Development 124, 2591-2602 (1997)
Printed in Great Britain © The Company of Biologists Limited 1997
DEV5119

2591

The Drosophila G-protein-coupled receptor kinase homologue Gprk2is

required for egg morphogenesis

Lynne E. Schneider! and Allan C. Spradling?*

luniversity of Vermont, Department of Biology, 311 Marsh Life Sciences, Burlington, VT 05405, USA
2HHMI Research Laboratories, Department of Embryology, The Carnegie Institution of Washington, Baltimore, MD 21210, USA

*Author for correspondence (e-mail: spradling@maill.ciwemb.edu)

SUMMARY

G protein signaling is a widely utilized form of extracellular
communication that is mediated by a family of serpentine
receptors containing seven transmembrane domains. In
sensory neurons, cardiac muscle and other tissues, G
protein-coupled receptors are desensitized through phos-
phorylation by a family of kinases, the G protein-coupled
receptor kinases (GRKS). Desensitization allows a cdll to
decrease its response to a given signal, in the continued
presence of that signal. We have identified a Drosophila
mutant, gprk26936 that disrupts expresson of a putative
member of the GRK family, the G protein-coupled receptor
kinase 2 gene (Gprk2). This mutation affects Gprk2 gene
expression in the ovariesand render smutant females sterile.

The mutant eggs contain defectsin several anterior eggshell
structuresthat are produced by specific subsets of migratory
follicle cells. In addition, rare eggs that become fertilized
display gross defects in embryogenesis. These observations
suggest that developmental signalstransduced by G protein-
coupled receptors are regulated by receptor phosphoryla-
tion. Based on the known functions of G protein-coupled
receptor kinases, we speculate that receptor desensitization
assists cellsthat are migrating or undergoing shape changes
to respond rapidly to changing external signals.

Key words: Drosophila, Gprk2, G protein signaling, ovarian
development, cell signaling

INTRODUCTION

Patterning a Drosophila oocyte requires the highly integrated
activities of 15 interconnected nurse cells and an overlying layer
of epithelial fallicle cells (reviewed by Spradling, 1993; Ray and
Schipbach, 1996). Signaling events between follicle and
germline cells precede theinitial formation of new egg chambers
(stage 1) and continue throughout development of the mature
egg (stage 14). Using materna information, the anteroposterior
axis is specified very early, prior to egg chamber formation.
hedgehog (hh) production by small groups of somatic cells at
the tip of the ovary plays arole in establishing this axis, and in
controlling egg chamber assembly (Forbes et a., 1996a). A
likely Hedgehog receptor, encoded by the gene smoothened
(smo), isaprotein homologous to mammalian G protein-coupled
serpentine receptors (Alcedo et al., 1996; van den Heuvel and
Ingham, 1996). The dorsal-ventral axisis laid down much later,
following the rel ocation of the oocyte nucleusto the future dorsal
side. The TGF-a family member, gurken, is expressed locally
around the oocyte nucleus and binds to the Drosophila EGF-
receptor homologue, Torpedo, on the surface of the overlying
dorsal follicle cells. This initiates a signaing pathway that
defines embryonic dorsal-ventral polarity (Chasan and
Anderson, 1993; Neuman-Silberberg and Schiipbach, 1993).
The Gurken signal not only establishes the dorsal-ventral
axis, but it also participates in patterning the anterior end of the
€gg. Eggs contain specialized structuresin thisregion, including

amicropyle (to alow sperm entry), two dorsal appendages (to
allow embryonic respiration), and an operculum (to allow the
mature embryo to escape from the egg shell). These structures
are shaped by special subsets of migrating follicle cells. The
“centripetally migrating’ cells produce the operculum and col-
laborate with the ‘border’ cells to make the micropyle. A
distinct subset of ‘dorsal appendage’ follicle cells migrate an-
teriorly where they lay down the tubular dorsal appendages. At
least one other major signaling pathway, involving the TGF-3
family member decapentaplegic (dpp), aso influences anterior
eggshell production by these cells (Twombly et al., 1996). dpp
isexpressed by a set of 40-50 follicle cells that overliethe nurse
cells and by the centripetally migrating follicle cells. Mutations
reducing the activity of dpp or of the Dpp receptors encoded by
saxophone (sax) and thick veins (tkv) cause eggs to be produced
that have shortened dorsal appendages and other anterior
defects. Overexpression of dpp causes an expansion of these
anterior structures (Twombly et a., 1996).

We have identified a new mutant, gprk2%936, that produces
anterior eggshell defects that resemble those seen in flies with
reduced levels of Dpp signaing. The gene disrupted in this
mutant encodes a putative member of the family of kinases that
phosphorylate G protein-coupled receptors. Activation of G
protein-coupled receptors leads to the dissociation of G proteins
into a and By subunits, which in turn activate effector molecules
including adenylyl cyclase and protein kinase A, phospholipases,
ion channels, and the RassMAP kinase pathway (Gilman, 1987,
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Logothetis et d., 1987; Birnbaumer, 1992; Luttrell et a., 1995;
van Biesen et a., 1996). G protein-coupled receptor kinases
(GRKY) rapidly downregulate these pathways by phosphorylat-
ing activated receptors at multiple sites which in turn alows the
binding of proteins of the arrestin family. Arrestin binding
uncouples the receptor from its associated G protein (Wilden et
al., 1986) and contributes to resensitization of receptors through
sequestration and recycling (Ménard et d., 1996; Yu et al., 1993)
The GRK family contains six members from mammals
(reviewed in Premont et al., 1995), two from Drosophila (Cassill
et a., 1991), and one whose existence is suggested from
sequencing of the C. elegans genome (accession no. U22833).
The biochemistry and cell biology of GRKs have been deter-
mined primarily through analysis of the original members of the
family: rhodopsin kinase and [(-adrenergic receptor kinase
(BARK; Benovic et al., 1986; Palczewski et a., 1988). All of the
mammalian family members phosphorylate agonist-bound G
protein-coupled receptors, but which receptors they activate and
the role of desensitization in vivo is not known with certainty.
The Drosophila GRKs (GPRK 1 and GPRK 2) were identified by
homology to BARK1 (Cassill et al., 1991) but no mutations had
been previoudly identified. In addition to smoothened, severa
other Drosophila genes have been identified that encode putative
G protein-coupled receptors (Shapiro et al., 1989; Saudou et al.,
1992; Arakawaet d., 1990; Li et ., 1991, 1992; Monnier et al.,
1992; Gotzes et d., 1994; Colas et a., 1995; Feng et a., 1996;
Han et a., 1996), including a putative Wingless receptor
Frizzled-2 (Bhanot et al., 1996). Our studies of the gprk26936
mutant suggest that a signaling pathway involving a G protein-
coupled receptor functions during egg chamber maturation.

MATERIALS AND METHODS

Drosophila stocks and crosses

Flies were maintained on yeasted cornmeal/molasses media under
standard culture conditions. ry5% stocks were used as controls in all
experiments (Linddey and Zimm, 1992). The gprk26936 mutant,
f5(3)06936, and a lethal dpp alele, [(3)10638, were recovered from a
P element mutagenesis screen (Karpen and Spradling, 1992). The dpp
aleleis described by Twombly et al. (1996). Balancer chromosomes
are as described by Linddey and Zimm (1992). The BS3.0, dpp-lacZ
enhancer line, which was kindly provided by Dr. W. Gelbart, gives
the complete pattern of dpp staining in the blade of the imagina wing
disc (Blackman et al., 1991).

To test for an interaction between gprk26936 and dpp two sets of
crosses were carried out. To examine wing imaginal discs, the
homozygous BS3.0 dpp-lacZ enhancer line was crossed to
gprk28936/TM3, Sh. Sb* mae progeny were crossed to
gprk26936/TM6, Thb and Th*, third-instar larvae were dissected open
and stained for lacZ activity. Tissues were fixed and stained as
described by Margolis and Spradling (1995). Homozygous gprk26936
larvae were identified by the strength of B-gal staining in the central
nervous system.

To examine the effects of the gprk26936 mutation on dpp expression
in the ovaries, a gprk26936 chromosome that harbors the recessive
markers thread (th), scarlet (st) and curved (cu) was crossed to the
dpp allele, 1(3)10638. 1(3)10638/+; gprk2%936, th st cu/+ males were
crossed to gprk28936/, th st cw/TM3, Sb females and gprk26936
homozygotes were identified by the presence of th, st and cu. Ovaries
were dissected, fixed and stained for 3-gal activity.

Molecular methods

Recovery of genomic DNA flanking the P element insertion was
carried out as described by Cooley et al. (1988). A 2.0 kb fragment

flanking the fs(3)06936 insertion was used to screen a Charon 4A
library of Canton-S genomic DNA (Maniatis et al., 1978) to obtain
overlapping clonesfor the 5’ region of the gene. The same library was
probed with the B6936 cDNA (see below) to obtain clones for the 3
region of the gene. These hybridizations were carried out in 6x SSC
+ 0.5% dry milk, as described by Sambrook et al. (1989). All probes
were generated by random hexamer priming.

A 3.1 kb genomic fragment from the 5' region of the gene was used
to screen a Drosophila ovary cDNA library (Stroumbakis et a., 1994).
Hybridizations were carried out as above. Three identical clones of
approximately 2.5 kb were isolated (named T6936). A 1.0 kb 3' T6936
fragment was used to probe a 0-4 hour, cDNA embryo library (Brown
and Kafatos, 1988) and two clones of approximately 3.5 kb were
isolated. These clones were judged to be identical based on restriction
mapping and sequencing of 5' and 3' ends, and only one of these clones
was further characterized (named B6936). P1 clonesfromthe 5 and 3
ends of the gene were obtained from the Berkeley Drosophila Genome
Project (BDGP). P1 DNA wasisolated according to the BDGP protocal.

DNA sequencing was carried out manually with Sequenase (United
States Biochemical) or with Tagq DyeDeoxy terminator Cycle AutoSe-
quencing (Applied Biosystems Model 373A). Genomic and P1
fragments and cDNA clones B6936 and T6936 were subcloned into
Bluescript-(KS-). Sequencing was carried out using T3, T7 and
Gprk2 primers on subcloned DNA, as well as on templates generated
by nested deletions. cDNA B6936 was sequenced entirely on both
strands whereas the T6936 3' fragment and genomic fragments were
sequenced on one strand and compared to the B6936 sequence.

Northern blot analysis

To obtain RNA from Drosophila ovaries, females were dissected in
Drosophila Ringers and their ovaries were frozen immediately on dry
ice. Tissues were thawed and homogenized in extraction buffer con-
taining 50 mM Tris, pH 8.0, 1 mM EDTA, 100 mM NaCl, 0.5 % SDS,
and an equal volume of phenol/chloroform/isoamyl acohol (25:24:1
ratio). Tissues were repeatedly extracted until the protein interface
was minimal and the RNA was precipitated by the addition of sodium
acetate and ethanol.

To obtain RNA from staged embryos and third instar larvae, tissues
were frozen on dry ice and homogenized in 8 M guanidine isothio-
cyanate buffer using a polytron homogenizer (as described by
Sambrook et a., 1989). Poly(A)* RNA was purified on oligo(dT)-
cellulose columns (Collaborative Research), size-ffractionated on
formadehyde agarose gels, and transferred to GeneScreen nylon
membranesin 10x SSC. Hybridization was carried out using the buffers
described by Church and Gilbert (1984). Relative amounts of RNA on
northern blots were determined by hybridization with 3-tubulin probes.

The ovary northern blot (Fig. 6A) contained 4 pg of poly(A)* RNA
per lane. The blot was probed with fragments of B6936 cDNA or the
entire T6936 cDNA. The developmental northern blot (Fig. 6B)
contained 1 pg of poly(A)* RNA per lane. The blot was probed first
with a T6936-specific probe and exposed for 10 days. Next the blot
was probed (without stripping) with the entire B6936 cDNA and
exposed to film overnight. Finally, the blot was probed (again without
stripping) with B-tubulin and exposed to film overnight. The T6936-
specific probe was generated by digesting the T6936 cDNA insert
with Hinfl, and isolating a 453 bp internal fragment by electrophore-
sis. This fragment has no sequences in common with B6936.

Western blot analysis and tissue immunohistochemistry

Purified antibodies to GPRK2 were generously provided by Charles
Zuker and are described by Cassill et al. (1991). The antigen used to
generate the antibody was an expressed protein containing amino
acids 429-714 (according to the numbering in this article).

For western blot analysis, tissues were dissected in Drosophila
Ringers and immediately frozen on dry ice. Tissues were thawed and
homogenized in sample buffer (10 mM sodium phosphate buffer, 6 M
urea, 2% SDS, 1% [-mercaptoethanol, 10 mM dithiothreitol, and 20



po/ml PMSF). Samples were boiled for 10 minutes, electrophoresed
on 7% SDS-PAGE gels, and transferred to nitrocellulose (Schleicer
and Schuell) using the Bio-Rad MiniProtean system. Complete
transfer was assessed by prestained molecular weight standards (Bio-
Rad) and by staining of transferred proteins with amido black.

Nitrocellulose filters were preincubated in blocking solution (3%
dry milk and 3% BSA in PBS) for 2 hours at room temperature or
overnight at 4°C. Primary antibody (1:100 of anti-GPRK 2) was added
to the blocking solution and allowed to incubate overnight at room
temperature. Washes were carried out in PBS + 0.1% Tween 20 at
room temperature. Incubations in horseradish peroxidase-coupled,
secondary antibody (Amersham; diluted 1:5000 in blocking solution)
were carried out for 1-2 hours at room temperature. Antibody binding
was visualized using the Amersham ECL kit.

For immunohistochemistry, tissues were dissected in Drosophila
ringers and fixed in 4% paraformaldehyde (em. grade, Ted Pella)
diluted in PBS. Optimal times of fixation were derived for each tissue:
10 minutes for ovaries, 20 minutes for imagina
discs, and 40 minutes for central nervous systems.
Fixed tissues were washed in PBS + 0.3% Triton
X-100 and blocked for 4 hours at room temperature
or overnight at 4°C in PBS, 0.3% Triton X-100, 3%
normal goat serum (NGS). Primary antibody was
added to the blocking solution at a dilution of 1:50
or 1:100 and allowed to incubate 1-2 nights at 4°C.
Tissueswere washed 3 timesfor 5 minutes and then
6 timesfor 20 minutesin PBS + 0.3% Triton X-100.
Secondary antibody coupled to horseradish peroxi-
dase (Jackson Labs) was diluted 1:300 in PBS,
0.3% Triton X-100, 3% NGS and incubated with
the tissue overnight at 4°C. Tissues were washed as
described above and antibody binding was visual-
ized by reaction with diaminobenzidene (DAB;
Sigma Chemical). In some cases the anti-GPRK?2
antibody was pre-absorbed against gprk26936
ovaries, thistreatment reduced cytoplasmic staining
in the nurse cells but did not affect membrane-asso-
ciated staining in any tissue. Due to the weakness of
GPRK2 staining, tissues were viewed with bright-
field rather than interference-contrast microscopy.

Double staining in wing discs was carried out
using the GPRK2 antibody and an Engrailed (En)
monoclonal antibody that was kindly provided by N.
Patel (4F11, Patel et al., 1989). Expression of dpp
was assessed using the enhancer trap staining of
1(3)10638 (Twombly et d., 1996) or the dpp-lacZ
enhancer line, BS3.0 (Blackman et d., 1991) visu-
alized by a B-galactosidase antibody. The En
antibody was used at a concentration of 1:2 and the
B-ga antibody was used a a concentration of
1:5000. Staining with these antibodies was carried
out as described above for anti-GPRK2 and
according to Patel (1994) for anti-En and anti-3-gal.
To achieve two-color staining, the first antibody
(anti-GPRK?2) was visualized using DAB intensified
with nickel chloride and the second antibody (anti-
En or anti-B-gal) using DAB with no intensification.
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hours. Cuticles were visualized and images were captured under
brightfield optics. Pseudo-darkfield images were generated by
inverting the image colors using Adobe Photoshop.

RESULTS

fs(3)06936, a new mutation that disrupts egg shape

Adult viable mutations of decapentaplegic (dpp), or its putative
receptor saxophone (sax), cause homozygous females to
produce short rounded eggs with abnormal anterior structures
(Twombly et a., 1996). We identified a new female sterile
mutation, fs(3)06936, during a single-P element mutagenesis
screen (Karpen and Spradling, 1992) that caused similar effects
on egg shape. Mature oocytes produced by homozygous
f5(3)06936 females are dightly shorter and more rounded than
wild type (compare Fig. 1A with Fig. 1B-D). Although pos-

Fig. 1. Developmental phenotypes of gprk28936, Anterior isto the left in A-H. (A) A
wild-type stage 14 egg chamber. (B-D) Examples of late stage egg chambers from

gprk26936 homozygous mothers. gprk28936 oocytes are smaller and more rounded than

In situ hybridization

Whole-mount in situ hybridization was carried out
as described previously (Yue and Spradling, 1992).

wild-type oocytes, with dorsal appendages that are short and broad (da in C,D). Asa
result of the altered egg shape, the operculum is at amore vertical angle (compare angle
of barsin A,C, and D). In some examples, nurse cells are slightly dumpless (ncin B and

F). Note the severely reduced number of egg chambers and the small germarium (gm) in

Embryo cuticle preparations

To collect staged embryos, females were allowed
tolay eggson agar platesfor 4 hours. After 24 hours,
unhatched eggs were dechorionated, mounted in
Hoyer's medium, and heated to 50°C for severa

some gprk28936 ovarioles (C). (E,F) Operculum chorion patterns (op in E) and
micropyles (mp in F) are still formed in many affected mutant oocytes. (G) Embryo from
ahomozygous gprk28936 mother and a wild-type ry>9% father showing awild-type cuticle
pattern. (H) Embryo from a homozygous gprk28936 mother and a homozygous gprk26936
father showing fusion of adjacent segments and holes in the dorsal and ventral cuticle.



2594 L. E. Schneider and A. C. Spradling

itioned normally, dorsal appendages in fs(3)06936 eggs are
generally shorter and broader than wild type (Fig 1C,D), and
the two appendages on a single egg chamber frequently differ
in length. The operculum is oriented more vertically than in
wild type, giving the eggs a ‘square-ended’ appearance
(compare Fig. 1A with Fig. 1C,D), but the chorion within the
operculum retains its distinctive appearance (Fig. 1E) and the
micropyle forms (Fig. 1F). Nurse cells often fail to completely
transfer their contents into the oocyte, leaving residual material
that may interfere with anterior end formation (Fig. 1B,F). Thus
f5(3)06936 appears to affect specific aspects of egg formation
without grossly atering the major pattern axes of the egg.

Two additional ovarian defects suggested that 5(3)06936 aso
functions a earlier stages of oogenesis. First, homozygous
f5(3)06936 egg chambers degenerate during vitellogenic stages
(stages 8-10A) much more frequently than expected. 26.8% of
ovarioles (n=594) from 4-day-old fs(3)06936 females contained
a degenerating vitellogenic chamber compared to only 0.7% of
wild-type ovarioles (n=276). Second, egg chamber formation
dowsor ceases entirely within asignificant number of f5(3)06936
ovarioles. 5.2% of the mutant ovarioles (n=594) contained only
0-2 egg chambers instead of the 6-7 that are present in wild type
(Fig. 1C). Germaria in such ovarioles were often smaler and
thinner than in wild type, like the germaria of agametic ovarioles
(see Margolis and Spradling, 1995). Although cyst production
normaly declines in old females, 4-day-old wild-type females
contained no similar ovarioles (n=276).

The f5(3)06936 mutant exhibited additional defects that
indicate rolesfor this gene outside of the ovaries. Homozygous
f5(3)06936 females lay a small number of eggs, but those that
are laid display a maternal effect that is partially rescued by
zygotic fs(3)06936" expression. 23.7% of embryos (n=300
egos laid) produced by homozygous females hatch when
crossed to wild-type males compared to only 10.3% (n=390)
following crosses to homozygous males. The unhatched eggs
displayed a wide variety of defects including twisted gastrula-
tion, fused adjacent segments, and perforated dorsal and
ventral cuticle (Fig. 1G,H). These defects were more severe
when the embryos lacked both maternal and zygotic
f5(3)06936* function (as seen in Fig. 1H).

fs(3)06936 encodes a
putative member of the

lapping clones from alambda genomic library (Fig. 2). One of
these genomic clones, AMgB, contains the P element insertion
site and hybridized in situ at position 100C, confirming that the
genomic DNA derived from the appropriate chromosomal
region (not shown).

We used the genomic map to identify candidate transcripts
encoded by the f5(3)06936 gene. A 3.1 kb fragment containing
the insertion site was used to select a clone, T6936, from an
ovary cDNA library (Stroumbakis et al., 1994) that hybridizes
to transcripts of 4.0, 5.0 and 5.5 kb in length in ovarian poly(A)*
RNA.. The sizes of the T6936-complementary RNAs were dras-
ticaly altered in f§(3)06936 mutant ovaries (see below), indi-
cating that they were good candidates for fs(3)06936 transcripts.
A 3 segment of T6936 was used to probe a cDNA library
prepared from 0-4 hour embryos (Brown and Kafatos, 1988)
and a longer 3.5 kb cDNA, B6936, was recovered. The 3547
nucleotide sequence of B6936 (Fig. 3) predicts aprotein of 714
amino acids preceded by along 5' untrandated region (1118
bp). Nucleotides 1719 through 3532 areidentical to apreviously
described cDNA sequence, the G protein-coupled receptor
kinase 2 gene (Gprk2, Cassill et al., 1991). However, the B6936
cDNA extends further in the 5’ direction than the previously
described clone, and predictsalarger protein due to an extended
amino-termina region. The P element insertion was located
between nucleotides 142 and 143 of B6936, within the 5'
untranslated region of the gene. These observations imply that
the gene disrupted in f5(3)06936 corresponds to Gprk2; and we
will subsequently refer to f(3)06936 as gprk26936,

The Gprk2 genewas originally isolated based on its sequence
similarity to the human BARK1 gene (Cassill et a., 1991). The
predicted protein from Gprk2 is47% identical to BARK 1 protein
in the kinase domain. Outside of this region there is no signifi-
cant similarity. In contrast, the GPRK2 protein predicted by the
B6936 sequence shares a high level of sequence identity with
two other mammalian members of the GRK family, GRK5 and
GRK®6 (Fig. 4). This similarity extends over the entire protein,
except for a 121 amino acid region that is unique to GPRK2.
The physiological functions of GRK5 and GRK6 have not yet
been established, athough both proteins are able to phosphory-
late and desensitize activated G protein-coupled receptors.

family of G protein-coupled

receptor kinases (GRKS) R RB B R B , R R BRR B B 2K,
To further analyze the fs(3)06936 TR H | T e e ome

mutation, we cloned the gene  psass /£ vy ~/ P2910
disruptedinthisstrain. Thesingle ~ AMgB /£ I [ AMg16

P element insertion in the AMgF | o1 1 — I,Aml‘iz
f5(3)06936 mutant was localized fMg'c I : ) : 140
to cytological position 100C by in ) ' “ (2) S o3

situ  hybridization (data not CDNA B6936

shown). Seventy-two of eighty-
six lines in which the P element
was excised reverted to fertility,
confirming that the insertion was
responsible for the oogenic
defect. We first cloned genomic
DNA flanking the insertion by
plasmid rescue (Cooley et al.,

1988), and used it to isolate over-  Pstl.

Fig. 2. Structure of the Gprk2 gene. Top line: arestriction map of the Gprk2 gene. The location and
orientation of the P element is shown by the inverted triangle. Double lines denote gaps of unknown
size. Middle line: genomic and P1 clones from the Gprk2 locus. Bottom line; the deduced structure of
the B6936 cDNA.. Exons are shown by black boxes and thin lines represent intronic regions. The
presumed initiator methionine is encoded by exon 3. The putative exon |1, which is predicted by the
B6936 cDNA, is shown in parentheses. Restriction sites: (B) BamHI, (R) EcoRl, (H) Hindlll, and (P)
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GAGAAGACT CCAAT ATTTTTCOGAGCAGGCAAT TCGCOGGAT CCATCGT TAAT TTTGGGCACT TGCAGAAAGCCCAGT TGOGAACGTC
GTCGTGTGTCGTCTTAGAAAAGCCACT CCTCCAACCGGAAAACCECAAGAGTGT CGAGCCCTTGTTTTG: / CGAGCCTTTTCGAAAA
AAGCTGGGAATTTCACGCOGT ATTTTTOGTATCTTTTCOGT CAACGAAACGCCOGCGT GT GTOGTAGT GTGOGT GTGTGTGT TCTGTG
TGOCOGOCCATCTGT GCATGT GT GAGAGCGOGCCT GT GT GT GT GAATTTTGGT GAGAGCCGCAACAACAACCGAAAAGAAAACCAAA
ATOGACAAATGOGGT CAAAT TGAAAAGAAAAACAAAAAAT CAAAGAGT ATTCTTGCGCAAAGCCAAAAGGCAAAGT CAAAAAAGAGC
GCAAAGCCAAAAAAAAGCAGAT TTCCCAACGAAAAGGEOCGGAAAAT TGOCCACT AGGCGT GTCGCTGCTTCTTCTTGT TCTTTCAAA
TTGTTTATGCTGCAATTGCAGT GGT GT GOGAAAGGAGT GGT AGAGAGAGAGAGAGAGAAGGAAAAGCGT CTTAT CAACGCCOGCTTT
CTTATCAGAACCCACACATTTGT TGCGAAAAT TCCAACCAGCCGAAACT CACAGT GAAGCT TTAAATAGCACAT CAAACAAACAG
aagt..intron 1.. TTGOOCAGCTATCAGCGAATCGGTCAATTTCATTTGGAGAAGCCAAAG. . i ntron 2. . cagATTGAGGA
AATCCATTGACCGACGGT TTTACAGCAT TCAAT CAAGCGCAAAT TGGCT CAACT TGCAAAAAGGGCACAT TTTCAGCCTTGCAAATT
CCAATCTTGAAACT AAATGACGCCTGT GTCT GAAACCGAGACCCT GCT GCCAAAT ACCGCAACGCT GGACGOCAGACGACGGCCACA
AATTAGCCAGOCAGCCGT AGAT TTGCAAGT CTAAGGAGT CGCCCT GOCCACCAGAACGCAGAAGGGGAT COCT GT TCAAAGGAGCCA
GCGAAGGCCACACACAGGAGAAAGAT CAAAAGGAGCACCAGCCAGT GT GACTGCGACTATTTTTCGGGAGCGCCAAAGGATTCATTA
AAAAACCGCCAACCTGGAACTA
ATGGAAT TAGAGAATATTGT GGOCAATACGGT CTACTTGAAAGCGAGAGAAGD aagt . . i ntron 3.. cagGTGGTTCOGACAGC
MELENIVANTVYLZKARE G GsSDSs
AACAAGGGAAAGAGCAAAAAAT GGCGCAAAAT AT T GCAAT TCOCACACATAT CGCAAT GCATCAACCT GAAAGACAAATTAGHL gag
NKGKSKEKWREKILQFPHI SQCI NLKTDK.L
c..intron 4..cagATATAAGCTATGGCTACGT GATAGATCAGCAACCCATTGGT CGT GAGCTCTTCCGTCTGTTTTGOGAGAAC
DI SYGYVIDQQPI GRELTFRLTFTCEN
AAACGGCCCGT CTACTTTCGCTACATCACCTTCCTGGATGAGGTGGTCAAg at gt . . i ntron 5. . cagATACGAGATCGAGTAC
KRPVYFRYI!I TFLDEVVK Y EIl E Y
ATCTCGAACCGCATATTCATTGGACAT GACAT CGGC0GT OGCT TCTTGGAT GTCGAGGCACAGCT GGAGCT GOGCAACGGGAGCEGG
I SNRI FI GHDI GRRFLDVEAQLETLTRNGS SG
GECGACGCCT TGGACGOCGAGACGCAGGAGGAGCT GCTGCT CAACAGCAGCAAT GOCAAT CCAACT GAAACAGCT GAGACT GAACAC
GDALDAETA QETETLTLTLNSSNANPTETAETEH
TGCAACAATACCACCGOCAACAACT GCAACAACAT CAACAACAGCAACAACT CGCAGCACAGCAGCGACAT CAATCACAAGAAGCTG
CNNTTANNGCNNINNSNNSIQHSSDI NHKK.IL
GACACGOGCAAT CACAACGGE0GACGACGECCACT GEGAACGGGAGCAGCCACCAGGACGACGEEGACGAGAGCGT CAAGT GOCAGGAG
DTRNHNGDDATGNGSSHQDDGDESV KT CQE
GGECCAT GACGAT GOGGAAAAGGGT GGT GAOGGAGAGEGAGGOGGECEE0CGAAAGT GT GT CCACGT GGGOGEGT ATCCT GACGAACTC
GHDDAESKGGGGEGGGGGEKT CVHYGGYFPDE./L
GTGTTGGACGT GCTTAACGAT GATCTCATTGCGCAAGT GOGT AACAAACT CAACAGCGGCGGCAAGGACATCTTTGOCCAGT GTGTG
VLDVLNDDLIAQVRNKLNSGGKDI FAGQCV
AACGCGGT TAAGGCGT TCCT GGOCGECGAACCGT TCOGGGAGT TTGAGAGCTCTATGTATTTTCACCGgt acgt . . i ntron 6. . ¢
NAVEKAFLAGEPTFRETFESSMYFHR
agATACTTGCAAT GGAAGT GGCT TGAGECGCAGCCCAT CACCT ACAAAACGT TTCGCAT GTACCGGGT GCT COGAAAGGECGECTTC
YLQWKWLEAQPI TYKTERMYZRVLGEKSGGEF
GECGAGGTGTGOGCCTGTCAGY aage. . i ntron 7. . cagGTGOGGGOCACT GGGAAAAT GTACGCGT CCAAAAAGCT GGAGAAA
GEVY CACAQ VRATGKMYASEKE KLEK
AAGCGCATCAAGAAGCGCAAGGGCGAGT CGAT GGT GTTAAT CGAGAAGCAGAT ACT GCAGAAAAT CAACT CGCCGT TCGT GGTCAAT
K R 1 KKREKGESMV L1 EZKO QI L QKI NSPFEVVN
CTGGEOCT ACGCGT ACGAGACAAAGGACGCCCT CTGCCT GGT GCTGACCATAATGAATGt gggt . . i ntron 8. . cagGOGGCGAT
LAY AYETIKDALGCLVYLTIlI MN G G D
TTGAAATTCCACATTTACAACAT GGGCGGOGAACCAGGCT TTGAACT GGAGCGT GCCOGCT TCT ATGCCGO0GAGGT GGOCT GT GGA
L KF HI YNMGGEZPGEFELERAREYAAEVATCG
CTGCAGCACCT GCACAAGCAGGGCAT CGT CTACCGGGAT TGCAAGCOGGAAAACAT CCTCCTTGACGAT CACGGCCAT GT GOGCATT
L OQHLHKOGI VYRDCKPENILLLDDHGHVR.I
TCOGACCT GEGACT GGOCGT OGAGATACCGGAGGGEOGAGAT GGT GOGCGGCCGEEGT GRGCACAGTGGgt aagt . . i ntron 9. . ta
S DLGLAVEIPEGEMYRGRVYGTYV
g GCT ACAT GECCOCCGAGGT CATCGACAACGAGAAGT ACGCCT TCTCCCCGGACT GGT TCAGCT TCGGCTGOCT GCTGTACGAGATG
GYMAPEVYIl DNEKYAFSPDWESEGCLLYEMWM

ATCGAGGGECCAAGCGCCGT TCCGGAT GCGCAAGGAGAAGGT CAAGCGCGAGGAGGT GGACAGGCGCGT TAAGYt cggt . . i ntron
Il E GQAPFRMRIKEIKVKREEVDRRYVK
10. . cagGAGGACCCCGAAAAGTATTCAAGCAAGT TTAATGATGAAGCCAAAT CAAT GTGCCAACAGCTGT TAGCTAAATCGATAAA
E DPEKY S SKFNUDEAKSMCOQQLL AIKI SI K
GCAGCGCCT GEGCT TCCGCAACGGT CGCAT GGECGEECAGGAT GT GATGGCCCACCCGT TTTTCCACT CCACCCAGCT CAATTGECG
QRLGERNGRMGGOQDVMAUHPEEHSTQLNWR
TCGCCTGGAGGCT GGTATGCTGGAGCCACCCTTTGTGCCAGACt gagt . . i ntron 11. . cagCCGCACGCCGT TTACGCCAAAG
R L EAGMLEPZPFV PD P HA VY AK
ATGIGCTCGATATTGAACAGT TCTCTACGGT GAAGGGCGT CAATATCGACGAAT CCGACACGAATTTCTATACGAAATTCAACACAG
bDvL DI EQFSTVKGVNI DESDTNFYTIKTFNT

GCTCCGTGTCCATTTCCT GGCAGAACGAGAT GATGGAGACCGAGT GCTTTCGCGAACTGAATGT TTTTGGT CCCGAGGAGT GTCCCA
G SVSsSI SWQQNEMMETET CFREILNVFGPETETCTP

CGCCAGATTTGCAAATTAAT GCAGCGCCCGAACCAGACAAGGCGEECTGTTTCCCCTTTCGCCGGAAGt tt gt . . intron 12. .
T PDLQI NAAPEWPUDIKAGTCFUPTFRRK
gagAAGAAGCAGCCGGECT CGCACT CAGCCCATACCCAT TCCGGAGCATCTGT TAACCACTAGT CACAGCGT GTCCTCCACGACGGTC
K KQPARTOQPI PI PEHLILTTSHSVSSTTV
GAAAGCTGATAGCAGAGAT CAGT CGAGGAT GCCT T TAAGCGGACGCCT GACGT AGACGT CGACACATAGCACAAATTGCGCACAGT T
E S *
ACCCCGGAT CGGAAGAGT TCAGCAGGAGCATAATAACT TTAGAGCACAACCTAATTATAAAACCGAAACTACATCGGT TTATCCTTC
AGTTGACGCGCAAGAAGCATTTTTGAAATTGTACTTTTACATCAAATTTTCTAATGAAAGT TGT TCAAGCTGATTTCGACACACAAT
ATATATTTATAAATGTTAAAAAAAAAAAAAAA
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Fig. 3. DNA sequence
and predicted protein of
the B6936 cDNA. The
numbers along the left
refer to nucleotidesin
the B6936 cDNA
whereas numbers along
the right refer to amino
acidsin the predicted
protein. Coding regions
of the gene are in upper
case and intronic regions
areinlower case. The
position of the P element
insertion is marked by
the symbol V. The
kinase domain of the
predicted proteinis
underlined, potential
autophosphorylation
sites are denoted by bold
face, and amino acids
that are conserved in
serine/threonine kinases
have double underlines.
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I [ 47% | | BARK1
[ [ | [Mkinase ] ]| GPRKk2
[53% [+3 [INB6OIN] 54% ]  GRK5
[49% [37] 82% | 46%| GRK6

Fig. 4. Gprk2 is amember of the family of G protein-coupled
kinases. Each bar represents the predicted protein of a GRK family
member. The kinase domain is shown as agray box whereas the
remainder of the open reading frame is shown in white. At thetop is
BARK1, the kinase that was originally used to clone GPRK 2 (Cassill
et a., 1991). The numbers within BARK1, GRK5, and GRK6
represent the level of identity between these proteins and the
corresponding region of GPRK2. The similarity between GPRK 2
and human BARK 1 islimited to the kinase domain. In contrast, the
similarity between GRK5 and GRK 6, and GPRK 2 is much higher
and extends to all portions of the protein, with the exception of a121
amino acid region that is not present in GRK5 or GRK®6.

Organization and expression of Gprk2 transcripts

Comparing genomic DNA clones with cDNA B6936 revealed
that only the first exon (where the P element had inserted)
derives from the genomic region that we had analyzed. To
obtain genomic clones containing the rest of the gene, we used
a 3 fragment of B6936 as a probe to re-screen the genomic
phage library. In addition, P1 clones of this region were
obtained from the Berkeley Drosophila Genome Project.
Mapping of the genomic and P1 clones to B6936 showed that
Gprk2 is encoded by at least 13 exons (Fig. 2). Phage clones

A

Fig. 5. Northern blot analysis of Gprk2. (A)

Identical northern blots of wild-type and B

that mapped 3' to exon 1 and 5' to exon 3 did not overlap sug-
gesting that these two exons are at least 15 kb apart. According
to the cDNA sequence, there are 48 nucleotides between exon
1 and 3 that are encoded in this uncloned region. This is the
only portion of the cDNA B6936 for which the genomic coun-
terpart was not sequenced. We have putatively designated this
48 nucleotide sequence as exon 2, although it could be
composed of more than one mini-exon. Sequencing of the 3'
end of cDNA T6936 demonstrated that it ends in a polyadeny-
lation site that is 750 nucleotides 3' to the B6936 polyadeny-
lation site. The 5' end of T6936 was not fully characterized,
but hybridization analysis demonstrated that it contains
sequences from the 5" end of B6936. This suggests that the
middle portion of the gene is not present in T6936, either due
to aternative exon processing or to deletions that were
generated during construction of the cDNA library.

To determine how the P element disrupts expression of the
Gprk2 gene, we analyzed RNA expression using probes from
both ends of cDNA B6936 and from the 3' end of cDNA T6936
(Fig. 5A). All three probes hybridized to transcripts of 4.0, 5.0,
and 5.5 kb in length in poly(A)* RNA from wild-type ovaries.
In mutant ovaries, the full-length transcripts were no longer
detectable. However, with the 5'-most probe, new transcripts
of 1.3 and 0.8 kb were recognized. This suggests that tran-
scription begins normally but is terminated by the P element
(Horowitz and Berg, 1995). A developmental analysis of
expression (Fig. 5B) showed that the 4.0 and 5.0 kb transcripts
are abundantly expressed in 0-3 hour embryos, as a result of
maternal expression. The 5.0 kb transcript is no longer
detectable after 0-3 hours while the 4.0 kb transcript continues
to be expressed at alow level. The 5.5 kb transcript is expressed

B

R

Y
B6936 -

B

gprk26936 poly(A)* RNA probed with 5' and 3'
fragments of cDNA B6936, and a 3' fragment of
cDNA T6936. All three fragments hybridize to
4.0, 5.0 and 5.5 kb transcripts in wild-type ovary
RNA. In contrast, in gprk25936 ovary RNA these
bands are no longer detectable. Only the 5' B6936
fragment containing the site of the P element
insertion (shown by the inverted triangle)
hybridizes to smaller transcripts of 0.8 and 1.3 kb.
(B) Developmental analysis of Gprk2
transcription. Wild type poly(A)+ RNA from
embryos and third instar larvae were probed with
the entire B6936 cDNA or with a3’ fragment of
T6936 that is not represented in B6936. The
B6936 cDNA hybridizes to three transcriptsin 0-3
hour embryos (asin the ovaries). The 5.0 kb
transcript is no longer detectable after 0-3 hours,
and the level of the 4.0 kb transcript is greatly
reduced. The T6936-specific cDNA hybridizesto
the 5.5 and 5.0 kb transcripts only, suggesting that
the B6936 cDNA represents the 4.0 kb transcript.
In both A and B, the amount of RNA was
indicated by re-hybridization to a 3-tubulin probe.
(C) A comparison of B6936, T6936, and the
previously published cDNA (Cassill et al., 1991).
The dashed line in T6936 refers to regions that
were inferred from hybridization analysis rather
than determined by sequencing.
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Fig. 6. Immunoblot analysis of GPRK 2 expression. Tissue
homogenates from 1 whole female (lanes 1 and 3), 2 ovary pairs
(lanes 2 and 4), 8 larval CNS (lanes 5 and 7), and two larval carcasses
(whole animal minus the CNS; lanes 6 and 8). The GPRK 2 antibody
detects a band of approximately 80 kDain all wild-type tissues tested
(lanes 1, 2, 5 and 6). This staining was al so present in whole females
and carcasses from gprk28936, |n contrast, ovary and CNS expression
was not detectable in gprk2%936 homozygotes (lanes 7). Equal
amounts of protein were present inlanes2 and 4 and 5 and 7 (see
Methods). The higher molecular weight band in lane 8 was not seen
consistently. Molecular weight markers are shown along the left side.

a alow level in early embryogenesis, with an increase in
expression from 12 to 24 hours. Thus the three transcripts are
differentially expressed during devel opment.

Fig. 7. Membrane-associated
expression of GPRK2 in the
ovaries. Staining in wild-type
(A-D) and gprk28936 (E) ovaries.
Anterior isto theleft in al cases
except the top ovariolein B.

(A) Expression isfirst detectable
in the germarium and increases
in nurse cells through stage 6.
Staining diminishesin stage 7
(S7), and increases again in the
oocytein stages 8-11.

(B) Germarial expression isfirst
detectablein region 2A of the
germarium (gm). (C) GPRK2
staining is associated with the
membrane between nurse cells
(m) and between nurse cells and
the oocyte, but not between the
nurse cells and the follicle cells.
Diffuse staining is sometimes
seen around the germinal vesicle
(gv) and in the nurse cell
cytoplasm. (D) In stage 10 egg
chambers, staining is no longer
detectable along nurse cell
membranes although
cytoplasmic staining remains. E
Strong staining is apparent

around the circumference of the
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A probe derived from the 3’ region that is specific to T6936
hybridized to only the two largest transcripts (data not shown).
This suggests that B6936 corresponds to the smallest (4.0 kb)
transcript, which is consistent with the fact that this cDNA
was isolated from a 0-4 hour library. The cDNA sequence
reported by Cassill et a. (1991) did not terminate in a poly(A)
tail, however it extended further 3' than either B6936 or T6936
suggesting that the Gprk2 gene utilizes at least three polyadeny-
lation sites (Fig. 5C). Whether use of these three sites gives rise
to the three transcript sizes will require further confirmation.

Expression of GPRK2 protein

The expression of GPRK2 protein was analyzed using a poly-
clonal antibody that was kindly provided by Charles Zuker.
This antibody was generated against a bacterially expressed
protein which contained the final 145 amino acids of the kinase
domain and the entire 139 amino acid carboxyl region (Cassill
et a., 1991). DNA probes from the corresponding genomic
region hybridize to all three transcripts (not shown). In
immunoblot analysis of adult tissues, we detected asingle band
of 80 kDain ovaries and whole females, in close agreement to
the 80.7 kDa protein predicted by the B6936 cDNA. This band
was absent in ovaries from gprk26936 homozygotes whereas
expression in whole females remained (Fig. 6). Thus, as
expected, GPRK 2 is expressed in the ovary and its expression
is disrupted in the gprk26936 mutant. In larval tissues, we again
observed an 80 kDa band in both the central nervous system
(CNS) and in carcasses (the entire animal minus the CNS). In
homozygous gprk26936 |arvae, expression was no longer

oocyte (m). (E) Membrane-associated staining is not detectable in gprk26936 egg chambers although staining remains in the cytoplasm of nurse
cells and around the germinal vesicle. The scale bar correspondsto 100 pmin A and E, 10 umin B and C, and 50 pmin D.
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detectable in CNS tissue but appeared to be unaffected in
carcasses. These results demonstrate that gprk26936 selectively
disrupts Gprk2 expression in some but not all tissues.

The tissue distribution of the protein was studied by staining
whole-mount tissues with the same antibody. The anti-Gprk2
antibody labeled developing wild-type egg chambers (Fig. 7),
and most of the staining was eliminated in gprk26936 mutant
ovaries. Expression was first seen in region 2B of the
germarium, the stage where germline cysts are being envel oped
by follicle cells (Fig. 7B, gm). In early egg chambers,
membranes between adjacent nurse cells and between nurse
cells and the oocyte were labeled (Fig. 7A-C, m). In addition,
staining around the germinal vesicle was sometimes observed
(Fig. 7C, gv). Membrane-associated staining persisted through
stage 6 but decreased in intensity at stage 7, except between
the nurse cells and the oocyte (Fig. 7A, S7). In these early
stages we observed no staining in follicle cells or in the region
of the nurse cells that lies adjacent to the follicle cells. During
stages 8-11 membrane-associated staining decreased in the
nurse cells and appeared around the entire circumference of the
oocyte (Fig. 7A and D, m). We also observed weak cytoplas-
mic staining in nurse cells and follicle cells of these stages;
however, the cytoplasmic (and germina vesicle) staining
sometimes persisted in gprk26936 ovaries (Fig. 7E). Thus
GPRK?2 protein appears to be preferentialy associated with
nurse cell and oocyte plasma membranes during much of
oogenesis. Although in situ hybridization studies also detected
gprk2 RNA only in the nurse cells (not shown), a
lower level of expression in somatic cells can not
be ruled out by these experiments.

Specific staining using anti-GPRK2 was aso
detected in non-ovarian tissues, consistent with a
role for this gene outside of the ovaries. The central
nervous system (CNS) of both larvae and adults
stained intensely. In larvae, staining was present in
axon fascicles, especially large ones, including
nerves projecting to the optic lobes, the longitudi-
nal connectives, and portions of the mushroom
bodies (ol, Ic, and mb in Fig. 8A). We detected little
staining in cell bodies within the CNS. However, we
consistently observed strong staining in the cell
bodies and nerves of the corpus allatum of the ring
gland (rginFig. 8A). Intheadult CNS, staining was
restricted to two major structures within the brain.
First, the nerves within and projecting to the
ellipsoid body of the central complex were consis-
tently stained (eb in Fig. 8C). The €llipsoid body
contributes to higher brain function in flies, such as
locomotion (Strauss and Heisenberg, 1993).
Second, we also detected strong staining in the
mushroom bodies that included the Kenyon cells
and nerve processes within the peduncles and the
alpha lobes (not shown). The mushroom bodies
have been implicated in memory and learning.
Interestingly, the learning mutants dunce, rutabaga,
and DCO, which &l disrupt genes involved in G
protein signaling, are predominately expressed in
the mushroom bodies (reviewed in Davis et al.,
1995). In the mutant, GPRK2 staining was
abolished from both the larval and adult CNS, and
from the larval ring gland (Fig. 8B,D).

Most of the other tissues in the larva and adult were only
stained weakly and it was not possible to determine if staining
was affected in the mutant. One exception to this was in the
wing imaginal disc where we observed staining in the notum
and in a stripe that paralleled the anterior/posterior boundary
of the wing blade (Fig. 8E, A/P, and 9A). Within this stripe,
staining was always weakest in the region corresponding to the
tip of the wing. This staining was eliminated in gprk26936 wing
discs (Fig. 8F).

The disc staining was particularly interesting because dpp is
also expressed along the anterior/posterior boundary of the
wing disc. To determine how GPRK?2 staining corresponds to
the anterior/posterior boundary, we compared expression of
GPRK2 with Engrailed (En) and dpp. En protein, which is
expressed in the posterior compartment of the wing disc, was
visualized with a monoclona antibody (4F11, Patel et al.,
1989). dpp expression was visualized by B-gal immunoreac-
tivity in flies bearing a dpp-lacZ fusion gene (BS3.0; Blackman
et a., 1991). GPRK2 and dpp are co-expressed aong the
anterior/posterior boundary with two exceptions (Fig. 9C).
First, the stripe of GPRK2 staining is thinner, about one cell in
thickness as opposed to a 2-3 cell thickness of dpp expression.
The stripe of GPRK2 expression coincided with the dpp-
expressing cells closest to the boundary. Second, near the wing
tip, dpp is not expressed in the cells immediately adjacent to
the boundary. In this region GPRK2 staining was present in
cells that do not express dpp.

-

Fig. 8. GPRK2 expression in non-ovarian tissues. Anterior istowardsthetop in all
panels. (A) Larval CNS staining is localized to axons projecting to the optic lobes
(ol) and the mushroom bodies (mb), in the longitudinal connectives (Ic), and in
cell bodies and nerves of the corpus allatum of thering gland (rg). (C) Adult CNS
staining is detectable only in cell bodies and processes associated with the
ellipsoid body of the central complex (eb) and portions of the mushroom bodies
(not shown). Thereis no staining in the ventral nerve cord of adults. (B,D) CNS
staining is not detectable in gprk26936 |arvae and adults. (E) In the wing disc,
GPRK2 expression is confined to a stripe that parallels the anterior/posterior
boundary of the wing blade (A/P) and the hinge region, and weak expression in the
prospective notum. (F) Wing disc staining is not detectable in gprk26936 wing
discs. The scale bar correspondsto 75 umin A-D and 50 um in E-F.
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Fig. 9. Comparison of GPRK 2 expression with Engrailed

and dpp. Proximal isto the left and anterior istowards the
top. (A) Enhancer trap staining of Gprk2 in the wing disc.
Enhancer trap staining is stronger than but identical to

GPRK2 immunoreactivity in thistissue, and better reveals
the pattern of expression. (B) Double staining with anti-
GPRK 2 and anti-Engrailed antibodies in ry5% wing discs.
GPRK2 is shown in purple and engrailed in brown.
Engrailed expression overlaps GPRK 2 in the wing margin
and at the lateral extremes of the wing blade. In other areas
the two expression domains abut one another. (C) Double
staining with anti-GPRK2 and anti-B-gal antibodiesin the
1(2)10638 enhancer trap line. GPRK 2 is shown in purple and
dpp (B-gal) in brown. The two patterns overlap in the wing
blade except in the region of the wing margin.

(D) Schematic of GPRK2, En, and dpp in the wing disc.

At the tip of the wing En staining crosses the
anterior/posterior boundary, as previously described (Blair,
1992; Raftery et a., 1991). Therefore, in this region GPRK?2
and En were co-expressed whereas outside of this region the
patterns of the two proteins abutted (Fig. 9B). These results
(summarized in Fig. 9D) confirm that GPRK2 is expressed
along the anterior side of the anterior/posterior border in a
pattern that overlaps dpp.

The gprk26936 mutant does not affect the expression
of dpp-enhancer lines

One result of signaling through G protein-coupled receptorsis
the induction of cAMP which activates cAMP-dependent
protein kinase (PKA). PKA has been shown to repress dpp
expression in imaginal discs (Jiang and Struhl, 1995; Lepage
et a., 1995; Li et a., 1995; Pan and Rubin, 1995; Strutt et al.,
1995). If PKA playsasimilar rolein egg chambers, then Gprk2
may control the level of dpp expression in discs and ovaries by
influencing PKA activity. To test this hypothesis we followed
the expression of dpp-lacZ enhancer lines in gprk26936
homozygotes. 1(3)10638 and the BS3.0, dpp-lacZ enhancer line
were used to assess dpp expression in the ovaries and wing
imaginal discs, respectively. We observed no differencesin dpp
expression in either ovaries or wing imagina discs in these
studies (not shown).

DISCUSSION

A putative G protein-coupled receptor kinase
encoded by Gprk2 functions during development

We characterized a Gprk2 mutation, gprk28936, and showed
that Gprk2 activity is required during oogenesis and embryo-
genesis. Gprk2 encodes a putative member of the G protein-
coupled receptor kinase (GRK) family. The hallmark of GRK's
is that they phosphorylate G protein-coupled receptors when
they are in the active (agonist-bound) state (Premont et al.,
1995). Although we have not demonstrated biochemical
activity of GPRK?2, several characteristics suggest that it is a

true member of the GRK family. First, the sequence similarity
in the kinase domain between GPRK2 and other family
members with known activity is high, ranging from 47% with
BARK1 to 86% with GRK5. Second, the GPRK2 kinase
domain contains amino acids that are conserved in all other
members of the GRK family as well as residues that are
required for the activity of all serine/threonine kinases (Fig. 3;
Hanks and Quinn, 1991; Taylor et al., 1993). Finaly, GPRK?2
and its putative human homologue, GRK5, share extensive
sequence similarity outside of the kinase domain including a
sering/threonine pair that is autophosphorylated in GRK5
(Kunapuli et al., 1994). One difference between GPRK2 and
the other GRKSs is the length of the amino-terminal region.
Most GRK's have an amino terminus of 183-188 amino acids.
GPRK2 has a 121 amino acid insertion with respect to the
GRKS5 sequence, generating an amino terminus of 309 amino
acids. This region of the protein is thought to play arole in
substrate specificity.

Despite the presence of multiple transcripts, our studies
identified only a single GPRK2 protein of 80 kDa. Previously,
Cassill et al. (1991) predicted a GPRK?2 protein of 50 kDa by
assuming that trandation initiates at a methionine just prior to
the kinase domain. In our sequence this methionine lies at
amino acid 288, and the predicted size of the protein is 80.7
kDa. Because only the 80 kDa protein was detected using the
antibodies reported in Cassill et al. (1991), and because this
band was specifically eliminated in gprk28936 mutant ovaries
and CNS, we believe that it corresponds to the Gprk2 gene
product. Comparing the GPRK 2 sequence predicted from the
B6936 cDNA with GRK5 provided further support that we had
analyzed the full-length protein. The first 114 amino acids
share 53% identity with GRKS5 including the first 19 amino
acids, 18 of which are identical between GPRK2 and GRKS5.

Does GPRK?2 act in a G protein-coupled receptor

pathway that utilizes cAMP as a second messenger?
If the effects of the gprk26936 mutation on oogenesis are caused
by the disruption of the second messenger, cCAMP, then
mutations in genes that lie downstream of G protein-coupled
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receptors might also affect femae fertility. In fact, three
candidate genes have been identified: dunce (dnc), rutabaga
(rut), and DCO. All three genes act in the G protein-coupled
receptor pathway that is mediated by the second messenger,
cAMP. dnc encodes a cAMP-dependent phosphodiesterase,
and in dnc mutants the level of CAMP is elevated in compari-
son to wild type. dnc homozygous females are sterile although,
like gprk26936 females, they produce mature oocytes with
defects in dorsal appendage formation and nurse cell dumping
(Bellen et al., 1987; L. E. S., unpublished observations). The
female sterility of dnc is suppressed by mutations in the rut
gene, which encodes Ca‘/camodulin-dependent adenylyl
cyclase (Bellen et a., 1987). This suppression occurs by
decreasing the levels of CAMP. These phenotypes are consis-
tent with a potential role for Gprk2 in this classic G protein
pathway. 1f GPRK2 down-regulates a G protein-coupled
receptor, then the gprk2693¢ mutant should cause prolonged
receptor activity resulting in increased CAMP levels, asseenin
dnc mutants.

Mutations at the DCO locus disrupt the major catalytic
component of cAMP-dependent protein kinase (PKA). In
ovaries of DCO females, late stage nurse cells are often binu-
cleate, although younger egg chambers have no such defects
(Lane and Kalderon, 1993). This suggests that the breakdown
of nurse cell membranes, which normally begins in stage 11,
takes place prematurely in the mutant. In some respects,
gprk26936 mutant egg chambers have the opposite phenotype
since nurse cells do not break down completely. A reduction
in GRK activity and a reduction in PKA activity would be
expected to exert opposite effects on signaling. Moreover,
GPRK2 protein was detected most strongly on nurse cell
membranes throughout much of ocogenesis and PKA activity is
known to be required in the germline.

Our results suggest that GPRK2 may be part of a G protein
signaling pathway in the nervous system as well. GPRK2 was
strongly expressed in the mushroom bodies, a neural structure
that has been implicated in learning and memory. dnc, rut and
DCO exhibit defects in olfactory learning (reviewed in Davis
et a., 1995), and al three are abundantly expressed in the
mushroom bodies (de Belle and Heisenberg, 1994; Erber and
Menzel, 1980; Heisenberg et al., 1985). Gprk2 may act in a
common pathway with dnc, rut and/or DCO in both ovaries
and mushroom bodies. Since the gprk26936 mutation eliminated
gprk2 expression in the CNS, it would be worthwhile testing
whether the mutant adults exhibit defects in learning and
memory.

What are the likely receptor substrates of GPRK2?

A number of seven-transmembrane receptors that are likely to
couple to G proteins have been identified in Drosophila.
However, most of the known Drosophila G protein-coupled
receptors, including those for dopamine, serotonin,
octopamine, tyramine, tachykinin, and the muscarinic acetyl-
choline receptor, have been cloned by homology and no
mutations are known (Shapiro et al., 1989; Saudou et al., 1992;
Arakawa et a., 1990; Li et a., 1991, 1992; Monnier et a.,
1992; Gotzes et a., 1994; Colas et a ., 1995; Feng et al., 1996;
Han et al., 1996). Therefore, it remains uncertain whether these
receptors function during devel opment.

Two putative G protein-coupled receptors have been identi-
fied recently that play major roles during development.

smoothened (smo), encodes a putative Hedgehog receptor
(Alcedo et d., 1996; van den Heuvel and Ingham, 1996) while
frizzled2 (Dfz2), specifies a putative Wingless receptor (Bhanot
et a., 1996). Both predicted proteins contain seven transmem-
brane domains although they have little sequence similarity to
other G protein-coupled receptors. There are currently three
distinct superfamilies of receptors that couple to G proteins:
those in the BAR family, the metabotropic glutamate receptors,
and members of the GI hormone family (Premont et al., 1995).
It is possible that Smo and Dfz2 represent additional families
of G protein-coupled receptors.

Are the Smo and Dfz2 receptors likely to be good substrates
for GPRK2? GRK5 phosphorylates BAR at 6 sites within the
last 40 amino acids of the receptor; no phosphorylation occurs
on cytoplasmic loops (Fredericks et a., 1996). The same
regions of the Smo and Dfz2 carboxy termini contain 6 or 8
potential phosphorylation sites, respectively. However, Smo
may act as the better substrate for GPRK 2 because GRKS5, like
BARK, shows a preference for target residues located within
an acidic environment (Fredericks et al., 1996). Dfz2 has no
acidic amino acidsin the last 40 amino acids of the protein. In
contrast, Smo has several acidic residues in the 40 amino acid
domain including an acidic pair upstream of the most amino-
terminal  phosphorylatable residue in the 40 amino acid
fragment. This same pattern occurs in receptors that are phos-
phorylated by GRK5 and BARK. Thus, from astructural stand-
point Smo is an excellent candidate to mediate the develop-
mental effects of GPRK2.

Does Gprk2 act through hh, wg or dpp during
oogenesis?

The role played by hh and wg during oogenesis has been
analyzed recently (Forbes et al., 1996a,b). Both genes are
expressed in small groups of cells at the anterior tip of each
ovariole. The hh-expressing cells influence the proliferation of
somatic follicle cell precursors and the specification of polar
follicle cells. However, effects on oogenesis similar to those
caused by gprk26936 were not observed following changes in
hh or patched activity. While the ovarian hh pathway resembles
the pathway in early embryos and imaginal discs (reviewed by
Perrimon, 1994; Ingham, 1995) in its requirement for patched,
ovarian hh signaling is not mediated by wg or dpp. A separate
role for wg in oogenesis is suggested by the observation that
overexpression of wg causes multiple devel opmental defectsin
the ovary (Forbes et al., 1996b). However these defects do not
mimic the effects of the gprk26936 mutation. Consequently,
changesininhibitory phosphorylation of Smo and Dfz2 are not
likely to be responsible for the defects we observed in
gprk26936 females.

The similar effects on oogenesis of disrupting Gprk2 and
dpp suggest that these two genes may be involved in acommon
pathway. Dpp receptors differ significantly from serpentine
receptors and are unlikely to serve as GPRK 2 substrates. While
it is possible that GPRK 2 can act directly on targets other than
G protein-coupled receptors, mammalian GRK family
members are thought to phosphorylate serpentine receptors
exclusively. It is more likely that Gprk2 influences either
the expression of dpp itself or the effects of Dpp signaling
downstream of the receptors. We were unable to detect any
change in a dpp enhancer line in homozygous gprk26936
ovaries, suggesting that gprk26936 does not affect dpp tran-



scription. It remains a possibility that gprk26936 could disrupt
Dpp signaling by altering the posttranslational processing of
dpp. Gprk28936 could also affect Dpp signaling by acting
downstream of Dpp receptors, a relationship that has been
demonstrated between tyrosine kinase receptor and G protein-
coupled receptor pathways (Luttrell et al., 1995; Van Biesen et
al., 1995; Hafner et al., 1994). This second possibility is
favored by our expression studies. dpp is expressed most
strongly in the anterior follicle cells and its activity is required
in these soma. In contrast, GPRK 2 is expressed predominantly
in the nurse cells although immunoreactivity was also detected
in stage 9-10 follicle cells.

The co-expression of GPRK2 and dpp-lacZ in the wing
imaginal disc suggested that these two molecules interact in
the patterning of the wing. However, we have not been able to
detect any wing defects or changes in dpp-lacZ expression in
gprk26936 homozygotes. The effects of the gprk26936 mutation
on dpp expression and wing patterning may be too subtle to be
detected with the tools that we used. Alternatively, gprk26936
may play no role in wing patterning and its expression at the
anterior-posterior boundary of the wing disc may play another
role altogether.

G protein-coupled signaling may mediate
developmental signals that vary in time and space
The finding that a putative G-protein coupled receptor kinase
functions during several developmental processes raises the
guestion of the developmental role of receptor desensitization.
The primary effect of gprk26936 during oogenesis was to
disrupt anterior chorion formation, a process mediated by
rapidly migrating subpopulations of follicle cells. G protein
signaling pathways are known to be important for cell
migration and/or shape changes in other developing systems.
Examplesinclude the aggregation of Dictyostelium discoideum
to form a migrating slug and fruiting body (Devreotes, 1994),
gastrulation in Drosophila embryos which requires a specific
Ga subunit encoded by the concertina locus (Parks and
Wieschaus, 1991), FGF-stimulated endothelia cell migration
which is pertussis toxin-sensitive (Sa and Fox, 1994), and Rho-
dependent neurite retraction in mammals (Postmaet al., 1996).

Because GRK s phosphorylate activated receptors, desensiti-
zation provides an ideal mechanism for regulating the respon-
siveness of receptors based on their previous signaling activity.
Based on this idea, we propose three potential developmental
roles for desensitization by GRKSs. First, desensitization could
allow a cell to generate a discrete response to a signal whose
presence in the environment is prolonged. This could play an
important role for a cell that is using a given signa as a
migratory cue as it passes through an area where that signal is
constant. Second, expression of a particular GRK could allow
cells to respond differentially to particular ligands. In Chinese
hamster ovary cells, the neurokininl and neurokinin2 receptors
display different desensitization responses to substance P and
neurokinin A (Garland et a., 1996). Third, desensitization
could be the first step in receptor recycling to alow the cell to
respond rapidly to changes in the level of an ongoing signal.
All of these mechanisms would contribute to the ability of a
cell to navigate through a complex and changing environment.
Further study of Gprk2 should help elucidate the detailed role
GPRKs play during development.
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