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SUMMARY

Protein kinase A (PKA) holoenzyme is anchored to specific
subcellular regions by interactions between regulatory
subunits (Pka-R) and A-kinase anchoring proteins
(AKAPs). We examine the functional importance of PKA
anchoring during Drosophila oogenesis by analyzing
membrane integrity and actin structures in mutants with
disruptions in Akap200, an AKAP. In wild-type ovaries,
Pka-RIl and Akap200 localized to membranes and to the
outer rim of ring canals, actin-rich structures that connect
germline cells. In Akap200 mutant ovaries, Pka-RlII
membrane localization decreased, leading to a
destabilization of membrane structures and the formation

Unexpectedly, nurse cells imkap200mutant ovaries also
had enlarged, thin ring canals. In contrast, overexpressing
Akap200 in the germline resulted in thicker, smaller ring
canals. To investigate the role ofkap200in regulating ring
canal growth, we examined genetic interactions with other
genes that are known to regulate ring canal morphology.
Akap200 mutations suppressed the small ring canal
phenotype produced bySrc64B mutants, linking Akap200
with the non-receptor tyrosine kinase pathway. Together,
these results provide the first evidence that PKA
localization is required for morphogenesis of actin
structures in an intact organism.

of binucleate nurse cells. Defects in membrane integrity
could be mimicked by expressing a constitutively active

PKA catalytic subunit (Pka-C) throughout germline cells.  Key words: Actin, Protein kinase A, AKAP, Oogenesis, Src64B

INTRODUCTION achieve specific cellular responses. One proposed mechanism
is that PKA holoenzyme is regulated by sequestration near
During development, cell function and morphology arespecific targets, ensuring a rapid local response to an
influenced by exposure to myriad extracellular signalsextracellular signal (Mochly-Rosen, 1995). This sequestration
Protein kinase A, a ubiquitous, highly conserved serineis achieved through A-kinase anchoring proteins (AKAPS), a
threonine kinase, is a key intracellular transducer of manketerogeneous family of proteins that bind to PKA regulatory
hormonal and other extracellular signals. In the absence sfibunits and anchor PKA holoenzyme (Scott and McCartney,
cAMP, inactive Protein kinase A is a holoenzyme (PKA), a1994). Many different subcellular regions are targets for PKA
heterotetramer of two identical catalytic subunits (Pka-C) andnchoring (Colledge and Scott, 1999). AKAPs were thought to
two identical regulatory subunits (Pka-R). When cAMP isinteract only with the type Il regulatory subunit; recent
present, it binds to the regulatory subunits and releasevidence suggests, however, that Pka-RI can interact with dual-
catalytic subunits from the holoenzyme, allowing specificity AKAPs that bind to either Pka-RIl or Pka-RlII
phosphorylation of target substrates. In metazoans (e€cept (Huang et al., 1997). In mammalian cells, the function of
elegan$ (Gross et al.,, 1990; Lu et al.,, 1990), the PKAAKAPs can be disrupted by treatment with Ht31, a dominant
regulatory subunits are of two types: type | (Pka-RI) or typaegative peptide that interferes with AKAP-Pka-RII
II (Pka-RIl). Mammals have two isoforms of each type ofinteractions (Carr et al., 1991). Disrupting PKA localization
regulatory subunit (e.g. Pka-®br Pka-RpB) but Drosophila  with Ht31 interfered with several cellular functions, including
has only one isoform of each type of regulatory subunithe PKA-dependent regulation of L-type calcium channels in
(Kalderon and Rubin, 1988). Once activated, the catalytielEK293 cells (Gao et al., 1997) and skeletal muscle cells
subunits are capable of phosphorylating a large number ¢dohnson et al., 1994), AMPA or kainate receptor potentiation
protein substrates, both in vitro and in vivo. in hippocampal neurons (Rosenmund et al., 1994), calcium-
The promiscuous enzymatic activity of the Pka-C subuniactivated potassium channels in isolated smooth muscle
raises questions as to how cAMP-mediated signaling capatches (Wang and Kotlikoff, 1996), aquaporin channel
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function in pancreatic cells (Klussmann et al., 1999) andMATERIALS AND METHODS

apoptotic pathways (Harada et al., 1999). These analyses reveal

the importance of AKAP—Pka-RII interactions and support thé&'ly stocks

hypothesis that sequestration of PKA may facilitate localized\ flies were raised on standard cornmeal-molasses-agar food at
and/or specific response to CAMP signaling. Here, we test tH9°C-_In this study, we used'!® flies as wild type. The stocks

possibility that such localization is necessary for regulatinéz)k07118 EP2254 UAS-GFPnls, nos-GALA4-VPIhdNGT40are

X ; BN . : .gescribed in FlyBase (FlyBase, 1999).
actin cytoskeletal dynamics and for maintaining tissue integrit Akap206°7118excision alleles were generated in two ways:

during develo_pment. S (1) To generate imprecise excisions, we crossgdw;

In Drosophilg two AKAPs were cloned using in vitro gel akap20607119CcyOfemales tav; Sp/CyO:A2-3 Sb/ TMénalesy w:
overlay assaysikap550encodes a protein that has no knownakap206°7119Cy0; A2-3 Sh/+male progeny were then mated to
functional domains other than a coiled-coil Pka-RII bindingw!118females. From these progeny, individualAkap20@k07119+
site (Han et al., 1997). Immunocytochemical analysis of/+ males were mated f(2L)N22-14/CyOfemales, and progeny
Akap550 showed that it is present in the cytoplasm ofvere scored for lethality and extra notal bristles.
developing gut, trachea and salivary gland cells and i4Akap208°711IDf(2L)N22-14 males from lines that had extra
particularly elevated in the nervous system (Han et al., 199]istles, partial lethality or other abnormalities, were crossegdwo

; ; ; in/CyO females. Individual long-bristled, Curly males (containing
and in other adult tissues (S. M. J. and C. A. B., unpublishe liner theDf(2L)N22-14or the AAkap20697118 chromosome) were

ob_sl,eévau?ng)k. Tg?l st;a_cc()jnd AgAP' AkapZdOO, cont{;u:]s Ib ?tr:j %tested by crossing backf(2L)N22-14/CyCfemales, and scoring
colled-col a- Inding domain and a myrsloylated g gpove. These individual males were stored at 18°C  until

alanine-rich C-kinase substrate (MARCKS) domain (Li et al.yeproducibility was established; stocks were generated from males
1999). Alternate splicing of this gene produces tWothat produced a consistent phenotype in the backcrdsgzh)N22-
transcripts; one contains the Pka-RIl binding domain and ongs. We hypothesized that null alleles would result in complete
lacks it, but the MARCKS domain is retained in both.penetrance of the lethality or bristle-duplication phenotypes. Although
Akap200 protein associates with membranes and subcortica screened a total of 88 excision lines, none showed complete
regions of cells when transfected into cultured Schneidepenetrance of either phenotype. Importantly, loss of all detectable
cells, and purified Akap200 binds to purified actin filamentdmmunoreactivity in situ or on western blots (data not shown) failed
in vitro (Rossi et al., 1999). These observations suggest thg)r[lproduce strains that were completely penetrant for the viability or

Akap200 is involved in linking PKA signaling to the actin 2/'St€ phenotypes. Thus, the null phenotype may not be completely
cytoskeleton penetrant for these phenotypes, and molecular screening will be

. necessary to isolate deletion mutations that remove the coding region.
Although Akap200 is expressed throughout developmengiyen the position of th® element in the locus, such deletions are

in the fly (Li et al., 1999) (S. M. J. and C. A. B., unpublishedexpected to be rare events. We did select four new alleles for further
observations), its function is not knowrDrosophila analysis (see Table 1)Akap200¢“, viable, infrequent bristle
oogenesis provides an ideal model system for analyzinduplications;Akap206<1, slight decrease in viability, frequent bristle
AKAP-mediated regulation of PKA signaling events in aduplications; Akap200%, decreased viability, infrequent bristle
developmental context. The egg chambers present in tifiplications; Akap2087, decreased viability, frequent bristle
Drosophila ovary contain large cells with well-defined and duplications. The analyses of @kap200mutants were performed
easily observed actin-derived structures. Furthermore, Iar?'B%Q'g?‘ggg?gg'iﬁzg13(;2;?33; rté‘;E\f/gs'-)mizifagzgo%l‘locus
numbers of egg chambers are easy to obtain and e { e e i

4 mpletely.
chambers at different stages of development are presen 2) To generate precise excisions, we followed the scheme

within a single ovary. Oogenesis begins in the germarium, gescribed above, except thatw; Akap20807118Cy0: A2-3 Shi+
structure at the anterior tip of each ovariole that contains th@ales were mated tp w; Pin/CyOfemales. From these progeny,
germline and somatic precursor cells (Spradling, 1993)ndividual y w; AAkap200/Pinwere mated taDf(2L)N22-14/CyO
Approximately halfway down the germarium, interleavingfemales, andAAkap20@Df(2L)N22-14flies were scored as above.
follicle cells migrate to surround a single germline cyst andstocks were established from lines that lacked extra bristles. This
form an egg chamber. Thus, each egg chamber consists of ffieen also produced imprecise excisions that resulted in viability and
epithelial monolayer of somatically-derived follicle cells Pristle defects, but again, none were completely penetrant.
surrounding a syncytial cyst of 16 germline-derived cells. Thgjecular biology

germl!ne cyst arises by four mcpmplete Cytoklneses of &he structure of thAkap200ocus was derived from cDNAs reported
germline cystoblast cell and contains 15 polyploid nurse cellg, (Li et al., 1999). The extent of thekap200deletions in the

and a single diploid oocyte. The nurse cells and oocyte aigprecise excision alleles was determined by preparing genomic DNA
connected to each other via specialized channels known &8m w118 or Akap200Df(2L)N22-14flies and analyzing the DNA
ring canals. These ring canals are rich in flamentous actin &g Southern analysis according to established techniques (Jowett,
well as several other proteins that regulate the morpholog®98; Sambrook et al., 1989) and manufacturer’s instructions (Genius
and growth of the ring canals during oogenesis (CooleKit, Roche Diagnostics, Mannheim, Germany).

1998).

furllrgztitohrllsdS::Jndgy’oc\;\geendeessisc.”\t/)\(/ee gﬁgvzlnt\;]e;tl'[%?;lc&r;g acgﬁ(t)r?buté%du” females were placed in vials with fresh yeast and males for

to th int d lati f cvtoskeletal struct Several days before dissecting. Ovaries were dissected, processed and
0 the maintenance and regufation ot cyloskeietal Structures Hﬁalyzed as described previously (Jackson and Berg, 1999). Antibody

the germline cells. Our results demonstrate that PKA anchoring,ncentrations were as follows: anti-phosphotyrosine 1:10 (Zymed,
is necessary to maintain the cytoarchitecture of the germling&outh San Francisco, CA, USA), aBtiesophilaHts-RC 1:10 (gift
derived cells, providing evidence that PKA anchoring isfrom L. Cooley), antBrosophila Pka-RIl 1:2500 (gift from D.
important during morphogenesis. Kalderon), antibrosophila Akap200 1:1000 (gift from C. Rubin),

Immunocytochemistry
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Alexa Fluor 488 anti-mouse and Alexa Fluor 568 anti-rabbit 1:100ear the membranes of the germline cells throughout oogenesis
(Molecular Probes, Eugene, OR, USA). Where appropriate, DAPaAnd was therefore a candidate for regulating PKA activity near
(0.2ug mi) and/or fluorescent phalloidin conjugates (2 Ulfihal  the subcortical cytoskeleton (Figs 1 and 3). In the somatic
concentration, Molecular Probes) were included in secondaryp|licle cells, Akap200 was also associated with membranes
antbocy ncibatons, Egg shatbers were phctographed on % i@lring the early stages of oogenesis. Expression decreased i
Il flatbed scanner, or digital_images acquired on a BioRad MRC60§1;a rgt?ocrz/t%-vaesrs?ﬁleatigc fg“gﬁ acelizxi?nsaté?eystgegaginéh?)l;
',i‘je{,'scﬁ‘ﬁ ntmgh Confogald-ml?%sf Ops ; LTageS V\éere ttranfferred E)Hog]enesis Akap200 exgression Fr)gmained ir)1/ the ?ollicle cells
obe Photoshop and adjusted for brightness and contrast. :

To measure reFI)ative sines of ring ce?nals, Z-series optical sectio@gsociated with the nurse cells and in the nurse cells themselves
through identically staged norma¥(t18or w11¥+; Df(2L)N22-14/+  (Fig. 1B). We also noticed that Akap200 was enriched on the
or daughterlessGAL4/UAS-Akap20ind mutant egg chambers were ring canals of the nurse cells. Ring canals have an inner and
acquired by confocal microscopy and projected onto a single flat plarguter rim, and although some proteins associate only with inner
using NIH Image 1.62. To measure the outside diameter, lineaims, specific functions have not yet been attributed to either
measurements of the number of pixels through the widest projectiae inner or the outer rim. Nevertheless, costaining with Hts-
g.f fing canals were talée_n using 'II\“H |magr:e sof:]wa;]re. T_Qe INSid& ¢ antibodies, which recognize inner-rim-specific epitopes of

lameter was measured In a similar way through the widest |nn(|-1.1t§1e hu-li tai shao gene product (Robinson et aI., 1994)’

diameter that lacked discernable staining; if no inner diameter cou . . /
be discerned, no measurement of that ring canal was taken. Inner gested that Akap200 localized to the outer rim of the ring

outer diameters were measured for all ring canals possible in an e§gnals (Fig. 1C). Finally, in addition to the membrane and ring

chamber. The number of pixels for all ring canals in an egg chamb&anal association, Akap200 immunoreactivity was also

were averaged, and then outer diameters in mutants were normaliz&gsociated with cytoplasmic puncta at all observable stages.

to outer diameters in control flies, and inner diameters in mutants were The catalytic subunit of Pka-C is localized to the membranes

normalized to inner diameters in controls (wild-typ&.00). of germline cells in wild-type ovaries (Lane and Kalderon,
1995). The subcellular localization of the regulatory subunits
has not yet been described however, and because the catalytic

RESULTS subunits dissociate from the regulatory subunits in the presence
) of cAMP, the subcellular localization of the regulatory and

Akap200 and Pka-RIl are localized to membranes catalytic subunits may not necessarily overlap. We therefore

and ring canals stained wild-type ovaries with antibodies prepared against the

Recent analyses of abnormal nurse cell fusions durinBrosophila Pka-RIl subunit (Crittenden et al., 1998). In the
Drosophila oogenesis revealed that genes regulatingvary, the localization of Pka-RIl resembled Akap200 (Fig. 1D
cytoskeleton function and genes involved in cCAMP metabolisnand E). A majority of Pka-RIl was associated with membranes
were required to preserve the structural integrity of the nursef both the follicle cells and the germline-derived cells
cells (Jackson and Berg, 1999; Jackson and Blochlinger, 199jroughout oogenesis. At the anteriormost region of the
We hypothesized that the anchoring of PKA holoenzyme neaermarium (region 1), Pka-RIl was found on the membranes
the cortex of cells may regulate cytoskeletal function. To tesif the germline stem cells (Fig. 1D). Pka-RII levels appeared
this hypothesis, we examined the distribution of AKAPs into be higher in the follicle cells than in the germline cells. In
wild-type ovaries. One of these, Akap200, could be detectetthe middle stages of oogenesis, Pka-RIl expression increased

Fig. 1. Akap200 and Pka-RII
localization inDrosophilawild-
type ovaries. (A-C) Akap200
localization. (A) Akap200 protei
was present on membranes of
follicle cells and nurse cells at ¢
stages of oogenesis. It was alst
component of ring canals
(arrows). (B) Akap200 expressi
diminished after stage ten in the
follicle cells over the oocyte
(arrow), but persisted in the nur
cell-associated follicle cells,
nurse cells and ring canals.

(C) Akap200 immunoreactivity
(red) did not colocalize with Hu-
li tai shao immunoreactivity
(green). Akap200 was enriched
on the outer rim of the ring cani
(arrows). (D-F) Pka-RlII
localization. (D) Germarium and early-staged egg chambers. Like Akap200, Pka-RII protein localized to membranes and (argoees)als
(E) Later-staged egg chambers, including a portion of a stage nine egg chamber (arrowhead). Pka-RIl was also enriclpedfifobicdeou
cells at the anterior of egg chambers (bracket). (F) Pka-RIl immunoreactivity (red) did not colocalize with Hu-li tai shrameéactivity
(green), suggesting that it was enriched on the outer rim of ring canals.
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Table 1. Frequency of extra bristles and binucleate cells ikkap200excision lines

Extra Normal Binucleate

Genotype Molecular lesion Viability* — n* bristles’  nf cellsf cells Othet nl
wlllg+; Df(2L)N22-14/+ 100% 443 2% 188 95% 1.4% 3.6% 440
Akap20497119Df(2L)N22-14  PlacWnserted into first exon 81% 1087* 19% 134 85% 11% 3.2% 784
Akap200x4/Df(2L)N22-14 4 kb internal deletion iR element 92% 636 10% 168 82% 16% 1.8% 538
Akap200<Y/Df(2L)N22-14 1 kb internal deletion iR element 81% 557* 25% 123 79% 18% 2.7% 696
Akap2002/Df(2L)N22-14 2 kb internal deletion iR element 75% 509* 14% 94 73% 24% 3.4% 690
Akap20@7/Df(2L)N22-14 Pelement plus 1.2 kb of firétkap200 77% 799* 30% 174 61% 33% 6.1% 885

intron removed

*Percentage ohkap200/Df(2L)N22-14dults compared to Mendelian-expected numbers, * deviation from predicted frequency is sigRiic@rdq1 byx?
test).n=total number of adults scored.

TPercentage ofkap20@Df(2L)N22-14adults with at least one extra notal brisienumber ofAkap200mutant adult cuticles examined.

*Oogenesis phenotypes were scored between stages two and eleven. Percentages are percent of all egg chambers at thiseistigatediphenotype.

SExamples of other phenotypes include degenerating egg chambers, cyst encapsulation defects and arrest of egg chamber maturation

In=number of egg chambers scored between stages two and eleven.

in the anteriormost group of follicle cells that will become (Akap20@Df(2L)N22-14 to reduce the contribution of other
border cells (Fig. 1E, bracket). Pka-RIl was also found on theecessive mutations on the origiffaélement chromosome. To
outer rim of ring canals of nurse cells (Fig. 1F). It persisted omerify that the P element was responsible for Akap200
the ring canals until oogenesis was completed. Pka-Rihenotypes, and to generate other alleles, we mobilized the
localization was diffuse throughout the cytoplasm in all theslement and established multiple, independent excision lines.
cells in the ovary, and did not appear to be localized t®recise excision reverted all the phenotypes described below,
particular structures in wild-type egg chambers (data nademonstrating that th® element was responsible for the

shown). observed abnormalities. Several lines exhibited decreased
o ) . viability and/or the presence of extra notal bristles when trans

Identification of a P element inserted into the to theDf(2L)N22-14chromosome; we chose four of these lines

Akap200 locus for further analysis. Although all of these lines produced extra

To evaluate the significance of Akap200 localization and to testotal bristles, neither the original insertion allele nor any of the
its function in PKA anchoring, we characterize® alement excision lines demonstrated a complete penetrance in the
insertion in theAkap200locus ((2)k07118°711§ identified reduced viability or bristle phenotype, described below (Table
and mapped by the Berkeley Drosophila Genome Projedt and Fig. 2).

(Spradling et al., 1999). ThR element is located in the large  Cuticles and other adult structures froikap2060711§

first intron of theAkap200gene (Fig. 2), and although the Df(2L)N22-14 hemizygotes had a mostly wild-type
mutation was originally described as lethal, we found that amorphology. In approximately a fifth of the adult flies,
unrelated background mutation on the chromosome accountbdwever, extra notal macrochaetae were present (Table 1).
for a majority of the lethality. Once this background lethalThese extra macrochaetae were accompanied by a socket cell
mutation was removed, we were able to recokkap200 and were either directly adjacent to the normal macrochaete or
homozygotes at slightly less than Mendelian-predicteanidway between the proximal and distal macrochaetae. Extra
frequencies (Table 1); we therefore refer to this allele abristles were not observed in other locations, however, and the
Akap206°7118 Nevertheless, in all our experiments, wepresence of more than one extra bristle on a single notum was
analyzed the phenotypes of hemizygodisap200 mutants rare. These observations suggest that Akap200 could be

wild-ty pe

Fig. 2. Molecular characterization of M

Akap200alleles. Exons are depicted as 6341725
black bars at the top. The BDGP
nucleotide number of particular 8321683\| 8326178\| I/8327022 8337318\| 8341381\|‘
landmarks within contig AE003621 are e
shown on the bar below, including the - T~
P-element insertion site inthkap200 Akap200k07118 (I . |

(8327022), start codon (8337328) and )

polyadenylation site (8341381). The  Akap200/x I .. I B

site of thePlacWinsertion in the first i

intron is indicated at the confluence of Akap200%2 (L I~~~ |

the dashed lines. Theelement alleles  axap200ix4 1T i~~~

are denoted with blue bars indicating

lacZ sequences, red barsragiwhite

sequences. Sequences removed in the P~~~

excision lines are indicated with jagged M
lines.

Akap200A7
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. X of both the germline and follicle cells (Fig. 3A and B). In
anti-Akap200 anti-PkaRill Akap206°7118 mutant ovaries, almost all the Akap200

B - immunoreactivity was abolished (Fig. 3C). This low but
detectable residual staining suggested thatAtkep20607118
allele was not null. The effects of lossAKap200function were
most evident in the germline cells, in which Pka-RIl membrane
staining decreased and cytoplasmic staining increased (Fig. 3D).
Membrane association persisted in the follicle cells however, and
to a lesser degree in later-staged nurse cells. This persistent
membrane staining may result from parf&ikap200activity or
because other AKAPs anchor Pka-RII to the membranes of these
cells. In the excision allelékap20®“4, a partial restoration of
Akap200 immunoreactivity (Fig. 3E) correlated with a partial
restoration of Pka-RlIl membrane localization, with a
concomitant decrease in cytoplasmic staining (Fig. 3F). In
Akap20@’ flies, Akap200 immunoreactivity is undetectable
(Fig. 3G) and is indistinguishable from controls with secondary
antibody only (data not shown). As a result, Pka-RIl membrane
association is reduced in the germline stem cells and in other
cells of the ovary (Fig. 3H). Notably, the total amount of Pka-
RIl protein was unchanged in each of thkap200mutants.
Akap200 is therefore responsible for sequestering a majority of
Pka-RIl to the membranes of germline cells during the early
stages of oogenesis.

Akap200 mutants produce binucleate nurse cells

Our hypothesis predicts that if PKA anchoring is important for
preserving nurse cell membrane and actin integrity, then
disrupting anchoring should produce binucleate nurse cells. We
used both loss-of-function and gain-of-function approaches to
test this prediction. First, we analyzed the effectdlap200
mutations on the morphology of the egg chamber by staining
mutant egg chambers with fluorescent-phalloidin conjugates,
germaria. Akap200 (A) and Pka-RII (B) localized to membranes of to examme. aCt!n'”Ch rng C‘?‘”a's and subcortical actin, and
germline and follicle cells in the germarium (arrowhead in B). DAPI, to visualize the nuclei. Females mutant fd@p200
(C-H) Akap200 mutant ovaries. ikap20697118Df(2L)N22-14 produced egg chambers that had multinucleate cells with ring
germaria, most of the Akap200 immunoreactivity was lost (C), canal remnants (Table 1, Fig. 4A and B). As is the case with
resulting in a decrease of Pka-RIl membrane localization in germlingnost other mutations that produce multinucleate cells, these
cells (D, arrowhead). Females hemizygous for the excision allele remnants stain with Hts-RC antibodies (data not shown),
Akap20®4/Df(2L)N22-14exhibited a partial restoration of Akap200 suggesting that cytokineses and ring canal formation were
immugloreactivity _int_the germari?rr;I (B). ,tAs adrt(asult, Pkr;—Rl(lj) . Iinitially normal in these mutants.
mem rane association was partially restore , arrownead). Fema eSSecond, we reasoned that IossAdihpZOOactivity and the
hemizygous for the strongest alleAkap2067/Df(2L)N22-14 had resulting failure to sequester PKA holoenzyme would produce
almost undetectable Akap200 immunoreactivity (G) and decreased . . .

a change in the local concentration of available Pka-C. We

Pka-RIl membrane localization (H, arrowhead). Pka-RIl membrane : S . o
localization was not completely eliminated by this allele, however. t€Sted this hypothesis directly by expressing a constitutively

Fig. 3. Pka-RlIl localization ilAkap200mutants. (A,B) Control

Note that the total amount of Pka-RII protein appeared to be active Pka-C mutant subunit (Pka-C*) (Li et al., 1995)
unchanged in al\kap200mutants; only the fraction associated with throughout the germline cells (Fig. 4C-E). This transgene,
membranes and the fraction found in the cytoplasm changed. driven by a UAS promoter, has a point mutation that diminishes

its ability to bind to PKA regulatory subunits; it therefore
cannot be sequestered (Orellana and McKnight, 1992). We also
involved in the choice between the alternate cell fates afsed two lines that express GAL4 at different levels in the

epidermis or sensory organ. germline hos-GAL4-VP1§VanDoren et al., 1998) aiiGT40
(Tracey et al., 2000)], to determine the relative dosage effects

Akap200 mutants decrease Pka-RIl membrane of active Pka-C. When Pka-C* was expressed in the germline,

localization binucleate cells were produced at a frequency that correlated

Based on the similar staining patterns, we hypothesized thafith the levels of GAL4 expressiotNGT40+ < nos-GAL4-
Akap200 was responsible for the Pka-RIl membraneVP16/+ Table 2). Although botNGT40andnos-GAL4-VP16
sequestration and therefore, disrupidgp200function would  directed expression during the earliest stages of oogenesis,
redistribute Pka-RIl to other areas. To test this hypothesis, wanucleate cells were only observed after approximately stage
examined Pka-RIl localization iAkap200mutants. In control five or six. We observed a similar phenotype wR&T40was
germaria, Akap200 and Pka-RII are associated with membranased to drive wild-type Pka-C instead of Pka-C*, although
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fewer affected egg chambers resulted. Nevertheless, to ensure
the analysis of all potential mutant egg chambers, we counted
the frequency of binucleate cells at all stages between 2 and
11, resulting in binucleate cell frequencies of less than 10% for
all egg chambers. No binucleate cells were observed with a
peptide inhibitor of Pka-CUAS-PKIF (Kiger et al., 1999) or

a mutant that fails to bind to Pka-OAS-PKIG9:29 (Kiger et

al., 1999), demonstrating that the binucleate cell phenotype
was not due to GAL4 expression in the germline. Therefore,
ectopic Pka-C activity disrupts the morphology of the germline
cells.

Models of AKAP function have suggested two distinct roles
for AKAPs: they either control the local activity of Pka-C by
sequestering inhibitory subunits to specific subcellular locales,
or they act as a scaffold, bringing PKA signaling components
together. The first model predicts that increased Pka-C activity
would either have no effect or enhance AKAP loss of function
Fig. 4. Akap200mutants phenotypes, whereas in the scaffold model, increased Pka-C
produce binucleate nurse cells. activity would overcome the loss of AKAP function. To

(A) Wild-type stage ten egg distinguish between these roles of Akap200 in regulating actin
chamber, stained with DAPI morphology, we expressed Pka-C*ikap200doss of function
(blue) and rhodamine- ovaries (Table 2). The frequency of multinucleate cells
conjugated phalloidin (red). increased when Pka-C* was expressed in an
Note the ring canal Akap200Df(2L)N22-14mutant background. These results are
(arrowhead). (B) Similarly consistent with the hypothesis that Akap200 regulates the

0711 i i .. . L. . .
stagedAkap20807119Df(2L)N22-14egg chamber, stained with activity of the Pka-C subunit in the vicinity of subcortical actin

DAPI and rhodamine phalloidin. Two binucleate nurse cells with . s .
ring canal remnants are indicated with arrowheads. (C-E) Express‘,inltgI the nurse cells by localizing Pka-RII to these regions.

Pka-C throughout the germline with the GAL4/UAS system . . .
produces binucleate nurse cells. (C) Expression pattern of GAL4 “nékapZOO expression levels affect ring canal size

NGT4Q visualized ilfNGT40UAS-GFPnlovaries. GAL4 Interestingly, we noticed during our studies ti#tap200
expression was weak in this line, and was only detectable in mutations also affected the size of the ring canals in the intact,
germline cells in the germarium. (D) Expression pattern of GAL4 mononucleate nurse cells. Tilney and colleagues measured ring
line nos-GAL4-VP16visualized imos-GAL4-VP1BJAS-GFPnls canal size throughout oogenesis, and although they found
females. GAL4 expression was much stronger in this line, and variability because of the age of the ring canal, the size fell
highest in the germline cells in the germarium and after within a stereotypical range for a particular stage (Tilney et al.,
approximately stage seven. (E) Egg chambers N@A40/UAS- 1996). We noticed that in the stroAgap200alleles, the ring

PkaC*females, stained with DAPI to visualize nuclei (blue) and
rhodamine phalloidin (red). Note the binucleate nurse cell with a rin
canal remnant (arrowhead). Binucleate cells with identical

anals appeared to be larger and thinner than wild type. We
tained ring canals with phalloidin, anti-Hts-RC and anti-

morphologies were observedrins-GAL4-VP16/UAS-Pka-C* phosphotyrosine, then measured the inner and outer ring canal
ovaries. In C,D, the membrane and ring canal staining is due to ~ diameter between stages seven and ten in mutant and wild-type
bleed-through from the rhodamine-phalloidin channel. egg chambers. We found that at each stage and with each

Table 2. Ectopic germline expression of Pka-C produces binucleate cells

Genotypé Resulting expression pattérn % BNCS nf
Pka-C*/+; nos-GAL4-VP16/+ Constitutively active Pka-C throughout germline 7.3% 912
Pka-C*/+; NGT40/+ Constitutively active Pka-C throughout germline 3.1% 1616
Pka-C/+; NGT40/+ Normal Pka-C subunit throughout germline 1.2% 1608
UAS-PKIF/+; NGT40/+ Peptide inhibitor of Pka-C throughout germline 0% 749
UAS-PKIG9:29+; NGT40/+ Mutant peptide inhibitor of Pka-C throughout germline 0% 336
UAS-PKIG929+; nos-GAL4-VP16/+ Mutant peptide inhibitor of Pka-C throughout germline 0% 833
yw Normal 0.1% 1760
ywiw; Pka-C* Akap20@7119Df(2L)N22-14;+/+ Akap200oss of function 19% 1103
ywiw; Pka-C* Akap20®7119+; nos-GAL4-VP16/+ Constitutively active Pka-C* throughout germline 4.5% 797
ywiw; Pka-C* Akap20@7118Df(2L)N22-14; nos-GAL4-VP16/+ Akap20fss of function with constitutively active 30% 928

Pka-C* throughout germline

TPka-C*: constitutively active Pka-C mutant sububiésS-PKIF peptide inhibitor of Pka-QJAS-PKIG9:20 inactive mutant oUAS-PKIF (Kiger et al.,
1999).

*See Fig. 4C and D for relative levels of GAL4 expression in these lines.

80 BNC: Percent of egg chambers with at least one binucleate nurse cell.

n=total number of egg chambers scored (between stages two and eleven).
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epitope, both the inner and outer r
were larger in the mutants (Table 3, |
5). Although the ring canals were la
and thin, phosphotyrosine, Hts-F
Kelch and Filamin all appeared
localize normally to the mutant ri
canals (data not shown). TiA&ap2087
allele also produced large, thin r
canals that were similar in size
Akap206°7118ring canals (Table 3). E
contrast, the weakehkap200“ allele,
which retained some Akap200 functi
had an approximately normal ring cs
size, even though it produc
multinucleate nurse cells.

Because loss ofAkap200 function
produced large ring canals,
hypothesized that the gain 8kap20(
function might result in smaller rit

Fig. 5. Altering Akap200 expression levels
changes ring canal size. (A) Confocal
projection of wild-type stage-ten egg
chamber stained with rhodamine phalloidin.
(B) Similar staged
Akap20697119Df(2L)N22-14egg chamber.
Note the larger, thinner ring canals.

(C) Similar-stagedhos-GAL4-VP16/UAS-
Akap200egg chamber. Females containing

canals. We therefore overexpres these transgenes overexpressed Akap200
Akap200 in the nurse cells by cross throughout the germline, resulting in

a GAL4-dependent ‘enhancer pira smaller, thicker ring canals. Insets show a
line, EP2254(Rarth et al., 1998), whic representative ring canal from each egg chamber, magnified a further four times.

maps to theAkap200locus (FlyBase

1999), to flies containing a germlir

expressing GAL4 transgenends-GAL4-VP1j Ovaries Loss of Akap200 function suppresses Src64B ring

from females carrying botmos-GAL4-VP16and UAS-  canal phenotype

Akap200produced egg chambers in which ring canals werélthough many genes have been identified that alter ring canal
smaller and thicker than wild type (Table 3 and Fig. 5)function, altered ring canal size has only been observed in
These females were fertile however, and the small ringhutants of the non-receptor tyrosine kinaSe4BandTec29
canals did not interfere with the transfer of nurse cel(Dodson et al., 1998; Guarnieri et al., 1998; Roulier et al.,
contents to the oocyte (dumping; see Spradling, 1993).998). In these mutants, ring canals are smaller, a phenotype
Although nos-GAL4-VP16was expressed at the earliestopposite to that of thdkap200mutants. We examined ring
stages of oogenesis (Fig. 4D), we did not detect differencesnals inSrc64Bmutant ovaries wheAkap200gene dose is

in ring canal morphology prior to stage four, nor did wereduced, to determine whethékap200 could antagonize
observe other defects that could be correlated with altere®rc64B in regulating ring canal size. The hypomorphic
germline stem cell function (i.e. extra or fewer divisions,Src64B" allele (Dodson et al., 1998) is homozygous viable and
changes in fate). Overexpressing Akap200 in the follicleoroduces ring canals that are smaller than wild type (Table 3
cells resulted in ovaries that were indistinguishable fronand Fig. 6A,B) Akap206°7118acted as a dominant suppressor
wild-type (data not shown). of the small ring canal size phenotype produced by these

Table 3. Changing Akap200 expression levels alters ring canal size

Relative Relative
outer inner

Genotype diametér s.d. n diametef s.d. n
normap 1.00* 0.13 200 1.00* 0.14 105
Akap20607118Df(2L)N22-14 1.14 0.11 301 1.29 0.20 217
nosG4/UAS-Akap200 0.89" 0.15 254 0.88 0.13 140
wilis 1.00° 0.11 160 1.00 0.12 89
Src648’'/Src648 0.69* 0.07 165 0.69* 0.11 118
Akap20607118+; Src64BY/Src64B! 0.92f 0.10 150 0.92 0.14 87
Akap2060711§Akap20607118 SrceaB/+ 1T 1.09" 0.14 87 1.13 0.17 58
willg+: Df(2L)N22-14/+ 1.00* 0.14 74 1.00* 0.09 48
Akap20607119Df(2L)N22-14 1.24 0.19 99 1.43 0.16 62
Akap2087/Df(2L)N22-14 1.23 0.13 81 1.38 0.16 48
Akap2004/Df(2L)N22-14 1.06'" 0.21 83 117" 0.12 47

*Outer diameters in mutants were normalized to outer diameters in control flies; inner diameters in mutants were normdizéigboeiters in controls.
Differences between * and  were statistically significant using the Mann-Whitney B<d€r9); differences between * and 11 were not statistically
significant.

8These numbers includiaughterlessGAL4/UAS.Akap2iies, wl118flies, andw!11§+; Df(2L)N22-14/+flies, all of which had similar ring canal diameters.

fThese flies are homozygous fakap206°7118 not hemizygous.
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mutants. Females of genoty
Akap20607119+: Src64B’'/Src64B" produce
ring canals that are almost wild type in size
have near normal amounts of phosphotyra
(Fig. 6C and Table 3). Reduci®jc64Bgene
dose by half, however, failed to affect the ¢
of the ring canals produced kkap20607118
mutants. Ring canals produced
Akap206°7119Akap20607118 Src64B/+
were slightly smaller than those producec
Akap206°7118 mutants. These results sugc
that Src64Band Akap200act antagonisticall
to regulate ring canal growth. Akap200 prot
localization was not altered detectably
Src64B! mutant egg chambers (Fig. 6E),
was Src64B localization changed visibly
Akap200 mutant ovaries (data not show
These observations suggest that
translational mechanisms may be respon:
for the genetic interaction.

Fig. 6. An Akap200mutation
dominantly suppresses tBec64Bring
canal size phenotype. (A-D) Confocal
projection of egg chambers stained
with phosphotyrosine antibodies.

(A) Wild-type stage-ten egg chamber.
(B) Src64B/Src64B stage-ten egg
chamber. Note small ring canals and

DISCUSSION

In this study, we analyzed the role of P
anchoring in a developmental context.

showed that Akap200 and Pka-RIl coloca
to membranes and ring canals du
oogenesis and that loss Akap200function misshapen ring canal remnant in the
diminishes Pka-RIl membrane localizati fused, binucleate nurse cell (arrow).

Moreover, loss oAkap200function affects th (C) Akap206°7119+; _ _
structural integrity of the germline-deriv Src64B/Src64B stage-ten egg chamber. The ring canals are near wild-type-sized.

cells. Expressing a mutant PKA catal (D) Akap20B97119Akap20607118 Src64B/+ stage-ten egg chamber. Ring canals are
- . i J near normal sized; a ring canal remnant is indicated with an arrowhead.

subunit, mcapa.ble of associating (E) Src64B'/Src64B early stage-ten egg chamber stained with Akap200 antiserum.

regulatory subunits and therefore incapabl  Eycept for the small ring canals, Akap200 localization in these mutants appears

being properly sequestered, produces sir  normal.

phenotypes to loss ofAkap200 function.

Akap200mutations result in large, thin ril

canals; conversely, Akap200 overexpressic

the germline yields smaller, thicker ring canals. Finally, loss of In this model, Akap200 could have two roles. First, by
Akap200function suppresses the small ring canal phenotypbinding to other proteins besides Pka-RIl, Akap200 may act as

produced bySrc64Bmutants. a scaffold that brings substrates and other regulatory proteins to
_ o _ the membrane, ensuring rapid, local responses to PKA
Localized PKA activity and cytoarchitecture activation. Alternatively, by interacting with the inhibitory

Our results provide in vivo support of a model for regulatingregulatory subunits, Akap200 may act as a ‘sponge’ to ensure
Pka-C activity by subcellular sequestration (Fig. 7). Wehat concentrations of active Pka-C subunit are precisely
propose that Akap200 (green rectangles) in the vicinity of ringontrolled at the subcellular level. Our results, together with
canals and nurse cell membranes anchors Pka-RII (dark blstudies ofPka-Closs-of-function in the ovary, suggest that the
rectangles) to these same subcellular regions. In turn, Pka-Riiecise concentration of Pka-C activity at the membrane is
binds and inactivates Pka-C (pink rectangles); the Akap20@ritical to regulate the morphology of actin structures in egg
Pka-RIl complex may be thought of as a ‘sponge’ for activehambers, and that one of the functions of Akap200 is to control
Pka-C subunit. Some, if not a majority, of the Pka-C subunitthis activity. In Pka-C loss of function mutants, some of the
in the germline are sequestered in the vicinity of membranes/toskeleton-associated proteins that require  Pka-C
as well and may result from associations with the Akap200phosphorylation (orange blobs in Fig. 7) may fail to become
PkaRIl complex (Lane and Kalderon, 1995). Several differenactive. As a result, local instabilities in subcortical actin
cytoskeleton-associated proteins (yellow circles and orang#@aments may provide weak points for rapid disassembly of the
blobs) that regulate the morphology of filamentous actin (recemaining filaments, ultimately producing a binucleate nurse
lines) might be regulated by Pka-C phosphorylation, and theell. In Akap200mutants, Pka-RIlI cannot be sequestered; the
combination of activities of these other proteins and Pka-@egulatory ‘sponge’ discussed above therefore does not form
ensures that the actin filaments are properly assembled apcbperly. Similarly, when a mutant Pka-C incapable of being
their morphology maintained. properly sequestered is expressed in the nurse cells, it does not
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(Howe and Juliano, 2000). Other likely candidates include those
uncovered in a screen for mutations that produce binucleate
Actin-regulating 1 cells (Jackson and Berg, 1999).

roteins 3
a’ i s
Y Y LXX)

Wild type Pka-C mutant

Mechanism of Akap200 action

Loss of Akap200does not completely eliminate all Pka-RII
membrane localization, possibly because even our strongest
alleles, which eliminate all detectable Akap200 protein, may not
be null. Other proteins besides Akap200 are also likely to
contribute to Pka-RIl sequestration in the vicinity of the
membranes. In mammalian cells, the widely expressed
AKAP75/79/150 sequesters Pka-RIl subunit to membranes in
transfected HEK293 cells (Li et al., 1996), and ezrin, an actin-
binding protein, is an AKAP in gastric mucosal cells (Dransfield
et al., 1997). Neither of these proteins can be responsible for the
residual Pka-RIl membrane staining in Akap200 mutants
however, because no obvious homologs to either
AKAP75/79/150 or ezrin exist in the fly genome (FlyBase, 1999).
In fact, the overall lack of strong sequence homology among
AKAPs hinders our ability to identify homologs by database
searching. Other Pka-RIl binding proteins that may be present in
Fig. 7.Model for localized regulation of Protein kinase A activity by the fly ovary must therefqre be identified using other methOds'
Akap200 See Discussion for details. Red depicts filamentous actin in 1he subcellular localization of endogenous Akap200 in
subcortical regions of nurse cells and ring canals, green symbolizesovaries is consistent with previous studies showing that the
Akap200, dark blue is Pka-RIl, pink is Pka-C; yellow circles and ~ myristoylation site within the MARCKS domain is responsible
orange blobs are other proteins that regulate actin filament for Akap200 membrane association in transfected Schneider
polymerization or function. Phosphorylation by Pka-C inhibits the  cells (Rossi et al., 1999). Our studies do not distinguish
actin-regulating activity of the yellow circle proteins in this diagram, \hether the localization in the ovary results from direct
whereas Pka-C phosphorylation is required for the orange blob  memprane association via the myristoylation modification, or
proftelns t]? reglljla_te acé'” f””hC“O.” properlbyl. Pkfat-)_cd!s a ml#l?lel from associations with subcortical actin via the actin-binding
Isoform of catalytic subunit that is incapable of binding to Pka-RIl. - qtit tound withink MARCKS domain proteins (Aderem,
1992). The localization of Akap200 on the outer rim of ring
canals could be explained by direct interactions with the
matter that AKAP200/Pka-RIl ‘sponge’ is localized filamentous actin found on the inner rim of the ring canal, or
appropriately. These two changes produce higher locddy embedding Akap200 into the plasma membrane near the
concentrations of active Pka-C in the vicinity of subcorticalouter rim via its myristoylation motif. Interestingly, we did not
actin and ring canals, which in turn phosphorylate other actirdetect any Akap200 associated with other filamentous actin-
associated proteins (yellow circles in Fig. 7) and modifycontaining structures in the ovary, such as the spectrosome, the
their activity inappropriately. Although a different set of fusome or the actin fibers that anchor nurse cell nuclei during
cytoskeleton-associated proteins may be misregulated kumping (see Robinson and Cooley, 1997). This observation
ectopic Pka-C activity than loss of Pka-C activity, the end resulaises the possibility that Akap200 does not bind to ovarian
of local destabilization of actin filaments and nurse cell fusiomctin filaments directly; rather, the myristoylation domain may
could be the same. This hypothesis predicts that loss of Pka-Rdinbed Akap200 in the membrane near subcortical actin and
function would also result in ectopic, active Pka-C and woulding canals. Alternatively, the filamentous actin-binding
produce a similar phenotype. Indeed, nurse cell fusions withctivity of Akap200 may be regulated, such that Akap200 is
very similar morphology were reported in Pka-RIl mutantcapable of binding only to subsets of actin filaments in the
ovaries (Park et al., 2000). Finally, one of the predictions of avary. This regulation may be mediated by Protein kinase C or
scaffold model is that expressing Pka-C* throughout th&CAM kinase modifications in the MARCKS domain (Aderem,
germline cells might be expected to overcome the lack of 4992), or phosphorylation elsewhere in the protein by non-
scaffold in Akap200 mutants. We found, however, that receptor tyrosine kinases. Further experimentation is needed to
expressing Pka-C* inAkap200 mutants exacerbated the distinguish among these possibilities.
frequency of binucleate cell production. These results support
the hypothesis that the amount of active Pka-C is regulatdgffects on ring canal morphology
locally in the ovary and argue against the need for Akap200 ©ne surprising phenotype observed in Akap200 mutants was
bring Pka-C to the vicinity of substrate molecules. Neverthelesghat ring canals were larger. The mechanism by which ring canal
these two mechanisms are not mutually exclusive, and Pka<ize is regulated during oogenesis is not yet clear. Mutations in
regulation by Akap200 in these cells could be complex. Thewvo non-receptor tyrosine kinase gen&sc64Band Tec29
identities of the hypothesized actin-associated proteins remamake smaller ring canals and are important for regulating ring
to be determined. One intriguing candidate is the p21-PAK — eanal size (Dodson et al., 1998; Guarnieri et al., 1998; Roulier
regulator of actin filament dynamics via LIM kinase and cofilin,et al., 1998). Interestingly, these mutations also produce
shown recently to be down-regulated by Pka-C phosphorylatidoinucleate cells; however, abnormally sized ring canals have not
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been described in other mutants that make multinucleate cell$is structural weakening could provide an opportunity for the
(such aschickadeeor cappuccind (Manseau et al., 1996). ring canal to expand and ultimately break, resulting in a
Unexpectedly, we found that changing Akap200 levels in theetraction of membrane from the ring canal and freeing of a
germline influenced the size of the ring canals. We envision twong canal remnant.
general mechanisms that could produce changes in ring canalAlternatively, the increased ring canal size may be unrelated
size: defective architecture or defective temporal control. Firstp the formation of multinucleate cells; rather, a second
defective assembly of ring canal components could produamechanism prevents fusion of the nurse cells. This hypothesis
ring canals that cannot respond to structural stresseaises the intriguing possibility that the two domains of
appropriately. For example, #kkap200mutants, a component Akap200 provide different functions: the MARCKS domain
of the ring canal may be missing or misregulated, resulting imay regulate ring canal size, whereas the Pka-RIl binding
a complex that is not tightly held together. The diameter of theegion may be involved in preserving the cytoarchitecture of
ring canal could therefore expand abnormally, producing largethe cells. In support of this second hypothesis, multinucleate
thinner ring canals. Conversely, the smaller, thicker ring canatells with approximately normal-sized ring canals are
observed when Akap200 was overexpressed ardSr64B  produced in the hypomorphikap20@4 allele, in other PKA
mutants could be produced if the entire ring canal complegignaling- and cytoskeleton-associated mutants, and by
contracted abnormally as a result of a misregulated or missimayerexpressing Pka-C in the germline cells. Thus, the large ring
component. The second possibility is that stage-specificanal phenotype may be separable from the nurse-cell fusion
assembly of the entire ring canal complex may be accelerat@thenotype. Although other binding partners for Akap200 are
(or arrested), resulting in larger (or smaller) ring canals that amot currently known, this protein may bring together both PKA
inappropriately sized for the stage of the egg chamber. In othand PKC signaling pathways at or near the actin cytoskeleton
words, the large ring canals seerAikap200mutants could be (Li et al., 1999). One of these other pathways may be linked
explained by hypothesizing that stage nine nurse cells ‘thinko regulating ring canal size, but not the formation of
they should be making stage ten-sized ring canals. Becausailtinucleate cells.
Src64B Tec29 and Akap200 are all linked to the actin
cytoskeleton, we favor the first hypothesis, but we cannotequestering PKA: implications for function
discount the second possibility because the order of assemiie importance of PKA localization has been the subject of
and the regulation of ring canal growth are incompletelynvestigation and speculation for several years. For example,
understood processes. PKA localization is important in regulating the activity of ion

Nevertheless, thékap200gene product likely contributes channels in the context of cultured cells (Ali et al., 1998; Fraser
to altered ring canal size in two non-exclusive ways. Firstet al., 1998; Gao et al., 1997) or Xenopus oocytes (Ali et al.,
proteins regulating ring canal growth and morphology could998). In contrast, other studies found that localization of Pka-
affect the functional activity of Akap200. In additickkap200 RIl by AKAPs may not be required for calcium channel
could influence the expression levels, subcellular localizatiomodulation in skeletal muscle (Burton et al., 1997) or for mouse
or functional activity of proteins associated with ring canals. sperm maotility (Burton et al., 1999). Our analysef\k&p200

We tested the first possibility by examining Akap200mutants provide evidence that PKA localization is important for
localization in mutants that affect ring canal size and structureegulating the function of specialized actin structures during
However, no changes in Akap200 expression levels aoogenesis inDrosophila The analysis of AKAP mutant
localization were detected i8rc64B" (Fig. 6E) or inhtst  phenotypes in model organisms may provide the tissue- and
mutants (data not shown). Nevertheless, future analyses megll-specific context necessary to detect subtle phenotypes that
demonstrate that the localization pattern of Akap200 in othdrave profound consequences on cellular functions.
mutants is directly regulated by a gene that regulates ring canal
size. Alternatively, Akap200may regulate the localization or ~ We thank Dan Kalderon for supplying the Pka-RIl antibodies and
function of a protein that is assembled into ring canals. WE/AS-Pka-Gstocks; Charles Rubin for supplying Akap200 antibodies;
tested this second possibility by examining ring canal structuratéve Beckendorf for th8rc64B" stock; Lynn Cooley for Hts-RC

in Akap200mutants. We could not detect significant differencegiserum; Cahir O'Kane for th&AS-PKIF and UAS-PKIGS20

. - o strains; and the Bloomington Stock Center (Indiana State University)

n the expression levels or_subcellular localization of knoyvr}or supplying all other fly stocks. We thank Mark Kot for assistance

ring canal-associated proteins or markers (such as phalloidiith statistical analysis. We thank members of the Berg laboratory for

Hts-RC, anti-phosphotyrosine, Kelch, Filamin and Src64B)critical reading of this manuscript. This work was supported by 5K01
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modifications that change the function of the protein but not the

expression levels or localization would not be detected by o
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