20S and 7S, respectively, sug-
gests that partial complexes containing less than a full
complement of Glued subunits do not form. If this were
the case, one would expect both the wild-type and/or trun-
cated polypeptides to cosediment or to be spread across
the gradient fractions.

How can the dominant and dosage-sensitive effect of
the truncated Glued polypeptide be explained? One possi-
bility is that although the truncated polypeptide fails to in-
corporate into the Glued complex, it does compete with
the wild-type Glued polypeptide for some other limiting
component that is required for the assembly and/or func-
tion of the complete Glued complex. As a consequence of
the titration of such a limiting component, the level of
wild-type Glued complex might fall below a required
threshold. An alternative possibility is that the dominant
effect could be mediated by the ability of the truncated
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polypeptide to compete with the wild-type 20S Glued
complex for binding sites on the dynein complex and/or
microtubules. In the context of previously proposed mod-
els in which the dynactin complex acts as a cargo adaptor
(Gill et al., 1991; Paschal et al., 1993; Holzbaur et al.,
1994), the truncated Glued polypeptide may interfere with
the native Glued complex in the docking of cellular car-
goes to cytoplasmic dynein and/or microtubules.

The sedimentation behavior of the mutant Glued prod-
uct demonstrates that the COOH-terminal ~20-kD do-
main missing from the truncated protein is required for
the association of the wild-type Glued polypeptide with it-
self and/or the native 20S Glued complex. The transposon
insertion in the GI/ mutation is located in a region close to
or within the conserved COOH-terminal stretch of ~130
residues which exhibit a-helical coiled-coil characteristics
(Swaroop et al., 1987). The interruption, or absence, of
this potential coiled-coil domain may prevent the mutant
polypeptide from dimerizing with the wild-type Glued
product, and could account for its distinct sedimentation
on the gradient. Alternatively, the inability of the trun-
cated polypeptide to incorporate into a particle with a
higher sedimentation value may reflect the absence of the
conserved cluster of charged residues LKEK, which lies
COOH-terminal to the site of transposon insertion and
would be missing in the mutant polypeptide. In vitro stud-
ies of the p150 component of dynactin from rat suggest
that the homologous sequence, KKEK, mediates the bind-
ing of p150 to the centractin/ARP-1 subunit of the dynac-
tin complex (Waterman-Storer et al., 1995).

In contrast to the potential role in dimerization of the
Glued polypeptide and/or its incorporation into the Glued
complex, the COOH-terminal ~20-kD domain is not strictly
required for association of the Glued polypeptide with mi-
crotubules. We have shown that the truncated Glued
product pellets with microtubules and elutes from micro-
tubules with ATP-dependent, microtubule-associated pro-
teins. These observations are consistent with studies by
Waterman-Storer et al. (1995) reporting the existence of a
microtubule-binding motif within the NH,-terminal 39-
150 residues of the p150 subunit of dynactin from rat.
However, our study does not distinguish between the di-
rect binding of the truncated polypeptide to microtubules
and an indirect association mediated by an unknown com-
ponent present in the cytoplasmic extract.

Although we have not yet determined the specific mo-
lecular lesions in the dynein alleles that enhance or sup-
press the dominant G/ eye phenotype, the genetic interac-
tions exhibit several characteristics that provide insight
into the nature of the mutations. We have shown that cer-
tain Dhc64C alleles act to suppress the rough eye pheno-
type, while other alleles act to enhance the rough eye phe-
notype of the G mutation. The observed dominant inter-
actions are likely not due to mutations that up-regulate
Dhc64C expression, as additional copies of a wild-type
Dhc64C transgene in heterozygous G flies have no effect
on the severity of the G/ rough eye phenotype (data not
shown). Moreover, since a deficiency that entirely re-
moves the Dhc64C gene does not modify the severity of
the G¥ rough eye phenotype, the suppressor and enhancer
alleles do not represent complete loss-of-function alleles.
In other words, the specificity of the genetic interactions
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between certain dynein alleles and the GI/ mutation sug-
gests that the mutant dynein heavy chains retain some
wild-type activity. In addition, the suppressor and en-
hancer Dhc64C alleles fail to produce eye phenotypes
when present in combination with a deletion of the Glued
gene (GI*®2), or in combination with other recessive lethal
Glued alleles. This allele specificity indicates that the dom-
inant interactions require the presence of both the mutant
Dhc64C gene product and the truncated Glued polypep-
tide. The analysis of the lesions in the interacting Dhc64C
alleles may help to identify domains in the dynein heavy
chain involved in the association of the Glued and dynein
motor complexes.

What molecular mechanism can account for the ability
of certain dynein alleles to enhance the GI rough eye phe-
notype, while other alleles suppress the phenotype? Given
the allele-specific characteristics of the genetic interac-
tions and the truncated product encoded by the G muta-
tion, we favor a model in which the truncated Glued prod-
uct retains the ability to associate with the dynein com-
plex, thereby competing with the wild-type Glued complex
and its attached cargo for association with dynein. The dy-
nein alleles that suppress the dominant effect of the G/
mutation would do so by acting to eliminate or reduce the
defective Glued product from interfering in dynein motor
function. One possibility would be that the suppressor al-
leles encode dynein heavy chains that incorporate into a
dynein complex that can associate with the defective
Glued polypeptide as well as the wild-type Glued com-
plex, but fails to associate with cellular cargoes. The re-
maining wild-type dynein heavy chain and Glued polypep-
tides in the transheterozygote would provide sufficient
levels of functional complexes to ensure proper cargo
transport within the cell. In contrast, the enhancer alleles
may encode dynein heavy chains that incorporate into the
motor complex and retain the ability to attach with cellu-
lar cargoes, but cannot support cargo transport. The en-
hanced rough eye phenotype would result from the com-
bined effects of the truncated Glued product and the
defective dynein motor competing with wild-type dynein
and Glued complexes for the proper association and trans-
port of cargoes.

Regardless of the detailed mechanism of interaction, the
allele specificity of the observed suppression and enhance-
ment implies that the truncated Glued product is capable
of associating with the dynein complex. Additional evi-
dence of the physical association between the Glued
complex and cytoplasmic dynein is provided by our obser-
vation that the pattern of localization of the Glued poly-
peptides is dependent on dynein function. We show that
mutations in the Dhc64C gene that disrupt the localization
of dynein result in the coincident mislocalization of the
Glued polypeptides. Furthermore, other genes required
for dynein localization during oogenesis, including the Bi-
caudal-D, egalitarian, cappucino, and spire genes, are also
required for proper Glued localization. Whether the asso-
ciation of the dynein and Glued complexes in vivo in-
volves the direct binding of the Glued polypeptide to the
dynein heavy chain, or to another subunit of the dynein
complex, is not known. However, recent in vitro evidence
indicates that the 74-kD intermediate chain subunit of cy-
toplasmic dynein can mediate the association of dynein
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with the dynactin complex (Vaughan et al., 1995; Karki, S,
K. T. Vaughan, R. B. Vallee, and E. L. F. Holzbaur. 1994.
Mol. Biol. Cell Abstracts. H113.).

Examples of genetic interactions between genes whose
products interact in the formation of complex structures or
in common cellular processes have been reported in a
number of organisms. In Chlamydomonas, extragenic sup-
pressors of paralyzed flagellar mutations have identified
loci that alter the outer and inner dynein arm structures
(Huang et al., 1982; Porter et al.,, 1992; 1994), as well as
regulatory components (Huang et al., 1982; Piperno et al.,
1992, 1994; Gardner et al., 1994) of the flagellar axoneme.
Similarly, in Aspergillus nidulans, extragenic suppressors
of mutations in the B tubulin gene, benA, have identified o
tubulin (Morris et al., 1979) and <y tubulin genes (Oakley
and Oakley, 1989). In other examples, dominant enhancer,
or second-site noncomplementing, mutations have revealed
structural interactions between gene products. For exam-
ple, mutations in the Caenorhabditis elegans collagen gene
sqt-1 (Kramer et al., 1988) show unusual dominant interac-
tions with mutations in other loci, causing defects in cuticle
structure and body shape (Kusch and Edgar, 1986). Like
sqt-1, these loci might encode other collagens or compo-
nents of the worm cuticle. In addition, mutations in the o
tubulin genes of S. cerevisiae (Stearns and Botstein, 1988)
and Drosophila (Hays et al., 1989) have been identified by
their failure to complement mutant alleles of B tubulin
genes. As in the examples cited above, the dominant al-
lele-specific interactions between the Drosophila Dhc64C
and Glued mutants reflect a functional interaction be-
tween the Glued and dynein complexes.

The eye phenotypes observed for the dominant G mu-
tation and certain intragenic combinations of Dhc64C al-
leles, as well as the enhancement and suppression of the
G rough-eyed phenotype by specific Dhc64C alleles,
make clear the necessity for dynein and Glued function
during Drosophila eye development. Previous studies
have described the effect of GI on the projection of axons
from the retina to the optic tectum in adult flies (Mey-
erowitz and Kankel, 1978). This defect could reflect the
disruption of dynein function in retrograde axonal trans-
port. Perhaps dynein transport is required for the delivery
of a signal from the optic tectum back to the retinal cell
body and nucleus that indicates formation of the proper
synaptic connection. Alternatively, the defective projec-
tion of retinal axons could result from an earlier defect in
dynein or Glued function during the development of the
retinal epithelium. Differentiation of the eye disc epithe-
lium is accompanied by a highly orchestrated series of
events including the synchronization of cell cycles and di-
visions, cell shape changes, cell-specific patterns of nuclear
migration, and the formation of the founder cell clusters
that give rise to the ommatidia. Renfranz and Benzer
(1989) have described an apparent failure to complete
and/or maintain the ommatidial clusters of cells in G eye
imaginal discs in the third larval instar. Additional analysis
will be required to reveal the underlying basis of the rough
eye phenotype caused by the dynein and Glued mutants.

In addition to the eye phenotypes described above, cer-
tain alleles of both the Glued (Harte and Kankel, 1982)
and Dhc64C (Gepner, J., M.-g. Li, S. Ludmann, C. Kortas,
K. Boylan, M. McGrail, and T. S. Hays, manuscript in

The Journal of Cell Biology, Volume 131, 1995

preparation) genes exhibit female-sterile phenotypes.
Together with our observations that dynein and Glued
colocalize during oogenesis and share similar genetic re-
quirements for localization, the female-sterile phenotypes
indicate a role for dynein and Glued in the development of
the egg. There is growing evidence implicating microtu-
bule motors and cytoskeletal components in the specifica-
tion and differentiation of the oocyte (Cooley and Theur-
kauf, 1994). We are currently conducting genetic screens
for additional second-site modifiers of Dhc64C and Glued
mutations to identify other gene products that may pro-
vide a link between dynein motor function and the mecha-
nisms that regulate specification and differentiation of cell
fate.

We thank Barb Billington for performing the scanning electron micros-
copy analysis, Alison Cutlan for assistance with immunocytochemistry,
Stanley Iyadurai for helpful discussions, Jeff Essner for a critical reading
of the manuscript, and Drs. Trudi Schiipbach, Ruth Steward, and James
Garbe for providing fly stocks. We also thank the reviewers for their help-
ful comments and suggestions on the manuscript. We are especially grate-
ful to Dr. Douglas Kankel for providing the Glued mutant fly stocks, and
to Dr. Alan Garen for the gift of the Glued cDNA.

This work was supported by a grant from the National Institutes of
Health (NIH), the March of Dimes, and the Pew Charitable Trust to T. S.
Hays. Support for M. McGrail was from NIH and National Science Foun-
dation Research Training grants.

Received for publication 24 April 1995 and in revised form 24 July 1995.

References

Carthew, R. W., and G. M. Rubin. 1990. seven in absentia, a gene required for
specification of R7 cell fate in the Drosophila eye. Cell. 63:561-577.

Clark, S. W., and D. 1. Meyer. 1994. ACT3: a putative centractin homologue in
S. cerevisiae is required for proper orientation of the mitotic spindle. J. Cell
Biol. 127:129-138.

Cooley, L., and W. E. Theurkauf. 1994. Cytoskeletal functions during Dro-
sophila oogenesis. Science (Wash. DC). 266:590-595.

Cooley, L., E. Verheyen, and K. Ayers. 1992. chickadee encodes a profilin re-
quired for intercellular trasnport during Drosophila oogenesis. Cell. 69:173—
184.

Corthésy-Theulaz, 1., A. Pauloin, and S. R. Pfeffer. 1992. Cytoplasmic dynein
participates in the centrosomal localization of the Golgi complex. J. Cell
Biol. 118:1333-1345.

Dickson, B., and E. Hafen. 1993. Genetic dissection of eye development in
Drosophila. In The Development of Drosophila melanogaster. M. Bate and
A. Martinez-Arias, editors. Cold Spring Harbor Laboratory, Cold Spring
Harbor, NY. 1327-1362.

Eschel, D., L. A. Urrestarazu, S. Vissers, J.-C. Jauniaux, J. C. van Vliet-Reed-
ijk, R.J. Planta, and I. R. Gibbons. 1993. Cytoplasmic dynein is required for
normal nuclear segregation in yeast. Proc. Natl. Acad. Sci. USA. 90:11172—
11176.

Gardner, L. C,, E. O'Toole, C. A. Perrone, T. Giddings, and M. E. Porter. 1994.
Components of a “dynein regulatory complex” are located at the junction
between the radial spokes and the dynein arms in Chlamydomonas flagella.
J. Cell Biol. 127:1311-1325.

Gill, S. R., T. A. Schroer, I. Szilak, E. R. Steuer, M. P. Sheetz, and D. W. Cleve-
land. 1991. Dynactin, a conserved, ubiquitously expressed component of an
activator of vesicle motility mediated by cytoplasmic dynein. J. Cell Biol
115:1639-1650.

Harte, P. I., and D. R. Kankel. 1982. Genetic analysis of mutations at the Glued
locus and interacting loci in Drosophila melanogaster. Genetics. 101:477-501.

Hays, T. S., R. Deuring, B. Robertson, M. Prout, and M. T. Fuller. 1989. Inter-
acting proteins identified by genetic interactions: a missense mutation in
a-tubulin fails to complement alleles of the testis-specific B-tubulin gene of
Drosophila. Mol. Cell. Biol. 9:875-884.

Hays, T. S., M. E. Porter, M. McGrail, P. Grissom, P. Gosch, M. T. Fuller, and
J.R. Mclntosh. 1994. A cytoplasmic dynein motor in Drosophila: identifica-
tion and localization during embryogenesis. J. Cell Sci. 107:1557-1569.

Herskowitz, I. 1987. Functional inactivation of genes by dominant negative mu-
tations. Nature (Lond.). 329:219-222.

Holzbaur, E. L. F., and R. B. Vallee. 1994. Dyneins: molecular structure and
cellular function. Annu. Rev. Cell Biol. 10:339-372.

Holzbaur, E. F., J. A. Hammarback, B. M. Paschal, N. G. Kravit, K. K. Pfister,
and R. B. Vallee. 1991. Homology of a 150K cytoplasmic dynein-associated
polypeptide with the Drosophila gene Glued. Nature (Lond.). 351:579-583.

424



Holzbaur, E. L. F., A. Mikami, B. M. Paschal, and R. B. Vallee. 1994. Molecular
characterization of cytoplasmic dynein. /n Microtubules. J. S. Hyams and
C. W. Lloyd, editors. Wiley-Liss, New York. 251-267.

Huang, B., Z. Ramanis, and D. J. L. Luck. 1982. Suppressor mutations in
Chlamydomonas reveal a regulatory mechanism for flagellar function. Cell.
28:115-124.

Hymann, A. A., and T. J. Mitchison. 1991. Two different microtubule-based
motor activities with opposite polarities at the kinetochores. Nature (Lond.).
351:187-188.

King, R. C. 1970. Ovarian development in Drosophila melanogaster. Academic
Press, Inc., New York. 227 pp.

Kramer, J. M., J. I. Johnson, R. S. Edgar, C. Basch, and S. Roberts. 1988. The
sqt-1 gene of C. elegans encodes a collagen critical for organismal morpho-
genesis. Cell. 55:555-565.

Kusch, M., and R. S. Edgar. 1986. Genetic studies of unusual loci that affect
body shape of the nematode Caenorhabditis elegans and may code for cuticle
structural proteins. Genetics. 113:621-639.

Laemmli, U. K. 1970. Cleavage of the structural protein during the assembly of
the head of bacteriophage T4. Nature (Lond.). 227:680-685.

Lees-Miller, J. P., D. M. Helfman, and T. A. Schroer. 1992. A vertebrate actin-
related protein is a component of a multisubunit complex involved in micro-
tubule-based vesicle motility. Nature (Lond.). 359:244-246.

Li, Y.-Y., E. Yeh, T. Hays, and K. Bloom. 1993. Disruption of mitotic spindle
orientation in a yeast dynein mutant. Proc. Natl. Acad. Sci. USA. 90:10096—
10100.

Li, M.-g., M. McGrail, M. Serr, and T. S. Hays. 1994. Drosophila cytoplasmic
dynein, a microtubule motor that is asymmetrically localized to the oocyte. J.
Cell Biol. 126:1475-1494.

Lindsley, D. L., and G. G. Zimm. 1992. The genome of Drosophila melano-
gaster. Academic Press, Inc., San Diego, CA. 1133 pp.

Lindsley, D. L., L. Sandler, B. S. Baker, A. T. Carpenter, R. E. Denell, J. C.
Hall, P. A. Jacobs, G. L. Miklos, B. K. Davis, R. C. Gethmann, et al. 1972.
Segmental aneuploidy and the genetic gross structure of the Drosophila ge-
nome. Genetics. 71:157-184.

Manseau, L., and T. Schiipbach. 1989. cappuccino and spire: two unique mater-
nal-effect loci required for both the anteroposterior and dorsoventral pat-
terns of the Drosophila embryo. Genes Dev. 3:1437-1452.

Meyerowitz, E., and D. R. Kankel. 1978. A genetic analysis of visual system de-
velopment in Drosophila melanogaster. Dev. Biol. 62:112-142.

Morris, N. R., M. H. Lai, and C. E. Oakley. 1979. Identification of a gene for
a-tubulin in Aspergillus nidulans. Cell. 16:437-442.

Muhua, L., T. S. Karpova, and J. A. Cooper. 1994. A yeast actin-related protein
homologous to that in vertebrate dynactin complex is important for spindle
orientation and nuclear migration. Cell. 78:669-679.

Oakley, C. E., and B. R. Oakley. 1989. Identification of y-tubulin, a new mem-
ber of the tubulin superfamily encoded by mipA gene of Aspergillus nidu-
lans. Nature (Lond.). 338:662-664.

Paschal, B. M., and R. B. Vallee. 1987. Retrograde transport by the microtu-
bule-associated protein MAP 1C. Nature (Lond.). 330:181-183.

Paschal, B. M., E. L. F. Holzbaur, K. K. Pfister, S. Clark, D. I. Meyer, and R. B.
Vallee. 1993. Characterization of a 50-kDa polypeptide in cytoplasmic dy-
nein preparations reveals a complex with p150°*d and a novel actin. J. Biol.
Chem. 268:15318-15323.

Pfarr, C. M., M. Coue, P. M. Grissom, T. S. Hays, M. E. Porter, and J. R. McIn-
tosh. 1990. Cytoplasmic dynein localizes to kinetochores during mitosis. Na-
ture (Lond.). 345:263-265.

Pierre, P., J. Scheel, J. E. Rickard, and T. E. Kreis. 1992. CLIP-170 links en-
docytic vesicles to microtubules. Cell. 70:887-900.

Piperno, G., K. Mead, and W. Shestak. 1992. The inner dynein arms I2 interact
with a “dynein regulatory complex” in Chlamydomonas flagella. J. Cell Biol.
118:1455-1463.

Piperno, G., K. Mead, M. LeDizet, and A. Moscatelli. 1994. Mutations in the
“dynein regulatory complex” alter the ATP-insensitive binding sites for in-
ner arm dyneins in Chlamydomonas axonemes. J. Cell Biol. 125:1109-1117.

Plamann, M., P. F. Minke, J. H. Tinsley, and K. S. Bruno. 1994. Cytoplasmic dy-
nein and actin-related protein Arpl are required for normal nuclear distri-
bution in filamentous fungi. J. Cell Biol. 127:139-149.

Plough, H. H., and P. T. Ives. 1935. Induction of mutations by high temperature
in Drosophila. Genetics. 20:42-69.

Porter, M. E., J. Power, and S. K. Dutcher. 1992. Extragenic suppressors of par-

McGrail et al. Glued and Cytoplasmic Dynein Interaction in Drosophila

alyzed flagellar mutations in Chlamydomonas reinhardtii identify loci that
alter the inner dynein arms. J. Cell Biol. 118:1163-1176.

Porter, M. E., J. A. Knott, L. C. Gardner, D. R. Mitchell, and S. K. Dutcher.
1994. Mutations in the SUP-PF-1 locus of Chlamydomonas reinhardtii iden-
tify a regulatory domain in the B-dynein heavy chain. J. Cell Biol. 126:1495~
1507.

Renfranz, P. J., and S. Benzer. 1989. Monoclonal antibody probes discriminate
early and late mutant defects in development of the Drosophila retina. Dev.
Biol. 136:411-429.

Schafer, D. A., S. R. Gill, J. A. Cooper, J. E. Heuser, and T. A. Schroer. 1994.
Ultrastructural analysis of the dynactin complex: an actin-related protein is a
component of a filament that resembles F-actin. J. Cell Biol. 126:403-412.

Schroer, T. A. 1994. New insights into the interaction of cytoplasmic dynein
with the actin-related protein, Arp-1.J. Cell Biol. 127:1-4.

Schroer, T. A., and M. P. Sheetz. 1991. Two activators of microtubule-based
vesicle transport. J. Cell Biol. 115:1309-1318.

Schiipbach, T., and E. Weischaus. 1991. Female sterile mutations on the second
chromosome of Drosophila melanogaster. 11. Mutations blocking oogenesis
or altering egg morphology. Genetics. 129:1119-1136.

Smith, D. B., and K. S. Johnson. 1988. Single-step purification of polypeptides
expressed in Escherichia coli as fusions with glutathione S-transferase. Gene
(Amst.). 67:31-40.

Spradling, A. C. 1993. Developmental genetics of oogenesis. In The Develop-
ment of Drosophila melanogaster. M. Bate and A. M. Arias, editors. Cold
Spring Harbor Laboratory, Cold Spring Harbor, NY. 1-70.

Stearns, T., and D. Botstein. 1988. Unlinked noncomplementation: isolation of
new conditional-lethal mutations in each of the tubulin genes of Saccharo-
myces cerevisiae. Genetics. 119:249-260.

Steuer, E. R., L. Wordeman, T. A. Schroer, and M. P. Sheetz. 1990. Cytoplas-
mic dynein localizes to mitotic spindles and kinetochores. Nature (Lond.).
345:266-268.

Steward, R., L. Ambrosio, and T. Schiipbach. 1987. Polarity in the oocyte and
embryo of Drosophila. UCLA (Univ. Calif. Los Angel.) Symp. Mol. Cell.
Biol. New Ser. 51:113-130.

Struhl, G. 1981. A homeotic mutation transforming leg to antenna in Dro-
sophila. Nature (Lond.). 292:635-638.

Suter, B., L. M. Romberg, and R. Steward. 1989. Bicaudal-D, a Drosophila
gene involved in developmental asymmetry: localized transcript accumula-
tion in ovaries and sequence similarity to myosin heavy chain tail domain.
Genes & Dev. 3:1957-1968.

Swaroop, A., M. L. Paco-Larson, and A. Garen. 1985. Molecular genetics of a
transposon-induced dominant mutation in the Drosophila locus Glued. Proc.
Natl. Acad. Sci. USA. 82:1751-1755.

Swaroop, A., J.-W. Sun, M. L. Paco-Larson, and A. Garen. 1986. Molecular or-
ganization and expression of the genetic locus Glued in Drosophila melano-
gaster. Mol. Cell. Biol. 6:833-841.

Swaroop, A., M. Swaroop, and A. Garen. 1987. Sequence analysis of the com-
plete cDNA and encoded polypeptide for the Glued gene of Drosophila me-
lanogaster. Proc. Natl. Acad. Sci. USA. 84:6501-6505.

Towbin, H., T. Stachelin, and J. Gordon. 1979. Electrophoretic transfer of pro-
teins from polyacrylamide gels to nitrocellulose sheets: procedure and some
applications. Proc. Natl. Acad. Sci. USA. 76:4350-4354.

Vaisberg, E. A., M. P. Koonce, and J. R. McIntosh. 1993. Cytoplasmic dynein
plays a role in mammalian mitotic spindle formation. J. Cell Biol. 123:849-
858.

Vaslet, C. A., P. O’Connell, M. Izquierdo, and M. Rosbash. 1980. Isolation and
mapping of a cloned ribosomal protein gene of Drosophila melanogaster.
Nature (Lond.). 285:674-676.

Vaughan, K. T., E. L. F. Holzbaur, and R. B. Vallee. 1995. Subcellular targeting
of the retrograde motor cytoplasmic dynein. Biochem. Soc. Trans. 23:50-54.

Waterman-Storer, C. M., S. Karki, and E. L. F. Holzbaur. 1995. The p150©iued
component of the dynactin complex binds to both microtubules and the ac-
tin-related protein centractin (Arp-1). Proc. Natl. Acad. Sci. USA. 92:1634—
1638.

Xiang, X., S. M. Beckwith, and N. R. Morris. 1994. Cytoplasmic dynein is in-
volved in nuclear migration in Aspergillus nidulans. Proc. Natl. Acad. Sci.
USA. 91:2100-2104.

Yarden, O., M. Plamann, D. J. Ebbole, and C. Yanofsky. 1992. cot-1, a gene re-
quired for hyphal elongation in Neurospora crassa, encodes a protein kinase.
EMBO (Eur. Mol. Biol. Organ.) J. 11:2159-2166.

425



