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SUMMARY

Actin bundle assembly in specialized structures such as
microvilli on intestinal epithelia and Drosophila bristles
requires two actin bundling proteins. In these systems, the
distinct biochemical properties and temporal localization
of actin bundling proteins suggest that these proteins are
not redundant. During Drosophilaoogenesis, the formation

of quail protein in a sterile singed background restores
actin bundle formation in egg chambers. The degree of
rescue by quail depends on the level of quail protein
overexpression, as well as residual levels of fascin function.
In nurse cells that contain excess quail but no fascin, the
cytoplasmic actin network initially appears wild type but

of cytoplasmic actin bundles in nurse cells requires two
actin bundling proteins, fascin encoded by thsingedgene

and a villin-like protein encoded by thequail gene.singed

and quail mutations are fully recessive and each mutation
disrupts nurse cell cytoplasmic actin bundle formation. We
used P-element mediated germline transformation to
overexpress quail insingedmutants and test whether these
proteins have redundant functions in vivo. Overexpression

then becomes disorganized in the final stages of nurse cell
cytoplasm transport. The ability of quail overexpression to
compensate for the absence of fascin demonstrates that
fascin is partially redundant with quail in the Drosophila
germline. Quail appears to function as a bundle initiator
while fascin provides bundle organization.

Key words: Actin bundle, Oogenesis, Fascin, Villin

INTRODUCTION assembly and the distinct biochemical properties of actin
bundling proteins argue that the two bundling proteins present
The actin cytoskeleton is regulated by a large number of actim a given cell have non-redundant functions.

binding proteins, some of which organize actin filaments into The analysis of cytoskeletal proteins in vivo continues to be
meshworks or bundles (Hartwig and Kwiakowski, 1991; Ottoaided by the use of genetic organisms like yé&zistyostelium
1994). Fascin, fimbrin, and villin belong to the family of F-and Drosophila We are using nurse cell cytoplasm transport
actin bundling proteins. Different actin bundling proteins ofterduringDrosophilacogenesis as a model system to examine actin
co-exist in a single cell type, where they appear to be jointlpundle formation in vivo (reviewed by Cooley and Theurkauf,
required for actin bundle formation in specialized cell1994; Knowles and Cooley, 1994; Robinson and Cooley, 1997).
structures. In the microvilli of intestinal absorptive epithelia,Late in oogenesis, nurse cell cytoplasm is transported rapidly
for example, actin bundles contain two actin bundling proteinmto the oocyte by a process involving two actin filament
with distinct biochemical properties: villin and fimbrin networks. The subcortical actin network supports myosin-based
(reviewed by Heintzelman and Mooseker, 1992; Louvard et alnurse cell contraction that pushes nurse cell cytoplasm into the
1992). Stereocilia of the ear contain actin bundles that haw@cyte (Gutzeit, 1986; Wheatley et al., 1995; Edwards and
fimbrin and at least one other actin bundling protein (reviewe&iehart, 1996). The cytoplasmic actin bundles extend from the
by Tilney et al., 1992). Actin bundles supportiDgosophila  nurse cell plasma membrane and form a cage around the nucleus
bristle extension contain fascin and another putative bundlintpus anchoring the nuclei away from intercellular bridges during
protein, the product of théorked gene (Cant et al., 1994; rapid cytoplasm transport (Cooley et al., 1992; Cant et al., 1994;
Petersen et al., 1994; Tilney et al., 1995). In microvilli and ifMahajan-Miklos and Cooley, 1994). The actin bundles are made
bristle formation, the two actin bundling proteins localize toof a series of short modules that are laterally associated with their
actin bundles sequentially. The two-protein motif for bundleneighbors (Guild et al., 1997). During contraction of the nurse



214 K. Cant and others

cells, shortening of the actin bundles is accomplished apparentiince they are both genetically required for actin bundle

by sliding of these modules, thus collapsing into thicker bundlesssembly and they have distinct amino acid sequences and

(Guild et al., 1997). biochemical properties. In an effort to understand how different
Formation of the cytoplasmic actin bundles requires th&undling activities are exploited in a single cell type, we have

products of thesingedand quail genes (Cant et al., 1994; altered quail protein expression levels $inged mutant

Mahajan-Miklos and Cooley, 1994). Mutants in either gene dbackgrounds. Although fascin function is ordinarily required

not form nurse cell actin bundles and the absence of bundléx the production of viable oocytes, overexpression of the

results in female sterility because untethered nurse cell nuclguail gene product can circumvent this requirement. We

become lodged in intercellular bridges and block nurse cefluggest these two actin bundling proteins act in concert to

cytoplasm transport. enhance the strength and stability of bundles, thereby ensuring
Singed protein is a functional homolog of the actin bundlinghe production of healthy oocytes.

protein, fascin, first isolated from sea urchins (Bryan et al.,

1993; Cant et al., 1994; reviewed by Edwards and Bryan,

1995). Fascin acts as a monomer to crosslink actin filament4ATERIALS AND METHODS

into a tightly packed, well organized, hexagonal array (Bryarbmsoph”a stocks and genetics

andl K_ane, 1978). In vitro, tightly p_acked fasc_:ln-actln bundle ly stocks were maintained at room temperature on standard corn
e>§h|blt an 11-12 nm Cross banding periodicity by electroqnea| medium. Threguail alleles were used in this analysisia*42
microscopy (DeRosier and Censullo, 1977; Bryan and Kangy, gms.induced null allele (Schipbach and Wieschaus, 1991
1978; DeRosier et al., 1981). In sea urchin, fascin is found oflahajan-Miklos and Cooley, 1994)yuaiM14 an EMS-induced
actin bundle structures supporting egg microvilli andweakly fertile allele (Schiipbach and Wieschaus, 1991; Mahajan-
coelomocyte filopodia (Otto et al., 1980; Otto and BryanMiklos and Cooley, 1994) angliat374 a small deletion that uncovers
1981). In Drosophila fascin is required for actin bundle the quail locus (Mahajan-Miklos and Cooley, 1994ail null flies
assembly in developing bristles and in the nurse cell cytoplasiere qua*#dqua3™ Canton S flies were used as the wild-type
of egg chambers (Cant et al., 1994). Fascin is abundantfpntrol. Em_bryos.fronwlllsfemaIeSAX\éEre mlgég’llnjected foggermllne
expressed in nurse cell and bristle cell cytoplasm during actffRnsformation. singed alleles sr49%5 s289 and sré were
bundle formation. In theseDrosophila (Overton, 1967; generated by EMS mutagenesis (Cant and Cooley, 1968P°Eis

- . Lo - - female fertile with a mild defect in nurse cell cytoplasm transport.
Riparbelli and Glulla_no, 1995; Tilney et al., 1995; Guild et al.,_S quence analysis 6FP4%revealed a single p(})/intpmutation tEat
1997) and sea urchin (Burgess and Schroeder, 1977; Spudigfynges glycine to glutamic ac&hS28Nis a hypomorphic mutation
and Amos, 1979; Otto and Bryan, 1981) structures, the actighd female sterile. Sequence analysisR39N revealed a single
bundles that contain fascin exhibit an 11-12 nm cross-bandingint mutation that changes serine to asparagif&is asingednull
pattern by electron microscopy. In vertebrates, fascin has beemtation.
found to be a component of a number of different actin based Fertility was assessed by placing 10 females and 5 males in each
structures such as stress fibers, lamellopodia, and neufdl3-5 vials and counting progeny at 15 days.

growth cones (Edwards and Bryan, 1995).
Quail protein shares 30% sequence identity with villin )
: : : : 3.3 kb quail full-length cDNA was cloned between tigal and
Eaﬂatlhﬁjlgn.-Mlklos aTd Cﬁoleyr,] 1.9 94).&.(';‘ wtrg anlal_ySIS_ SUQ?etStgcoRl sites of pBS (Stratage_ne) to create pBSquaSHEi@ndEcaRl
atvifin s a compieéx phosphoinositde and calcium-regulatedy;eq yere converted ot sites by ligation of phosphorylatédbt
actin binding protein (reviewed by Mooseker, 1985; Louvardjinkers (New England Biolabs) at filled-Bal and EccRI sites. The
1989; Friederich et al, 1990). At physiological calciumyesuiting Noti fragment was cloned into thioti site of pGerms
concentrations (X0 M), villin bundles actin filaments, (Serano et al., 1994) to create P[quaWT]. The trunaged cDNA
whereas at high calcium concentrations~ #1008 M) actin  lacking the headpiece domain was generated by PCR amplification.
filaments are severed, capped or nucleated by villin. Thg&he 8 PCR oligo spanned an interrigglll site and the 3PCR oligo
protein has two major functional domains that each contain gpnverted the TCA first codon of the headpiece to a TGA stop codon
single F-actin binding site: a 90 kDa core domain and a smaﬁfgg%"gﬁ?;gdag:m'(?r']t‘ihgt‘/i?c')'r')' Eﬁggg&?&ﬂg fgocﬁggtze;‘ggzﬂa
<10 kDa, carboxy-terminal domain termed the headpiece. T The Sal and BamH! sites of bBSaua-hl were converted ot :
core.domal_n IS capable of blndlr!g to (_B-aptln and F'acm.]s‘.ites and theNotl fragment Waspsuk?cloned into pGerm8 to create
capping actin fllament53 and severing actin f'.lam.em.s (Se.e F'S gquaHL]. P[quaWT] and P[quaHL] stable germline transformant
1). The headpiece provides the second F-actin binding site thgfes were made using standard methods.
is necessary for villin’s actin bundling activity.
The quail locus in Drosophila was shown to encode an Western blot
ovary-specific villin-like protein that includes a carboxy- Drosophilaovaries were ground inxlLaemmli sample buffer and
terminal headpiece domain (Mahajan-Miklos and Cooleyprotein concentration was determined using the Bio-Rad protein assay
1994). Quiail is first expressed in midstage egg chambers whelRio-Rad Laboratories). Protein samples were separated by SDS-
it is localized to the nurse cell subcortical actin network an(ﬁ’é%ir(;ge"/o af,&ﬁaerggsy)l_aigg“’t é‘?j?grangltté?gs“e;‘;d :fe';é%(’“:
; ; S . sfer, fi W S
]E:é/rtr?]pl?:ms.t;geen,1813,thgur;lijlrssrgte(;lilncyct:g[_)llélggﬂ;:eglct\llvr}tgur:ﬁle escribed by Xue and Cooley (1993). Quail monoclonal antibody

. . . . supernatant 6B9 was diluted 1:10 in Blotto. Singed monoclonal
cytoplasmic actln_ _bundles (Mahajan-M|hos_ and_ COOIey’antibody supernatant 7C was diluted 1:10 in Blotto.
1994). When quail is absent these cytoplasmic actin bundles
fail to form. These results suggest that quail bundlesmmunofluorescence and microscopy
cytoplasmic actin filaments in nurse cells. Ovaries were dissected in IMADS (Singleton and Woodruff, 1994),

Fascin and quail do not appear to be redundddtasophila  fixed and incubated with either rhodamine-conjugated phalloidin

Germline transformation



Actin bundling in Drosophila nurse cells 215

(Molecular Probes) and/or concentrated quail monoclonal antibody The decrease in fertility appeared to result from a decrease
6B9 supernatant as described by Xue and Cooley (1993)n nurse cell cytoplasm transport that correlated with a
Concentrated quail monoclonal antibody 6B9 was used 1:25 di|Utegi3rupti0n of cytoplasmic actin bundle formatien©4%9Enhad

in PBT. Scanning laser confocal images were collected using a Bigg minimal defect in nurse cell cytoplasm transport. As fertility
Rad MRC600 system. Images were collected using a 22sd¢ens was reduced by the addition of tjead™14 mutation, less

with a numerical aperture of 0.8. Three optical sections were taken ﬁhrse cell cytoplasm was transportedB409EquaiMi4 sterile

1-2 ym intervals and combined using the COMOS program. ; .
For ultrastructural analysis, ovaries were dissected in IMADécemales produced eggs that were only 50% the size of wild-

(Singleton and Woodruff, 1994). Stage 10B and 11 egg chambers wei§P€ €dgs due to a severe disruption of nurse cell cytoplasm
collected and fixed 2% glutaraldehyde in phosphate buffer, pH 6.2, féfansport (data not shown). Similar enhancement was seen
15 minutes at room temperature. Eggs were then transferred to 28dth a second intermediatgua allele, quaVP614 (data not
glutaraldehyde with 0.2% tanic acid for 1-2 hours at 4°C. After washinghown).

in phosphate buffer, egg chambers were placed in 1% @D 1%

glutaraldehyde, for 35 minutes at 4°C. Following washes in water, egd=ull-length quail cDNA restored fertility in  quail

were dehydrated in ethanol, embedded in EPON, and baked to obtaitutants

a block fo(rj séectionlijng.l Tt‘ji” sectionz v;/]ere stained dWith 106" ura2yll\lurse cell cytoplasmic actin bundle formation appeared to be
acetate and Reynold’s lead citrate and then examined on either a Zej e . .
EM-10 OA or JEOL 100CX electron microscope at 80 KV, {¥hsitive to the level of quail protein expressed. To test

whether increasing the level of quail protein expressed in egg
chambers could circumvent the requirement for fascin we
RESULTS generatedquail P-element transgenes. First, we usggil
Mutations in quail enhanced the singed G409 transgenes to confirm that quail expression could repeaié
oogenesis phenotype mutants _and_to assess the importance of the_ quail headpiece
N . _ .domain in vivo. Two P-element transformation constructs
To determine if fascin and quail act together to form actin,ore made that contain either a wild-type, full-lengthail
bundles, _second s_ite non—c_omplementation analysis was usegna (P[quaWT) or a truncated, ‘headléss' cDNA that
We combined the intermediate alleta§*%Fandqua'* to ierminated immediately after the quail core domain coding

simultaneously reduce the dose of wild-type fascin and quai egion and lacked the headpiece dom®iy¢aHL]) (Fig. 1).
ch construct was cloned into the pGerm8 transformation

src409Ewas a fertile allele caused by a missense mutation th
changed glycine 409 to glutamic acid (Cant and Cooley, 1996)e¢1or (Serano et al., 1994) that directs germline-specific
expression in stage 6 and older egg chambers, making it an

Although srP409E females were fully fertile (Table 1) and
ideal choice to recapitulate the expression pattern previously

expressed nearly wild-type levels of fasé®PE nurse cell
cytoplasm transport was incomplete and mutant egg chambe&isiermined for theyuail gene (Mahajan-Miklos and Cooley,
94). Transformant lines containing a single copy of

contained disorganized cytoplasmic actin bundles (Cant a
P[quaWT] were crossed into ajuail null background

Cooley, 1996).qua™14 was a very weakly fertile allele
producing 10% of viable eggs compared with wild type(qua°X42/qua137‘5 and tested for rescue ajuail female
(Mahajan-Miklos, 1995). Iqua'* egg chambers, the nurse sterility. Six out of nine independeRf{quaWT]transformant

cell cytoplasmic. actin bundles were sparse and mature egos dffes analyzed restored fertility guail homozygous females.
smaller than wild-type eggs. The small amount of residuajy,

. o X e ; stern blot analysis of ovarian protein extracts demonstrated
quail protein in this allele was primarily localized 10 {hat the extent of rescue observed was dependent upon the
subcortical actin filaments (Mahajan-Miklos, 1995). In bothiqq of quail expression from the transgene. Resauedl
sS40 and qua™!* females, the decrease in nurse celly ants with one copy of BlquaWT] transgene expressed
cytoplasm transport appeared to reflect disruption in actifeayy wild-type levels of quail protein (Fig. 2, lanes 4 and 5).
bundle organization. Heterozygotes*4995+ andqua™¥+  ranctormant lines that did not rescue showed low or
?n?r(tjouble heterozygotes®®%+ qua*™!¥/+ had wild-type  ,ngetectable levels of protein expression.
ertility.

. In addition to restoring fertility taquail mutant females
The fertility of sr*“0%F was reduced by theud™™ 5.0 jhundle formation was also rescuedyimil mutant egg
mutation (Table 1). Whilesr540%E females were fertile, @ 9d

srP409E quaHMl4/+ females were weakly-fertile and produced

only about 20% the amount of progeny producedifif09E a F a F
females. The fertility qua’™14 was not affected by . * h i
heterozygousr®49% The most striking effect was seen in egg Vilin  —1—X—2 X3 =4 X5 X_&
chambers from females doubly homozygoussigr*®®Eand  quawTC T X2 XT3 2 X5 X6
quaiMi4 gr5409EqueiMl4 females were completely sterile.

quaHL C 1 >XC 2 XT3 >xX* 4 XT 5 X 6 >

Table 1.quail enhances thesingedegg chamber phenotype

singed quail % Fertility Fig. 1. Diagram of protein expressed from quail transgenes.
Schematic representation of quail wild type (quaWT) and qualil

GA409E wt 100 headless (quaHL) proteins that were expressed from transgenes as
\CIBVIOQE i"&lﬂﬁ 102% compared with villin protein. Villin and quail both contained six

WT HM14 10 characteristic repeats and a carboxy-terminal headpiece domain
G409E/+ HM14 10 (HP). Actin monomer (G) and actin filament (F) binding sites for
G409E HM14 0 chicken villin (reviewed by Weeds and Maciver, 1993) are indicated

with arrows.
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=~ o Overexpression of quail suppressed the  singed egg
X & 8
5 § N phenotype
§ 5 S‘ Transformant lines carryingP[quaWT11] were used to
§ & & s overexpress quail protein in sevess™€8N, and null §r?®)
9: 2 K] singed mutant backgrounds. Overexpression of quail, in
_'9' ) 0] " & . . . .
F§8& & g & otherwise wild-type egg chambers, did not disrupt cytoplasm

actin bundles or nurse cell cytoplasm transport (data not
shown). Egg chambers fronsn5289N females contained
abundant fasci®®®N in the nurse cell cytoplasm but
cytoplasmic actin bundles failed to form (Fig. 4A) and mature
eggs were 50% the size of wild-type eggs (Fig. 4B; Cant and

Fig. 2. Quail protein expression in transgenic lines. This western blo
shows quail protein expressioin in ovary extracts from wild type,
quail (qua) mutant, andjuail mutants with a single copy of the P-
element transgene indicated. Quail monoclonal antibody 6B9, whict
binds the core domain, detected a 97 kDa quail protein in wild-type
ovary extracts (lane 1) that was abserguail mutant ovaries (lane

2). A 97 kDa quail protein was expressed from transgene inserts
P[quaWT5]on the third chromosome affquaWT11]on the first
chromosome (lanes 4, 5). A truncated headless protein of
approximately 90 kDa was expressed from the transgene insert
P[quaHL10] (lane 3). Each transgene was present in a single copy
and expressed an amount of quail protein that was only slightly less
than the amount expressed in wild-type ovaries. Singed monoclonal
antibody 7C detected a 57 kDa protein and was used as a loading
control.

chambers carrying B[quaWT]transgene. In wild-type stage
11 egg chambers, quail colocalized with the nurse ce
subcortical actin network and cytoplasmic actin bundles (Fig
3A,B; Mahajan-Miklos and Cooley, 1994). The absence o
quail protein in nurse cells froquail mutants correlated with
an absence of cytoplasmic actin bundles (Fig. 3B,C; Mahajai
Miklos and Cooley, 1994). Abundant cytoplasmic actin
bundles were readily detected in rescB@fguaWT5]mutants
(Fig. 3F). Quail protein expressed from tiRiquaWT5]
transgene colocalized with the nurse cell actin as seen in wili
type egg chamber (Fig. 3E).

Two of six independentP[quaHL] transformant lines
expressed a 90 kDa headless protein at levels comparable
that of wild-type protein (Fig. 2, compare lanes 1 and 3). N«
rescue ofjuail sterility was obtained with headless transgenes
Homozygous mutant females that carried PhquaHL]
transgene laid few, undersized eggs and remained sterile ==
described foguail. Headless protein was readily detectable inFig. 3. Transgenic quail protein expression resayesl mutants.
stage 8 egg chambers where it localized to the subcorticbg chambers from wild type (A,Bjua(C,D), quaP[quaWT5]
cytoskeleton and cytoplasm (data not shown). HowevefE.F). andjua;P[quaHL10](G,H) were double labeled with quail
beyond stage 10, the protein was most abundant in the nur&@noclonal antibody 6B9 (A,C,E,G) and rhodamine-conjugated
cell cytoplasm (Fig. 3G). This cytoplasmic staining correlatedhalloidin (B,D,F,H). In these stage 11 egg chambers, quail

- - . . ; olocalized with the subcortical actin and the cytoplasmic actin
with the failure to form cytoplasmic actin bundles in late stag undles (A,B). Imuail mutant egg chambers, qa/ailpprotein () and

€gg c_hambers (F'g' 3H). _These resu_lts indicated that tlﬁe cytoplasmic actin bundles (D) were absentjua;P[quaWT5]
headpiece domain of quail was required for formation Obgqg chambers, quail protein expressed from the transgene localized
cytoplasmic actin bundles and suggested that the headpiegghe subcortical actin and the cytoplasmic actin bundles and
contains an actin binding domain. The headpiece domain wagpeared wild type (E,F). At stage 11, quail headless protein

not required for the protein’s initial localization to subcorticallocalized primarily to the nurse cell cytoplasm (G) but the

actin filaments. cytoplasmic actin bundles (H) were absent. Bags0
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Fig. 4. Overexpression of quail
rescued the sterility fn5289N
Two copies of the
P[quaWT11]transgene were
used to overexpress qualil
protein insnS289N Stage 11
(A,C) and mature egg
chambers (B,D) were stained
with rhodamine-conjugated
phalloidin.sn528MNwas a

sterile allele in which the
subcortical actin network (sc)
was normal (A), the
cytoplasmic actin bundles (cy)
were absent (A), and mature
eggs were only 50% the size of
wild-type eggs (B). When four
copies of quail (two
endogenous and two
transgenes) were expressed in
the germline cells an5289N
mutants, nurse cell
cytoplasmic actin bundles (cy)
formed (C) and nurse cell
cytoplasm transport was
complete (D). Bar, 5m.

Cooley, 1996)sr5289NMemales with three copies gfiail (two ~ The quail headpiece domain was required for  singed
endogenous and one transgene) were fertile, although the nuf§gcue
cell cytoplasmic actin bundles appeared somewhat disorganizédorder to confirm that the quail rescue was dependent on qualil
and mature eggs were only about 75% the size of wild-type egbsindling activity, we examined the ability d?[quaHL]
(data not shownkns289Nemales with four copies ofuail (two  transformant lines to rescue tsiagedoogenesis phenotypes in
endogenous and two transgenic) were fertile and thfemales with a wild-typeguail background. Two copies of
cytoplasmic actin bundles appeared wild type (Fig. 4C, for wild?[quaHL10]were not able to rescue thieoogenesis phenotype
type comparison see Fig. 5A), nurse cell cytoplasm transpoof sr5289N or sr?8 (data not shown). In thé[quaHL33]
was complete, and mature eggs were the same size as wild tymnsformant line, the truncated quail isoform was expressed
(Fig. 4D, for wild type comparison see Fig 5C). abundantly from two transgene inserts on each second
Overexpression of quail was also able to support cytoplasmihromosome. Four copies of headlBfguaHL33]in addition
actin bundle formation in the absence of fasair’® was to the two copies of endogenous full length quail did not rescue
previously described as a null allele that did not exmiegeed  the sterility ofsingedalleles (data not shown). Rescue of the
transcript or protein (Cant and Cooley, 1996). In the absence attin bundle defect and sterility singedmutants required the
fascin, the nurse cell cytoplasmic actin bundles were nearlyeadpiece of quail and therefore the bundling activity.
absent, the rapid phase of nurse cell cytoplasm transport was . ) )
blocked, and mature eggs were only 50% the size of wild-typ¥/trastructural analysis of actin bundles in rescued
eggs (Fig. 5D,E,Fyre8females with three copies gfiailwere  singed mutants
semi-fertile and produced about 50% the number of eggéle used electron microscopy to evaluate the ultrastructure of
produced by wild-type females. Nurse cell cytoplasmic actiractin bundles irsingedmutant egg chambers rescued by the
bundles were sparse and disorganized and mature eggs wpresence of excess quail. We analyzed actin bundles in wild type,
only about 60-70% the size of wild-type eggs (data not shownynS289NP[quaWT], and sr?8,P[quaWT] egg chambers. Two
sre8 females with four copies ajuail were fully fertile and  types of wild-type actin bundles were seen: individual bundles
cytoplasmic actin bundles initially appeared wild type (Fig.(Fig. 6A) that were organized roughly in parallel to other bundles
5G). However, the nurse cell cytoplasmic actin bundles becanie the field and much thicker bundles that appeared to be
disorganized during later stages (Fig. 5H) and mature eggs weremposed of several individual bundles tightly packed next to
only about 80% the size of wild-type eggs (Fig. 5I). one another (Fig. 6B). Based on the work of Guild et al. (1997),
The ability of independer®[quaWT]transformant lines to the individual bundles are likely to be modules present in stage
rescue thsingedoogenesis phenotype was correlated with thelO nurse cells before rapid transport while the much thicker ones
level of quail protein produced. Five independently derivedare collapsed bundles in stage 11 nurse cells that are contracting.
P[quaWT]transformant lines that expressed quail protein and\ctin bundles insn5289NP[quaWT] egg chambers appeared
rescuedquail sterility also rescuedn sterility. Since pGerm8 wild type (data not shown). Individual actin bundles formed with
drives only germline-specific expressiorsnP[quaWT]  only quail 6r?8P[quaWT] also resembled wild type (Fig. 6C).
transformants lines did not show rescue of dimgedbristle  However, many of these actin bundles were more bent than wild
phenotype. type and they were often arranged at various angles to their
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stage 10B > mature egg

Fig. 5.Overexpression of quail partially rescued shegednull allele,sr?8. Wild type egg chambers stained with rhodamine-conjugated phalloidin
illustrated that abundant nurse cell cytoplasmic actin bundles (cy) persisted from stage 10B until the end of oogenesisgERRG)

chambers, which do not contain fascin, the subcortical actin network (sc) was normal, the cytoplasmic actin bundles wemd aggernwere

only 50% the size of wild-type eggs (D,E,F). In the absence of fascin, abundant quail protein expressed from fouqueaibgsgpbrted the

initial formation of cytoplasmic actin bundles in stage 10B egg chambers (G) but was not able to maintain normal actigdmirdt®o in later
stages (H). Although 4 copies of quail rescued the fertiligré the mature eggs were only about 80% the size of wild-type eggs (1). Bem.50

neighbors (data not shown). In addition, there were groups d¢dcalization to actin bundles in vivo and have distinct
bundles loosely associated with neighbors (Fig. 6D) as if thelyiochemical properties in vitro; therefore, two bundling
failed to maintain their tight organization during nurse cellproteins present in a cell do not appear redundant. Supporting
contraction. Immunofluorescence and ultrastructural analysis dfis idea, mutations that disrupt expression of fascin or qualil
actin bundles both suggest that although actin bundles can foinmhibit cytoplasmic actin bundle assemblyDirosophilanurse
without fascin they were disorganized and were probably natells (Cant et al., 1994; Mahajan-Miklos and Cooley, 1994).
able to maintain a robust cage around nurse cell nucl&urthermore, removal of villin expression with antisense
throughout the rapid phase of cytoplasm transport. mMRNA disrupts the formation of microvilli in intestinal cell
Electron micrographs of nurse cells sometimes show regiorimes (Costa de Beauregard et al., 1995). By overexpressing
of cytoplasmic actin bundles that contain the 11 nm crossjuail in theDrosophilagermline, we show that the function of
banding pattern consistent with fascin crosslinks (Riparbellguail is partially redundant with fascin in vivo.
and Giuliano, 1995; Guild et al., 1997). We were unable to
consistently observe the 11 nm cross-banding pattern in wild=ull-length quail protein is required for cytoplasmic
type bundles and we did not see any regular cross-bandi@gtin bundle assembly

pattern in quail rescued bundles. The ability of quail to bundle actin filaments is critical to nurse
cell cytoplasm transport. Quail expression from the full length
DISCUSSION transgenes confirms that quail protein can rescue the actin bundle

defect and restore fertility iquail females. The lack of rescue
Actin bundling proteins can influence the initiation, by the headless transgene indicates that the headpiece domain of
organization, or stabilization of an actin bundle; however, hovquail is required for rescue. The quail headpiece is also required
they coordinate their activities in vivo is poorly understoodfor quail’s actin bundling activity in vitro (Mahajan-Miklos,
Actin bundling proteins typically have temporally distinct 1995). The villin headpiece provides one of the two F-actin
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binding sites necessary for villin’s actin bundling activity. bundles lacking fascin do not maintain their initial organization
Deletion analysis and small peptide analysis first identified thand do not fully support the final stages of nurse cell cytoplasm
headpiece sequencé K 7IE’2K73 as an essential actin binding transport. However, actin bundles $n5289Nrescued by quail
motif (Friederich et al., 1992). Recently, thorough cysteineappear wild type by immunofluorescence and electron
scanning mutagenesis of the chicken villin headpiecenicroscopy and are able to support nurse cell cytoplasm
demonstrated that the F-actin binding activity of the 76 amintransport. This suggests that faSéiiN has residual actin
acid headpiece requires amino acid§ IE39, K85 K70, K71L75  bundling activity and can stabilize the initial quail-actin bundles.
F76 but does not require’Eand K’3 (Doering and Matsudaira, These experiments provide evidence for both partially redundant
1996). Interestingly, all of these critical amino acids areand unique bundling functions of fascin and quail. While excess
conserved in quail except3® which is instead #. The quail  quail can compensate somewhat for the absence of fascin, quail
headpiece appears to be required for actin bundling activity arhd fascin are clearly providing distinct functions for the

this activity is necessary to rescue thail phenotype. organization and stabilization of mature actin bundles and
) ) ) ) ) together these proteins promote the completion of oogenesis.

The actin bundling proteins quail and fascin are The appearance of quail-rescued actin bundlesiriged

partially redundant mutants suggests that fascin bundling function is especially

Cytoplasmic actin bundle formation is sensitive to changes important for organizing modules. In wild type, short bundle
protein levels of fascin and quail. The cytoplasmic actin bundlenodules composed of about 25 actin filaments are arranged
defect of the intermediate allelsr40°%E is enhanced by serially to form the cytoplasmic actin bundles that reach up to
mutations in quail. Alternatively, overexpression of quail 20 um in length (Guild et al., 1997). In quail-rescued bundles,
protein in nurse cells allows cytoplasmic actin bundlemodules are present (Fig. 6C) but overall bundle organization is
formation in the sterile allelen5289Nand in the null allelsr?®.  not rescued to wild type (Fig. 5H). Therefore, while quail protein
In the absence of fascin, four copies of quail can support they itself is sufficient to form modules, fascin could be
initial assembly and organization of cytoplasmic actin bundlesndispensable for tethering the modules together. In wild type
Our genetic data suggest that fascin and quail not only aafter nurse cell contraction, collapsed bundles have a 12 nm
together to stabilize actin filament bundles in nurse cells, butrossbanding pattern typical of fascin crosslinking that extends
when quail is expressed in excess, the bundling activity of quadll across the bundle (Guild et al., 1997). In the absence of fascin,
appears to be partially redundant with that of fascin. it appears that collapsed bundles are disorganized (Fig. 6D)
The formation of stable, organized cytoplasmic actin bundlesuggesting that fascin is critical for maintaining bundle

and the completion of nurse cell cytoplasm transport requirezrganization as modules slide past one another. However, the
some fascin function. Isre8P[quawWT] females, quail-actin  aberrant bundles do provide enough support for nurse cell nuclei

Fig. 6. Actin bundles in wild-type and
sn;P[quaWT]egg chambers. These
electron micrographs show actin
bundles found in nurse cells of wild-
type (A,B) andsr?8;P[quawT]

(C,D) females. Wild-type bundles were
either thin individual bundles (A) or
much thicker as if several smaller
bundles were packed together (B).
Individual actin bundles formed with
excess quail and no fascin appeared
wild type (C). However, larger
aggregates of bundles were poorly
organized (D). Bar, 200 nm.
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that sufficient cytoplasm transport can take place producingtages of bristle extension (Petersen, 1994) before the
viable eggs. accumulation of fascin (Wulfkuhle, 1995). While the biochemical
The ability of quail to compensate for the absence of fasciproperties of forked are not known, the protein is required for
requires an increase in quail protein expression. In vitro, théense actin bundle formation and colocalizes with actin bundles
organization and formation of actin bundles can reflect thén vivo (Petersen et al., 1994; Tilney et al., 1995). Forked could
concentration of the actin bundling protein with respect to Fbe providing the initial bundling activity that villin provides in
actin. At ratios of 2:10 for villin to actin or 1:10 for fimbrin to microvilli. Fascin accumulates to very high levels in the
actin, actin bundles consist of thin, loosely organized filamentsytoplasm and on actin bundles of extending bristles (Cant et al.,
(Bretscher, 1981; Matsudaira and Burgess, 1982). Increasing the94) after forked is detected (Wulfkuhle, 1995). Fascin is
ratio of villin or fimbrin to actin to 1:2 results in bundles that arerequired for hexagonal packing of these actin bundles (Tilney et
large, straight, and organized (Glenney et al., 1981; Matsudaigh, 1995). Durinddrosophilacogenesis, quail is present in nurse
and Burgess, 1982). The bundling properties of villin and fimbriells on the subcortical actin prior to the formation of cytoplasmic
are additive (Glenney et al., 1981); at a villin:fimbrin:actin ratiopundles and subsequently is present on cytoplasmic bundles
of 1:1:10, actin bundles are large, organized and virtuallymahajan-Miklos and Cooley, 1994). This localization, and the
indistinguishable from actin bundles formed at a ratio okescue okingedby overexpression of quail, support a function
fimbrin:actin or villin:actin of 1:2. In nurse cells, perhaps thefor quail as a bundle initiator. Fascin expression in nurse cells
concentrations of quail and fascin are limited such that botiramatically increases with cytoplasmic actin bundle assembly;
proteins are necessary to support actin bundle formation. In oHpwever, its localization remains cytoplasmic (Cant et al., 1994)
rescue experiments we have increased the quail:actin ratio taaAd therefore the timing of fascin localization relative to quail
level that allows dense actin bundle formation. cannot be determined. Fascin is required for hexagonal packing
. in bristles and for maintenance of actin bundles in nurse cells
Actin bundie assembly occurs through a two-step suggesting that fascin is an organizer in both of these tissues.
process of initiation and organization . The precise coordination of actin bundling proteins may
Our data are consistent with a two-step model of actin bundigfliect different affinities for F-actin among actin bundling
assembly irDrosophilanurse cells; one actin bundling protein, proteins. The initiator protein should have a high affinity for F-
quall,'lnltlates actin bgndle ass'embly and t_hen a second aclletin and be able to pull together actin filaments that are in low
bundling protein, fascin, organizes the actin bundle allowingoncentration. The organizer protein would be of lower affinity
growth and stability of the bundle. This two-step theory was firshg require that actin filaments be loosely juxtaposed to provide
proposed by Shibayama while studying intestinal developmenf high concentration of F-actin. Bacterially expressed
in chicken embryos (Shibayama et al., 1987), and has since begpysophilafascin appears to have a low affinity for F-actin in
proposed to explain the formation of actin bundles in th&jiro (Cant et al., 1994). The abundant expression of fascin in
mtestln_al m|crOV|II_| in mouse (E_zzell etal, 1989),_the stereocili eveloping bristles and nurse cells (Cant et al., 1994) may
of the inner ear in chicken (Tilney and DeRosier, 1986), anfhgicate that fascin also has a low affinity for F-actin in vivo.
Drosophilabristles (Tilney et al., 1995, 1996). __ This two-step theory suggests that the organizer proteins
In microvillus actin bundles, the initiating and organizingimprin and fascin would not be able to initiate actin bundle

actin bundling proteins are villin and fimbrin (reviewed by 5sgemplyP[singed] transformants will be made to determine

Heintzelman and Mooseker, 1992; Louvard et al., 1992). During overexpression of fascin can resauail mutants. However,

chicken and mouse embryogenesis, villin is the first actifg,ooin aiready appears to be expressed in vast excess in nurse
bundling protein to concentrate on the apical surface Ofg)q gince a 75% reduction in protein levels in wesimiged
developing intestinal epithelium at the time when the density o} 065" does not disrupt actin bundle formation (Cant et al.,
the microvilli on the apical surface is very low and the aCt'|?12194). Fascin and fimbrin cannot cap, sever, or nucleate actin

filaments appear unorganized (Shibayama et al., 1987; Ezze - ; T
al., 1989). The timing of villin expression, and villin’s ability to fiaments and these properties may be important in villin's

cap, sever and nucleate actin filaments in a calcium-depend
manner in vitro, make it an ideal protein to initiate the
reorganization of the actin cytoskeleton necessary to form actj
bundles. Indeed, ectopic expression of villin in culture
fibroblasts leads to the formation of microvilli-like structures an
the reorganization of the actin stress fiber network (Friederich

ahility to initiate actin bundle formation. TherefoRfsinged]

y not be able to resca@ail.

Nurse cell cytoplasm transport provides a powerful,

nsitive genetic system for elucidating mechanisms of actin
undle formation and the coordination of multiple actin
{,Jndling proteins in vivo. Actin bundle assembly in nurse cells

al., 1989; Franck et al., 1990). Fimbrin localization to the apice{F' sensitive to changes in actin bundling protein structure and

surface occurs 2-3 days after villin in both chicken and rnous%xpression levels. Subtle defects in actin bundle organization

embryos and correlates with the appearance of a dense lawn®s visible by fluorescence microscopy and can result in a nurse

short microvill containing organized actin bundle CoreScel cytoplasm transport defect that impairs female fertility.

(Shibayama et al., 1987; Ezzell et al., 1989). Fimbrin appearsrgé(orlg In tlh'sh Systte’.“ tfshoulfd gong'még to (t:qmplement
function similarly in stereocilia of the chick inner ear where acti lochemical characterization of actin binding proteins.

bundies are initially dl_sorganlzed but a feW. days_ later are We are immeasurably grateful for the contributions Brenda
hexagonally packed with a 12 nm periodicity (Tilney andipqyies made to our lives both scientifically and personally. The
DeRosier, 1986; Tilney et al., 1992). . . strength of character and optimism she brought to her life and her
In Drosophila two actin bundling proteins are required for pattie with leukemia remain inspirations to us. We thank Mark
actin bundle assembly in both bristle development and oogenesifooseker for many valuable discussions and comments on the
In developing bristles, forked protein is present in the earlieshanuscript; Greg Guild for telling us about the work on nurse cell
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