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ABSTRACT

Fascins bundle actin filaments into large, tightly packed hexagonal arrays that support diverse cellular
processes including microvillar projections and filopodial extensions. In Drosophila, fascin is encoded
by the singed locus. Severe singed mutants have gnarled bristles and are female sterile due to a defect in
rapid cytoplasm transport during oogenesis. In this paper, we report the results of a large EMS mutagene-
sis screen to generate new singed alleles. A mutation that changes glycine 409 to glutamic acid results
in partial inactivation of fascin in vive; singed®* mutants have kinked bristles and are fertile with a
mild nurse cell cytoplasm transport defect. This mutation is in a small conserved domain near the C-
terminus of fascin. A mutation that changes serine 289 to asparagine almost completely inactivates fascin
in vive; singed>®** mutants have gnarled bristles and are sterile due to a severe defect in nurse cell
cytoplasm transport caused by the absence of nurse cell cytoplasmic actin bundles. A subsequent EMS
mutagenesis screen for dominant suppressors of singed***" sterility revealed an intragenic suppressor
mutation that changes serine 251 to phenylalanine and restores much of fascin’s function. These two

mutations, S289N and S251F, draw attention to a central domain in fascin.

ACTIN bundles are necessary for the formation of
specialized cellular processes, intercellular com-
munication, and cell migration. Actin binding proteins
guide the reorganization of the cytoskeleton that under-
lie these processes. Fascins are a newly emerging class
of actin bundling proteins. Fascin was originally de-
scribed as a 58-kD component of actin gels made from
sea urchin egg extracts (KANE 1976). When purified,
fascin was found to have actin bundling activity. Actin
bundles containing fascin are hexagonally packed, have
a characteristic cross-banding pattern of ~12 nm peri-
odicity, and contain a molar ratio of fascin to actin of
1:4.3 (KANE 1976; DEROSIER ¢t al. 1977; BRYAN and KANE
1978; SpupicH and Amos 1979; DEROSIER and CEN-
SULLO 1981; CANT et al. 1994). Fascin was localized to
actin filament bundles in both sea urchin egg microvilli
and coelomocyte filopodial extensions (OTTO el al.
1979, 1980; OtTO and BryaN 1980).

Fascin has been implicated in the organization of ac-
tin filaments bundles in many organisms. When sea ur-
chin fascin was cloned (BRYAN et al. 1993), the peptide
sequence was found to have homology to the Drosophila
singed (sn) gene product (PATERSON and O’HARE 1991)
and HeLa cell p55 (YAMASHIRO-MATSUMURA and MATSU-
MURA 1985, 1986). Drosophila singed protein bundles
actin filaments with the same 12-nm periodicity de-
scribed for sea urchin fascin and has been implicated
in the formation of actin bundles in bristles and nurse
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cells (CANT et al. 1994). Antibodies to p55 stain micros-
pikes and stress fibers in both rodent and human cell
lines (YAMASHIRO-MATSUMURA and MATSUMURA 1986;
Apams 1995). Recently, mouse (EDWARDS et al. 1995),
Xenopus (HOLTHIUS et al. 1994), and human (DUH e
al. 1994; MOSIALOS et al. 1994) homologues of fascin
have been described. Using the algorithm, Pileup (UNI-
VERSITY OF WISCONSIN GENETIC COMPUTER GROUP
1995}, fascin homologues are ~35% identical and 60%
similar, but amino acid conservation among fascin ho-
mologues does not reveal specific functional domain
organization.

Fascin should contain two actin binding domains
since the protein cross-links actin filaments as a mono-
mer (BRvAN and KANE 1978; DEROSIER and CENSULLO
1981). Traditional biochemical approaches of mapping
actin binding domains have had limited success. Trun-
cated proteins expressed in Escherichia coli have either
been insoluble or incorrectly folded (R. EDWARDS, per-
sonal communication). A human 27-kD C-terminal frag-
ment (ONO et al. 1994) and a mouse 30-kD C-terminal
fragment (EDWARDS and BRYAN 1995) were generated
using limited proteolysis and analyzed. The C-terminal
half of human or mouse fascin appears to be able to
bind, but not bundle, actin filaments and therefore con-
tains at least one actin binding domain.

Genetic analysis can provide an in vive complement
to biochemical and structural approaches used to dis-
sect the interaction between actin binding proteins and
actin. In yeast, elegant genetic analysis involving a com-
bination of mutagenesis and suppressor screens defined
the critical amino acids in both fimbrin and actin that
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are required for the fimbrin-actin interaction. Muta-
tions in fimbrin (SAC6) can suppress mutations in actin
(ACT1I), and mutations in actin (ACTI) can suppress
mutations in fimbrin (SAC6) (ADAMS and BOTSTEIN
1989; ADAMS et al. 1989, 1991). This genetic evidence
for physical interaction between fimbrin and actin was
confirmed by actin bundling assays in vitro and protein
colocalization in vivo (DRUBIN et al. 1988). Molecular
analysis of the mutation sites revealed the specific
amino acids involved in this interaction and these find-
ings were consistent with structural models (HONTS et
al. 1994).

Drosophila is an ideal organism for mutagenesis and
genetic analysis. The Drosophila fascin homolog, singed
(sn), has been well characterized. Strong sn mutants
have gnarled bristles and are female sterile (MOHR
1922; BENDER 1960). Bristles are formed as a single
cellular extension that is supported by a cytoskeletal
core composed of central microtubules surrounded by
8-12 actin bundles that lie just beneath the membrane
(OVERTON 1967; APPEL et al. 1993). In sn mutants, the
actin bundles are very small and disorganized (OVER-
TON 1967; CANT et al. 1994), and they lack the hexago-
nal packing and 12-nm periodicity seen in wild-type
bundles (TILNEY et al. 1995). These actin bundles proba-
bly lack the structural integrity needed to promote
straight bristle extension.

Sterile sn females have a defect in the rapid phase of
nurse cell cytoplasm transport (BENDER 1960). In nurse
cells, two actin filament networks contribute to the
rapid phase of nurse cell cytoplasm transport. The sub-
cortical actin filament network supports myosin-based
nurse cell contraction that pushes nurse cell cytoplasm
into the oocyte (GUTZEIT 1986; COOLEY et al. 1992;
WHEATLEY et al. 1995). The cytoplasmic actin bundle
network is thought to anchor the nurse cell nuclei in
a central position away from ring canals (COOLEY et al.
1992; CANT et al. 1994; MAHAJAN-MIKLOS and COOLEY
1994). In egg chambers from sterile sn females, the
subcortical actin network is apparently normal but the
cytoplasmic actin bundle network fails to form; when
rapid nurse cell cytoplasm transport initiates, unteth-
ered nuclei block the flow of cytoplasm through the
ring canals resulting in the production of small, infertile
oocytes (CANT et al. 1994).

More than 100 sn alleles have been described; how-
ever, few are candidates for mutations in the coding
region. Many sn alleles are caused by transposable ele-
ments that typically insert into the promoter region,
reducing sn transcription. Molecular analysis of five
spontaneous sn alleles identified mutations in the pro-
moter or 5’ untranslated regions of the gene (LINDSLEY
and ZiMM 1992). EMS mutagenesis screens for female
sterile mutations on the X chromosome yielded eight
EMS sn alleles (GANS et al. 1975; MOHLER 1977; KOMITO-
POULOU et al. 1983). Unfortunately, only two of these
alleles are extant, M3 (MOHLER 1977) and 1421 (KoMI-

TOPOULOU et al. 1983). We conducted a large EMS mu-
tagenesis screen to isolate additional EMS sn alleles. By
analyzing EMS alleles of sn, we identified single amino
acid changes that alter fascin function in vivo. We then
used one of these new snalleles in a second mutagenesis
screen to identify a dominant suppressor of sn sterility.

MATERIALS AND METHODS

Drosophila stocks: All fly stocks were maintained under
standard culturing conditions. Canton S flies were used as
the wild-type control. Males with an isogenic w’""* chromo-
some were maintained as a stock with C(I)yf/Y females. A
FM7c sn’ stock was used to provide a null sz allele (PATERSON
and O’HARE 1991; CANT et al. 1994). forked**™ is a severe allele
that was obtained from the Indiana University stock center
(HOOVER et al. 1993; PETERSEN et al. 1994). furrowed' was ob-
tained from the Mid-America Drosophila Stock Center.

Western immunoblotting: Drosophila ovaries were dis-
sected from 4-5-day-old females that had been fed a yeast
paste for 24 hr. Ovaries were ground in Laemmli sample
buffer and boiled for 5 min. Extracts from one ovary per
sample were separated by SDS-PAGE (LAEMMLI 1970) and
transferred to nitrocellulose membranes (TOWBIN et al. 1979).
The nitrocellulose was immunoblotted with singed mono-
clonal antibody supernatant 7C as previously described (CANT
et al. 1994).

2D-Gel electrophoresis: For isoelectric focusing (IEF), we
used the method of O’FARRELL (1975). IEF gels were pre-
pared using 3.2% ampholytes, pH 6~8 (Bio-Rad), and 0.8%
ampholytes, pH 3-10 (Bio-Rad). Gels were cast in 11.5 X 3-
cm diameter IEF tubes. Approximately 200 ug of total ovary
protein was loaded onto the IEF gels and electrophoresed at
800 V for 18 hr and then 1800 V for 20 min. 10% SDS-PAGE
gels were used for the second-dimension electrophoresis
(LaEmMLI 1970). Transfer to nitrocellulose was performed
according to TOWBIN and coworkers (1979). Nitrocellulose
was immunoblotted with singed monoclonal antibody 7C as
previously described (CANT et al. 1994).

Northern analysis: Three female flies for each sn allele
were ground in 300 ul of RNA extraction buffer (0.1 M Nadl,
0.5% SDS, 50 mMm Tris pH 8, 10 mM EDTA, 50 ug/ml protein-
ase K) and incubated for 1 hr at 37°. Samples were then
extracted two times with phenol-chloroform (1:1) and once
with chloroform. RNA was ethanol precipitated and resus-
pended in 4.5 pl 1% diethylpyrocarbonate-treated (DEPC)
water. RNA formaldehyde denaturation and gel electrophore-
sis were performed as described in XUE and COO1LEY (1993).
RNA gels were blotted by capillary transfer onto Hybond-N
(Amersham) and ultraviolet cross-linked to the membrane
(Stratalinker, Stratagene). **P-labeled probes were prepared
using random hexamer priming (FEINBERG and VOGELSTEIN
1983) of the 1.5-kb singed open reading frame and the open
reading frame of the ribosomal protein rpAl as a loading
control (QIAN et al. 1987). Filters were hybridized in Church’s
buffer at 65° with agitation (CHURCH and GILBERT 1984).

Egg chamber staining procedure: Three- to 5-day-old fe-
males were fed a water yeast paste for 24 hr. Ovaries were
dissected and separated into individual egg chambers in ice-
cold Drosophila EBR saline solution (130 mM NaCl, 5 mm
KCl, 2 mM CaCl,, 10 mm HEPES, pH 6.9) as described (VER-
HEYEN and COOLEyY 1994). Egg chambers were fixed in 6%
formaldehyde and stained with rhodamine-phalloidin (Molec-
ular Probes) or singed monoclonal antibody supernatant 7C
as described (CANT et al. 1994).

Confocal microscopy: Scanning laser confocal images were
collected using the Bio-Rad MRC600 system. All images were
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collected using a Zeiss X25 lens with a numerical aperture of
0.8. Optical sections of 1-2 ym were combined using the
CoMOS software package (Bio-Rad). Composites were assem-
bled using Adobe Photoshop.

Mutagenesis: Ethyl methane sulfonate (EMS) mutagenesis
was carried out essentially as described (LEwis and BACHER
1968).

Screen for new singed alleles (Figure 1): Zero- to four-day-old
isogenic w''** males were starved for 12-16 hr and then fed
20 mM EMS in 1% sucrose for 16 hr. Flies were distributed
into bottles with 10 mutagenized males and 40 virgin C(1)yf/
Y females. The flies were transferred to new bottles on days
2, 4, and 6. All males were removed before the final transfer
on day 6 and the females were removed on day 8. All males
progeny with bristle defects were selected and mated with
C(1)yf/ Y females. Independent lines were generated from
males that could stably transmit the bristle defect to their
progeny. Mutagenized X chromosomes were maintained in
males by mating to C(1)yf/ Y females. Complementatlon test-
in §w1th snand forked (f) was performed using FM7c sn™ and

“ alleles, respectively. Those bristle mutants that comple-
mented sn and f were placed in complementation groups.
Female stocks were established by mating male bristle mutants
with FM7a females. Females homozygous for bristle defects
were tested for fertility by placing 20 females and 10 males
in a vial and looking for larval progeny after 10 days.

Screen for dominant suppressors of sn sterility (Figure 6):
w5/ Y males were fed 25 mM EMS in 1% sucrose for
16 hr. Flies were distributed into bottles either at 25 or 18°.
Each bottle contained 10 mutagenized males and 35
w!sn**N/FM7a balancer females. The flies were trans-
ferred to new bottles on day 2. On day 4, the males were
removed and the females were placed in new bottles and then
removed on day 7. Homozygous F, females were selected and
tested for fertility. Any progeny obtained must have been de-
rived from females carryi rying a dominant suppressor of the sn
female sterility. Fy w''8sn %/ w85 52%N females were tested
for fertlhty at 18° by mating to fresh w! ¥ SN/ ¥ males.
Anly w' "Psn SN/ ¥ males obtained were mated with stock

s Y289}\'/ FM7a females and the subsequent Fy w’’#sn 28/
sn’?** females were tested for fertility at 18°.

Molecular analysis of sn alleles: All basic cloning tech-
niques were performed as described in SAMBROOK et al.
(1989). Genomic DNA was prepared from homozygous sn
flies by standard techniques (protocol 48 in ASHBURNER
1989b). sn exons were amplified from genomic DNA using
PCR primers designed to allow amplification of exon 2 and
exons 3—6. PCR fragments were purified using PCR magic
preps (Promega) or gel purified using Qiaex gel extraction
kit (Qiagen). Overhangs (5') on PCR products were filled in
using Klenow DNA polymerase (New England BioLabs).
Blunt PCR products were subcloned into the EcoRV or the
Smal site of PCRscript (Statagene). Blue-white color selection
was used to identify plasmids containing inserts. Insert-con-
taining plasmids were sequenced using the USB sequenase
kit. All mutations were confirmed by sequencing clones from
independent PCR reactions.
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RESULTS

EMS mutagenesis for new sn alleles: We performed
an EMS mutagenesis screen to isolate new sn alleles
with missense or nonsense mutations in the protein
coding region. The mutagenesis screen was designed
to identify genes affecting bristle morphology on the X
chromosome (Figure 1). Flies were fed 20 mMm EMS, a
dose that is 5 mM less than is typically used, to reduce

EMS Screen Results
(20 mM)N\ A
LIV/_ x XX 68,500 Males
v v
wr oo ﬁ select males with 200 F1 mosaics
Y w Y bristle defect
a)
w* o XX 48 Bristle mutants
Y Y .
/\ complementation \y
testing
) 23 falleles
singed forked 15 sn alleles
10 Others

FIGURE 1.—EMS mutagenesis screen for new smged (sn)
alleles was performed as diagrammed. Isogenic w"''° males
were mutagenized and mated to C(1)yf/ Y females. Male prog-
eny with bristle defects were selected and independent lines
were generated from those males that could stably transmit
the bristle defect to their progeny. We tested new bristle mu-
tants for complementation with sn and forked, two common
bristle morphology mutants on the X chromosome.

male sterility and lethality. We screened ~68,500 male
progeny of mutagenized males and obtained 48 new
bristle mutants on the X chromosome. Complementa-
tion analysis classified our 48 new bristle mutants as 15
sn alleles, 23 forked alleles, and 10 mutants that comple-
mented sn and forked (Figure 1).

One sn allele had an intermediate phenotype; the
bristles were moderately bent and the females were fer-
tile. The remaining 14 sn alleles had severe phenotypes
that resembled the null allele phenotype of sn’% they
had gnarled bristles and the females were sterile. These
alleles were not temperature sensitive. Complementa-
tion testing among the 10 non-sn, non-forked mutants
placed them into two groups, A and B. Complementa-
tion group A contained eight alleles that differed in
severity and exhibited a variety of phenotypes including
short, gnarled bristles, rough eyes, and poor viability
with increased pupal lethality. We mapped the muta-
tion in complementation group A to 1.38.5 using mei-
otic recombination. furrowed maps to 1.36.85 (LINDSLEY
and ZiMM 1992) and furrowed mutants have a similar
spectrum of phenotypes. Complementation testing re-
vealed that mutants in complementation group A were
Jurrowed alleles. Complementation group B contained
two alleles that both exhibited a subtle thin, bent bristle
phenotype and one allele had reduced female fertility.
This complementation group mapped roughly to 1.10,
and we have not determined a previously identified
locus affected in complementation group B.

Analysis of EMS sn alleles: We were primarily inter-
ested in analyzing those sn alleles in which the observed
phenotype could be explained by a defect in protein
function rather than an absence of protein. Therefore,
we performed Northern and Western analysis on the
15 new EMS alleles and two previously described EMS
sn alleles, M3 (MOHLER 1977) and 1421 (KoMITOPOU-
LOU et al. 1983). sn encodes three transcripts of 3.6-,
3.3-, and 3.0-kb (PATERSON and O’HARE 1991). These






