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discontinuous actin hexagon (dah) is a maternal-effect gene essential for the formation of cortical
furrows during Drosophila embryogenesis, and DAH protein colocalizes with actin in these
furrows. Biochemical fractionation experiments presented here demonstrate that DAH is highly
enriched in the membrane fraction and that its membrane association is resistant to high-salt and
alkaline washes. Furthermore, it partitions into the detergent phase of the Triton X-114 solution,
indicating its tight binding to the membranes. DAH can also interact with the actin cytoskeleton,
because a fraction of DAH remains insoluble to nonionic detergent along with actin. These
biochemical characterizations suggest that DAH may play a role in the linkage of the actin
cytoskeleton to membranes. Using phosphatase inhibitors, we detected multiple phosphorylated
forms of DAH in embryonic extracts. The DAH phosphorylation peaks during cellularization, a
stage at which DAH function is critical. A kinase activity is coimmunoprecipitated with the DAH
complex and hyperphosphorylates DAH in vitro. Purified casein kinase I can also hyperphos-
phorylate DAH in the immune complex. Both DAH localization and phosphorylation are dis-
rupted in another maternal-effect mutant, nuclear-fallout. It is possible that nuclear-fallout collabo-
rates with dah and directs DAH protein localization to the cortical furrows.

INTRODUCTION

Drosophila early embryogenesis is characterized by 13 rapid
nuclear divisions in a syncytium (Rabinowitz, 1941; Foe and
Alberts, 1983). The first 9 nuclear divisions occur in the
interior of the embryo. By the interphase of cycle 10, the
majority of nuclei reach the cortex and undergo 4 more
synchronous divisions as an evenly spaced monolayer un-
derneath the plasma membrane. These 4 nuclear divisions,
cycles 10–13, are termed the syncytial blastoderm stage.
Cellularization occurs during the interphase of cycle 14; the
plasma membrane invaginates ;6000 cortical nuclei to form
individual cells. The highly ordered developmental events
are largely dependent on the cytoskeletal organizations (re-
viewed by Fyrberg and Goldstein, 1990; Schejter and Wie-
schaus, 1993). During the syncytial blastoderm, the actin
cytoskeleton undergoes rearrangements in each nuclear di-
vision, forming caps above the interphase nuclei and mov-
ing into the transient metaphase furrows when mitosis starts
(Karr and Alberts, 1986; Kellogg et al., 1988). At the inter-

phase of cycle 14, the actin cytoskeleton is associated with
the invaginating membranes, especially in the furrow canals
at the membrane front. The cleavage furrows proceed al-
most synchronously to cellularize ;6000 nuclei within a
period of ;45 min.

Although the cytoskeleton dynamics has been well char-
acterized, it remains unsolved how these networks are or-
ganized and controlled during development. Genetic anal-
ysis has revealed several maternal-effect genes required for
the early cortical organizations. daughterless-abo-like, sponge,
and scrambled mutants have distinctive defects in the actin
networks during the syncytial blastoderm, whereas the
cleavage furrows during the cellularization process appear
relatively normal (Sullivan et al., 1990, 1993; Postner et al.,
1992). nuclear-fallout has recently been cloned; it encodes a
centrosomal protein critical for both metaphase furrows and
cleavage furrows (Rothwell et al., 1998). The NUF protein
localizes to the centrosomes during the prophase of syncy-
tial blastoderm and throughout the cellularization process,
suggesting a role in setting up the cortical furrows. Cytolog-
ical analysis also shows early defects in actin recruitment at
these stages in the nuf mutant (Rothwell et al., 1998). Because‡ Corresponding author. E-mail address: hsieh@biochem. duke.edu.

© 2000 by The American Society for Cell Biology 1011



the maternal-effect gene grapes is a yeast checkpoint 1 (chk1)
homologue (Fogarty et al., 1997; Sibon et al., 1997), the cy-
toskeletal defects in the grp mutant are most likely the result
of defective cell cycles during the late blastoderm stages. At
cycle 14, three zygotic genes, nullo, serendipity-a, and bottle-
neck, in addition to the maternal genes, are required for the
proper progression of cellularization (Merrill et al., 1988;
Wieschaus and Sweeton, 1988; reviewed by Schejter and
Wieschaus, 1993). It has been proposed that these zygotic
genes remodel the cytoskeleton structure for the cellulariza-
tion process, which was initially set up by the maternal
genes (Schejter et al., 1992).

We previously identified a maternal-effect gene, discontin-
uous actin hexagon (dah), which is required for cortical furrow
formation (Zhang et al., 1996). The DAH protein is mainly
found in 0- to 6-h embryos, and the protein expression
reaches its peak around the cellularization stage. It localizes
to the metaphase furrows at the syncytial blastoderm and to
the cleavage furrows during cellularization. It also shows a
particulate staining pattern in the cell cortex where phos-
photyrosyl proteins are colocalized, suggesting that they are
membrane vesicles (Rothwell et al., 1999). These DAH par-
ticles are recruited to the furrow structures and participate
in membrane invagination. The null mutant of dah shows
defective metaphase furrows. These furrows are discontin-
uous and, moreover, they fail to extend. It is possible that
DAH is involved in recruiting critical furrow components,
such as lipids and the actin cytoskeleton, to the furrows. The
cleavage furrows in cellularizing mutant are totally disorga-
nized, possibly as a result of the high demand of membrane
synthesis. All these data indicate that DAH is directly in-
volved in cortical furrow formation. The DAH protein se-
quence reveals a modest but statistically significant homol-
ogy to the dystrobrevins and the carboxyl-terminal domains
of dystrophin. Therefore, DAH may play a role similar to
that of dystrophin in anchoring the actin cytoskeleton to
membranes, and this linkage is crucial for furrow formation.

In this paper, we present a biochemical analysis demon-
strating that DAH is tightly associated with membrane and
is hyperphosphorylated during furrow formation. To under-
stand the regulation of dah during fly development, we
explore the possibility of dah interacting with other mater-
nal-effect genes by monitoring the expression, phosphoryla-
tion, and localization of DAH in these mutants.

MATERIALS AND METHODS

Cell Fractionation and Treatment of Membrane
Fractions with Solubilizing Agents
Fractionation of embryonic extracts was performed according to
Strand et al. (1994) with the following modifications. One gram of 0-
to 4-h embryos was homogenized in 3 ml of buffer H (50 mM
Tris-HCl, pH 7.5, 150 mM KCl, 5 mM MgCl2, 0.25 M sucrose, 0.1
mM DTT, 1 mM PMSF, 2 mg/ml leupeptin, 2 mg/ml pepstatin) and
filtered through two layers of 120-mm Nitex screen. The filtrate was
loaded on a 0.5/2/2.5 M sucrose step gradient in a Beckman (Ful-
lerton, CA) SW27 rotor centrifuge tube. After centrifugation at
24,000 rpm for 2.5 h, the membrane fraction, cytosolic fraction, and
nuclear pellet were recovered. The membrane fraction was diluted
in 2 volumes of buffer H and sedimented at 30,000 3 g for 20 min.
The membrane pellet was resuspended in 10 ml of buffer H and
sedimented again. The cytosolic fraction was also further purified
by diluting it in 7 volumes of buffer H and centrifuged. The nuclear

pellet was washed in 10 ml of buffer H and sedimented at 1000 3 g
for 15 min. The identity and purity of the cellular fractions were
monitored as follows. Individual nuclei in the nuclear fraction were
identified by DAPI (Sigma Chemical, St. Louis, MO) staining. Al-
most 100% of the GAPDH activity in the cell was found in the
cytosolic fraction, whereas ,10% of the activity was found in the
nuclear and membrane fractions. GAPDH activity was assayed
according to McAlister and Holland (1985). Membrane vesicles of
different sizes were observed only in the membrane fraction by light
microscopy. Furthermore, we also found two Drosophila membrane
proteins, neurexin and coracle (Baumgartner et al., 1996; Ward et al.,
1998), in our membrane preparations.

The membrane pellet was resuspended in 200 ml of buffer H and
divided into aliquots and placed in five tubes for treatment with
solubilizing agents. The aliquots were incubated with 1 ml of PBS,
1 M KI (freshly made in 50 mM Tris-HCl, pH 7.5), 100 mM Na2CO3
(pH 10), 100 mM glycine (pH 2.8), and 1% NP-40 (in 50 mM
Tris-HCl, pH 7.5), respectively, for 30 min at room temperature. The
suspensions were centrifuged at 30,000 3 g for 20 min. The pellets
were solubilized in SDS sample buffer, and the supernatants were
precipitated in trichloroacetic acid, followed by solubilization in
SDS sample buffer. Western blot analysis was carried out as de-
scribed previously (Zhang et al., 1996).

For detergent extraction, membranes prepared from 0.5 g of em-
bryos were resuspended in 0.5 ml of 1% NP-40 or 1% SDS. The
NP-40 suspension was incubated on ice for 10 min and centrifuged
at 30,000 3 g for 20 min. The supernatant was saved, and the pellet
was extracted three more times with 1% NP-40. The final pellet was
resuspended in SDS sample buffer directly. The SDS suspension was
incubated at room temperature for 30 min and centrifuged. The
supernatant was saved, and the pellet was extracted one more time.

Triton X-114 Phase Separation
The membrane pellet prepared from the sucrose density gradient
sedimentation was resuspended in 250 ml of 1% Triton X-114 solu-
tion, followed by the phase separation, which was performed ac-
cording to Bordier (1981). The Triton X-114 phase separation has
also been carried out with total embryonic extracts. Staged embryos
were homogenized 1:10 (wt/vol) in buffer with 10 mM Tris-HCl, pH
7.4, 150 mM NaCl, 1% Triton X-114, 1 mM DTT, 10 mg/ml leupeptin,
10 mg/ml pepstatin, and centrifuged at 600 3 g for 10 min. The
supernatant then underwent Triton X-114 phase separation.

Phosphatase Inhibitors and l Protein Phosphatase
Treatment
One of the protein phosphatase inhibitors, 1 mM Na3VO4, 60 mM
NaF, 1 mM okadaic acid (Sigma Chemical), and 1 mM microcys-
tin-LR (Sigma Chemical) was included in the homogenization buffer
when protein extractions were performed according to Lee et al.
(1993). As controls, embryos were lysed either in SDS sample buffer
or first in homogenization buffer followed by the addition of sample
buffer. Treatment of the extracts with l protein phosphatase (New
England Biolabs, Beverly, MA) was performed according to the
manufacturer’s protocol.

Single-Embryo Western Blot
Embryos from 0- to 2-h collections were dechorionated as described
previously (Zhang et al., 1996). They were transferred to slides,
immersed in halocarbon oil 700 (Halocarbon Laboratories, Hacken-
sack, NJ), and observed under a light microscope (Laborlux, E.
Leitz, Rockleigh, NJ). Each embryo was staged by its morphology
and nuclear density, disrupted, and transferred into SDS sample
buffer for Western blot analysis.
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Immunoprecipitation and Kinase Assays
Staged embryos (0.05 g) were lysed in 1.5 ml of buffer N (50 mM
Tris-HCl, pH 8, 150 mM NaCl, 1% NP-40, 1 mM PMSF, 1 mM DTT,
2 mg/ml leupeptin, 2 mg/ml pepstatin) and centrifuged at 10,000 3
g for 20 min. The supernatant was incubated with antibody-coupled
protein A beads for 2 h at 4°C. To prepare antibody-coupled protein
A beads, 3 ml of affinity-purified antibody was added to 100 ml of
buffer N and incubated with 10 ml of protein A beads (Sigma
Chemical) for 0.5 h at 4°C. The beads were then sedimented by a
quick spin and washed twice with 1 ml of buffer N before they were
ready for use. After the incubation with the embryonic extract, the
beads were sedimented and washed four times with buffer N or
other wash solutions and two times with 20 mM Tris-HCl. Then
they were incubated with 30 ml of kinase reaction buffer containing
20 mM Tris-HCl, pH 8, 10 mM MgCl2, 1 mM DTT, and 1 mM
[g-32P]ATP (300 Ci/mmol) for 1 h at room temperature. For exog-
enous kinase reactions, 5–20 U of purified kinases, casein kinase I,
p34cdc2/cyclin B protein kinase, casein kinase II, catalytic subunit of
cAMP-dependent protein kinase, MAPK (Erk2), and glycogen syn-
thase kinase 3, all of which were purchased from New England
Biolabs, and the catalytic domain of PKC, which was generously
provided by Drs. Y. Shi and P. Blackshear (Graff et al., 1991), were
applied in a 30-ml reaction mixture. The kinase assays were per-
formed for 1 h according to the manufacturer’s procedure or Graff
et al. (1991). The kinase reactions were stopped by washing the
beads with 1 ml of 20 mM Tris-HCl, pH 8, and adding the SDS
sample buffer. The samples were then subjected to gel electrophore-
sis, silver staining according to the manufacturer’s protocol for the
Silver Stain Plus kit (Bio-Rad Laboratories, Hercules, CA), and
autoradiography.

Fly Stocks
Female-sterile mutants sced, spg335, and dal1 were generously pro-
vided by the laboratories of W. Theurkauf (State University of New
York, Stony Brook, NY), C. Nuesslein-Volhard (Max Planck Institute
for Developmental Biology, Tübingen, Germany), and the Bloom-
ington Drosophila Stock Center (Bloomington, IN), respectively. nuf,
grp1034, and wdel mutants were from W. Sullivan’s laboratory stocks.
dah30 mutant was from T.-s. Hsieh’s laboratory stock.

Immunofluorescence Staining of Whole-Mount
Embryos
Embryos of 1- to 3-h collections from the wild type and various
homozygous female-sterile mutant mothers were prepared for im-
munofluorescence microscopy as described (Zhang et al., 1996). The
laser scanning confocal images were collected with the use of a
fluorescence microscope (Axiovert, Carl Zeiss, Thornwood, NY)
equipped with a 40X/1.2 Plan-Neofluar lens.

RESULTS

DAH Is Tightly Associated with Membranes
Our previous study showed that DAH localizes to cortical
furrows and to particles where phosphotyrosyl proteins are
also colocalized, suggesting that they may be membrane
vesicles (Zhang et al., 1996; Rothwell et al., 1999). The crucial
roles of DAH in furrow formation suggest that DAH may
exert its function in the membranes. To test if DAH is mainly
membrane associated, we performed cellular fractionation
experiments with early embryos. Nuclear, cytosolic, and
membrane fractions were isolated according to their buoy-
ant densities in sucrose step gradients. The purity of these
fractions was monitored (see MATERIALS AND METH-
ODS). Western blot analysis revealed that the DAH protein

is highly enriched in the membrane fraction but absent in the
nuclear and cytosolic fractions (Figure 1A, lanes 1–4). Actin
is also found in the membrane fraction, consistent with its
role in the cortical furrows (Figure 1A, lower panel, lanes 3
and 4) (Strand et al., 1994). To understand the nature of DAH
association with membranes, we treated the membrane frac-
tion with various solubilizing reagents (Figure 1A, lanes
5–14). We used actin as a reference to determine if DAH is
associated with membranes through actin networks. DAH
remains associated with the membranes after high-salt wash
(1 M KI) and acid and alkaline treatments at pH 2.8 and 10,
respectively, indicating a tight association between DAH
and membrane. In comparison, actin is also resistant to KI

Figure 1. DAH is tightly associated with membranes. (A) Embryos
(0–4 h) were prepared for cellular fractionation on a sucrose step
gradient. Total extract (T) and nuclear (N), cytosolic (C), and mem-
brane (M) fractions were loaded on a SDS 8% polyacrylamide gel
and subjected to Western blot analysis by DAH and actin antibod-
ies. Twenty-five micrograms of total proteins was loaded in lanes 1,
2, and 4, and 12 mg was loaded in lane 3. DAH protein is concen-
trated in the membrane fraction (lane 4). Various solubilizing re-
agents were used to wash the membranes prepared from the frac-
tionation experiment. These reagents were PBS, 1 M KI, 100 mM
Na2CO3 (pH 10), 100 mM glycine (pH 2.8), and 1% NP-40. After
washing, the same volume of supernatant (S) and pellet (P) was
loaded on the gel and subjected to Western blot analysis. DAH
protein can be solubilized only from the membrane by 1% NP-40
(lane 13). (B) The membrane fractions (M) underwent four washes in
1% NP-40 or two washes in 1% SDS. Equal volumes of the super-
natants (S1, S2, S3, and S4) from each wash and the final pellet (P)
were loaded onto a gel for Western blot analysis. A fraction of DAH
remains insoluble in the nonionic detergent NP-40 (lane 6).
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wash and low-pH treatment. However, the majority of actin
can be released at high pH, which is characteristic of many
peripheral proteins (reviewed by Hortsch, 1994). The differ-
ent behavior between DAH and actin upon the alkaline
treatment suggests that the membrane association of DAH
can occur independently of actin networks. It is possible that
DAH itself is an integral protein or, alternatively, that it
binds tightly to integral proteins in the membrane. As an
example of the latter possibility, cytoplasmic protein coracle,
which is involved in septate junction formation and associ-
ates with membranes through its interaction with the trans-
membrane protein neurexin (Baumgartner et al., 1996; Ward
et al., 1998), was also resistant to the alkaline wash in our
membrane preparation (our unpublished results).

Membrane association of DAH was also demonstrated by
cloudy point precipitation with Triton X-114, which has
been widely used to characterize membrane proteins (Bor-
dier, 1981), including several Drosophila proteins (reviewed
by Hortsch, 1994). When the cloudy point temperature is
reached, Triton X-114 solution separates into a lighter phase
of aqueous solution and a detergent-rich lower phase. Inte-
gral proteins partition into the detergent phase, whereas
most peripheral proteins go into the aqueous phase. The
membrane pellet purified from the sucrose gradient was
resuspended in Triton X-114 solution, and the phase sepa-
ration was performed. DAH protein is mainly (.90%) re-
covered in the detergent phase, whereas ;50% of actin goes
into the aqueous phase (Figure 2A, lanes 2 and 3). The
detergent fractions of DAH and actin are both stable in
repeated Triton X-114 washes (Figure 2A, lanes 4–7). We
also treated the total embryonic extract with Triton X-114 to
determine if the majority of the DAH population is mem-
brane bound, as the membrane fractionation experiment had
suggested. Upon examination of the crude extract, most of
the actin is recovered in the aqueous phase, whereas ;60%
of DAH is found in the detergent phase (Figure 2B). Parti-
tion of DAH between the aqueous and detergent phases
does not change in different embryonic stages when 0- to 1-h
and 2- to 3-h embryos are compared (Figure 2B). Therefore,
the membrane association of DAH is not developmentally
regulated.

These biochemical results demonstrate that DAH is tightly
associated with membranes. The DAH amino acid sequence
reveals no transmembrane domains or signal peptide se-
quence. However, there are four potential N-glycosylation
sites in the DAH sequence. To investigate the possibility of
glycosylation, we treated DAH protein with peptide:N-gly-
cosidase, which cleaves between the innermost N-acetylglu-
cosamine and asparagine residues from N-linked glycopro-
teins (Maley et al., 1989). We did not observe any
electrophoretic mobility change of DAH after peptide:N-
glycosidase digestion (our unpublished results). No consen-
sus sequence for lipid modifications, including myristoyl-
ation and farnesylation, are present in the DAH sequence.
Because palmitoylation has no defined sequence require-
ment, it is still possible that DAH may be palmitoylated. We
used hydroxylamine treatment on the DAH protein, which
can promote the hydrolysis of the thioester bond between
the palmitoylate and cysteine (Magee et al., 1984). After
extensive treatment of hydroxylamine with membranes pre-
pared from sucrose gradient or membranes from total em-
bryonic extracts prepared by Triton X-114 partition, no dif-

ference in DAH electrophoretic mobility was observed (our
unpublished results). All these experiments suggest that,
rather than being an integral membrane protein, DAH is
likely to be associated with membranes through its interac-
tions with other integral proteins. This indirect association
of DAH with membranes potentially allows it to play a
critical role in reversibly connecting membrane vesicles to
other cellular compartments, a function that may be impor-
tant in the dynamic process of cortical furrow formation.

When the nonionic detergent NP-40 was used to solubilize
the membranes, we noticed that a fraction of DAH remained
insoluble along with actin (Figure 1A, lanes 13 and 14). This
has been observed for proteins that interact with the cy-
toskeleton (Geiger, 1983; Nagafuchi and Takeichi, 1988; Gra-
ziani et al., 1989; McCrea and Gumbiner, 1991). We also
found that coracle, a component of the septate junctions, is
present in the NP-40–insoluble fraction along with actin
(our unpublished results). To ensure the complete solubili-
zation of the membranes, we performed serial NP-40
washes. A significant amount of the DAH protein remains in
the insoluble aggregates after repeated washes, which par-
allels the effect on actin (Figure 1B). An ionic detergent, SDS,
efficiently solubilizes all the DAH protein and actin. This
result suggests that DAH may participate in the actin cy-
toskeletal matrix, corroborating earlier localization results

Figure 2. DAH partitions into the Triton X-114 detergent phase.
(A) The membrane pellets were resuspended in 1% Triton X-114
solution and subjected to cloudy point precipitation. Equal volumes
of the membrane suspension (T), the aqueous phase (A), and the
detergent phase (D) were loaded onto a gel for Western blotting.
The gel was probed with DAH and actin antibodies. The detergent
phase after the first phase separation (D1) was washed two more
times to give rise to A2 and D2, and A3 and D3, respectively. The
majority of the DAH protein in the membrane fraction partitions
into the detergent phases (lanes 3, 5, and 7). (B) Crude embryonic
extracts (0–1 and 2–3 h) were prepared for Triton X-114 phase
separation, and .60% of the DAH protein is in the detergent phase
(lanes 3 and 6).
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by immunofluorescence microscopy (Zhang et al., 1996).
However, the interaction between DAH and actin may be
indirect. No actin-binding domains can be identified in the
protein sequence of DAH. Furthermore, when preexisting
actin filaments were cleared from embryonic extracts and
actin monomers were polymerized, DAH did not cosedi-
ment with the actin filaments (our unpublished results).
Similar to its membrane binding, DAH may bind to actin
through its interaction with other proteins. This property
suggests that DAH could serve as an intermediary in linking
membrane vesicles to actin-based cytoskeleton.

DAH Is Hyperphosphorylated during Cellularization
In the immunoblots of DAH, we have detected a minor
fraction of DAH protein that migrates at reduced electro-

phoretic mobilities, suggesting the possibility of posttrans-
lational modifications. We tested whether DAH is phosphor-
ylated in vivo by including phosphatase inhibitors in the
homogenization buffer when preparing the embryonic ex-
tracts. Vanadate, a tyrosine phosphatase inhibitor, fluoride,
a serine/threonine phosphatase inhibitor, and okadaic acid
and microcystin, specific for phosphatase I, IIA, and IV,
were used. Although vanadate and fluoride had no discern-
ible effect on the distribution of DAH species (Figure 3A,
lanes 3 and 4), multiple DAH species with reduced electro-
phoretic mobilities were recovered when okadaic acid or
microcystin was added (Figure 3A, lanes 5 and 7). A similar
DAH pattern was found when embryos were lysed directly
in SDS sample buffer (Figure 3A, lane 1), confirming that an
endogenous phosphatase is responsible for converting the

Figure 3. DAH is hyperphosphorylated during cel-
lularization. (A) Different phosphatase inhibitors,
VO4

32, F2, okadaic acid (OA), and microcystin (M-
LR), were included in the homogenization buffer to
prepare embryonic extracts. Embryos were also
lysed in SDS sample buffer directly (SB) or in ho-
mogenization buffer (C). Total proteins (100 mg)
were loaded for each sample, and Western blotting
with DAH antibody was performed. Several slow-
migrating species were detected when OA and
M-LR were added (lanes 5 and 7), and they all col-
lapsed to the lowest band after the treatment of l
protein phosphatase (lPP; lanes 6 and 8). (B) Hourly
staged embryos during the first 6 h of development
were prepared with or without OA for Western blot
analysis. DAH phosphorylation reached its peak at
2–3 h. (C) Single embryos were staged according to
their morphology and nuclear density by light mi-
croscopy. Embryos in the preblastoderm (Pre-), syn-
cytial blastoderm, cellularization, and gastrulation
(G) stages were lysed in SDS sample buffer and
loaded in the order of development. Embryos in
lanes 9 and 10 had not extended their cleavage fur-
rows. Embryos in lanes 11–14 were all in the slow
phase of membrane invagination, followed by fast-
phase embryos in lanes 15–17. DAH phosphoryla-
tion is most extensive during the slow phase of
cellularization (lanes 11–14).
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slow-migrating species into the major fast-migrating species.
Addition of an exogenous phosphatase, l protein phospha-
tase, can generate results similar to those found with the
endogenous phosphatase (Figure 3A, lanes 6 and 8). The
single band in lane 8, which migrates slightly faster than the
other fast-migrating bands in lanes 1–7, is due to the exten-
sive dephosphorylation reaction of l protein phosphatase.
The fast-migrating species in lanes 1–7 actually consist of
two bands, which were resolved on a film with less exposure
time (our unpublished results). The DAH band in lane 8
correlates with the lower band of the DAH doublet, which
suggests that the upper band is also a phosphorylated spe-
cies of the DAH protein, and its further phosphorylations
result in the multiple slower-migrating bands. The results
from the okadaic acid and microcystin treatments indicate
that the endogenous phosphatase responsible for DAH de-
phosphorylation could be phosphatase I, IIA, or IV. These
are all serine/threonine phosphatases. In addition, antibody
specific for phosphotyrosine fails to recognize any of the
DAH phosphorylated species (our unpublished results).

Therefore, DAH protein is most likely phosphorylated on
serine and threonine residues.

The major interest in DAH phosphorylation lies in its
potential regulation of the protein function. To investigate
whether DAH phosphorylation is developmentally regu-
lated, different stages of embryos have been examined. The
phosphorylation reaches its peak at 2–3 h (Figure 3B), when
cellularization occurs. The hyperphosphorylated species
were observed only in samples prepared in the presence of
a phosphatase inhibitor, okadaic acid. We have quantified
the phosphorylated species by densitometric analysis of the
Western blot. Up to six phosphorylated species can be
clearly counted, and they make up .70% of the total DAH
protein at 2–3 h, when DAH expression reaches its peak. In
comparison, ;40% of the total DAH protein is phosphory-
lated in the 0- to 1-h embryos. Because the embryos collected
hourly are not synchronous in development, we examined
the DAH phosphorylation more precisely in single embryos.
Embryos were lysed directly in SDS sample buffer to main-
tain the hyperphosphorylated state of DAH (Figure 3A, lane

Figure 4. A kinase activity is found in DAH immune complex. (A) Immunoprecipitation with the wild-type 0- to 4-h embryonic extract was
carried out by the DAH antibody (lanes 1 and 2) or the preimmune serum (lanes 3 and 4). The immune complex was washed and incubated
with [g-32P]ATP for in vitro kinase assay. Washing with 150 mM NaCl (in buffer N) was used for lanes 1 and 3, and 1 M NaCl was applied
for lanes 2 and 4. The samples were loaded onto a gel and subjected to autoradiography. A series of phosphorylated bands were specifically
detected in the DAH immunoprecipitates. (B) The DAH immune complex was washed with 150 mM NaCl (lanes 1 and 7), 1 M NaCl (lanes
2 and 8), 4.5 M NaCl (lanes 3 and 9), 1 M KI (lanes 4 and 10), 10 mM EGTA (lanes 5 and 11), and 10 mM EDTA (lanes 6 and 12), all in buffer
N, before the kinase reaction. The gel was stained by silver stain (lanes 1–6) and then exposed to a film (lanes 7–12). The kinase activity, but
not the DAH protein itself, can be washed off by 1 M KI (lanes 4 and 10). (C) Immunoprecipitation was carried out with the mutant extract
(lanes 1 and 5) or the wild-type extract (lanes 2 and 6) before the kinase assay. DAH protein was not detected in the mutant. When the DAH
immune complex from the wild-type extract was washed with 1 M KI (lanes 3, 4, 7, and 8), the kinase activity was recovered after the
incubation with the mutant extract (lane 8). No activity was observed when the DAH complex was incubated with the homogenization buffer
alone (lane 7). dah-p, phosphorylated DAH; IgG, immunoglobulin G.
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1). We observed that DAH phosphorylation reaches its peak
in cellularizing embryos, especially during the slow phase of
membrane invagination (Figure 3C, lanes 11–14). The degree
of phosphorylation appears to increase during development
before cellularization and decreases afterward. These results
indicate that DAH phosphorylation is developmentally reg-
ulated and may be important for DAH function during
cellularization.

A Kinase Activity Is Coimmunoprecipitated with
DAH
To understand how the DAH phosphorylation is regulated,
we first sought to identify the kinase potentially involved in
the phosphorylation. DAH protein was immunoprecipi-
tated, and the immune complex was subjected to in vitro
kinase reaction. A series of the phosphorylated species sim-
ilar to the endogenous DAH species were observed (Figure
4A, lanes 1 and 2; compare Figure 3). These phosphorylated
species can also be removed by l protein phosphatase treat-
ment (our unpublished results). When preimmune serum
was used for immunoprecipitation, these phosphorylated
species were not detected (Figure 4A, lane 3). A concentra-
tion of 1 M NaCl could remove the kinase activities that
generated the nonspecific bands in both preimmune and
immune complex (lanes 2 and 4), whereas the DAH phos-
phorylation signals were unaffected in the immune complex
(lane 2). Furthermore, DAH phosphorylation was not de-

tected when immunoprecipitation was performed with the
use of extracts from dah2 mutant embryos (Figure 4C, lanes
1 and 5), indicating that the radiolabeling is specific to the
DAH protein.

Because the DAH protein sequence does not contain any
kinase domains, it is very likely that a kinase(s) associated
with DAH is coimmunoprecipitated. To test this possibility,
we washed the kinase activity from the DAH complex and
then reconstituted it. First, we tried various reagents to
remove the kinase(s) without disrupting the DAH-antibody
interaction: 1 M NaCl, 4.5 M NaCl, 1 M KI, 10 mM EGTA,
and 10 mM EDTA were used to wash the DAH immune
complex extensively before the in vitro kinase reaction. The
associated kinase activity is tightly bound in the DAH com-
plex, because it is resistant to high-salt washes up to 4.5 M
NaCl, 10 mM EGTA, or 10 mM EDTA (Figure 4B, lanes 8, 9,
11, and 12). However, 1 M KI removes the kinase activity
completely (lane 10). To ensure that DAH protein itself was
not released upon KI wash, we monitored the amount of the
DAH protein by silver stain (lanes 1–6). We detected similar
amounts of the DAH protein in all samples, and no signifi-
cant loss of DAH resulted from the KI wash (lane 4). Fur-
thermore, the lack of DAH phosphorylation is not due to the
residual amount of KI left in the DAH complex, which may
inhibit the kinase, because the immune complex was
washed twice by kinase buffer before the kinase assay and
because adding 100 mM KI directly in the kinase reaction
did not affect the kinase activity (our unpublished results).
These data demonstrate that the DAH-specific kinase activ-
ity can be dissociated from DAH by 1 M KI.

In the silver-stained gel, DAH protein appears as a dou-
blet, both bands of which react with DAH antibody by
Western blot analysis (our unpublished results) and are
missing in extracts from dah2 mutant embryos (Figure 4C,
lane 1). The presence of a DAH doublet was also described
in the previous section (Figure 3A). Treatment of l phos-
phatase converted the doublet into a single band that corre-
sponded to the fast-migrating species in the doublet, sug-
gesting that the slower band is a phosphorylated species.
Only a minor fraction of the immunoprecipitated DAH is
hyperphosphorylated in the in vitro kinase reaction; there-
fore, hyperphosphorylated DAH is not observed in the sil-
ver staining.

Because the kinase activity could be removed from the
DAH complex by KI, we tested if we could add the kinase
back to reconstitute the DAH phosphorylation reaction. Af-
ter the DAH immune complex was washed by KI, it was
incubated with either immunoprecipitation buffer or the
dah2 mutant extract (Figure 4C, lanes 7 and 8). The kinase
reaction could be reconstituted with the mutant extract
(compare lanes 8 and 6), although no DAH protein was
immunoprecipitated in the mutant (lanes 1 and 5). There-
fore, the kinase activity is independent on DAH protein
expression, confirming that DAH has no intrinsic kinase
activity.

Examination of the DAH protein sequence reveals the
presence of consensus phosphorylation sites for casein ki-
nase (CK) I, CKII, cdc2/cyclin B kinase, glycogen synthase
kinase 3, MAPK, cAMP-dependent protein kinase, and PKC.
Although the identity of this endogenous DAH kinase(s)
remains to be determined, we tested if these potential ki-
nases can phosphorylate DAH in vitro. The DAH immuno-

Figure 5. DAH can be hyperphosphorylated by CKI. DAH protein
was immunoprecipitated and the endogenous kinase associated
with DAH was removed by 1 M KI (lanes 2–9). The DAH immu-
noprecipitates were then incubated with no kinases (2kin), or with
casein kinase I (CK I), p34cdc2/cyclin B protein kinase (cdc2), casein
kinase II (CK II), cAMP-dependent protein kinase (PKA), PKC,
glycogen synthase kinase 3 (GSK-3), and MAPK for kinase reactions
(lanes 3–9). These samples were prepared for gel electrophoresis,
followed by analysis with silver staining (lower panel) and autora-
diography (upper panel). Casein kinase I hyperphosphorylates
DAH protein, whereas the other kinases fail to generate a similar
phosphorylation pattern as the endogenous kinase.
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precipitates were washed by 1 M KI and incubated with
these purified kinases, most of which are mammalian pro-
teins (see MATERIALS AND METHODS). Among them,
cdc2/cyclin B, CKII, and MAPK do not generate appreciable
amounts of DAH phosphorylation (Figure 5, upper panel,
lanes 4, 5, and 9). On the other hand, cAMP-dependent
protein kinase (PKA), PKC, and glycogen synthase kinase 3
can phosphorylate DAH efficiently. They generate one or
two slow-migrating DAH species in the kinase assay (Figure
5, upper panel, lanes 6–8). PKA appears to be very efficient
in that it converts all the DAH proteins from the lower band
into the upper band of the doublet (lower panel, lane 6).
However, it cannot generate more extensive DAH phos-
phorylation, as shown by the lack of multiple slower-migrat-
ing DAH species. In addition, peptide inhibitors for PKA or
PKC have no effect on the endogenous kinase activity in the
DAH immune complex (our unpublished results), suggest-
ing that PKA and PKC are not involved in DAH phosphor-
ylation. Interestingly, CKI can hyperphosphorylate DAH
protein, resulting in a smear of the radiolabeled species with
slower electrophoretic mobilities (Figure 5, lane 3). The
phosphorylation pattern is similar to the endogenous pat-
tern, except that the exogenous CKI phosphorylates DAH
with a much higher efficiency, presumably because purified
enzyme is used. Multiple CKI isoforms are present in most
organisms, including CKIa and CKIe in Drosophila (Santos et

al., 1996; Kloss et al., 1998). CKI-7, a known CKI inhibitor
especially potent for the CKId isoform (50% inhibitory con-
centration 5 12 mM) (Chijiwa et al., 1989; Graves et al., 1993;
Zhai et al., 1995), has little affect on endogenous kinase
activity at the concentration of 10 mM (our unpublished
results). Further work will be needed to verify if CKI is the
endogenous kinase and, if so, to determine which isoform
modifies DAH during embryogenesis.

Interactions between dah and Other Maternal-Effect
Genes
To understand the regulation of DAH localization and phos-
phorylation, we sought to investigate the potential partners
with which DAH might interact. Many gene products, be-
sides DAH, participate in the formation and reorganization
of the cortical furrows. Maternal-effect mutations such as
grapes (grp), daughterless-abo-like (dal), sponge (spg), scrambled
(sced), waddell (wdel), and nuclear-fallout (nuf) have been char-
acterized for defective cytoskeletal organization during
early embryogenesis (Sullivan et al., 1990, 1993; Postner et al.,
1992; Sullivan, personal communication). We are interested
in finding possible interactions between DAH and these
genes by examining DAH localization and phosphorylation
in those mutants.

Figure 6.
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During the cortical nuclear divisions (cycles 10–13), actin
filaments move from caps above each nucleus into the meta-
phase furrows at prophase and metaphase, providing a
physical barrier for the separation of each mitotic apparatus.
scrambled and sponge mutations both cause almost complete
failure in metaphase furrow formation. Although the scram-
bled mutant has normal actin cap formation, the sponge mu-
tant lacks actin cap structures (Postner et al., 1992; Sullivan et
al., 1993). When mitosis starts in these two mutants, the actin
filaments are diffuse in the cytoplasm instead of concentrat-
ing in furrow structures. Because DAH normally colocalizes
with actin in the metaphase furrows in wild-type embryos
(Zhang et al., 1996) (Figure 6A), we are interested in deter-
mining where DAH localizes in the absence of the actin
networks. In the wild-type embryo at the cycle 13 meta-
phase, actin (Figure 6A, green channel) and DAH (red chan-
nel) are both in metaphase furrows, forming a regular hex-
agonal array. When we examined the DAH localization in
the sced mutant, DAH protein showed a diffuse distribution
in the cortex similar to the actin distribution (Figure 6A).

DAH was excluded from the mitotic spindles and showed
no specific localization in the cytoplasm. A similar observa-
tion was made in the spg mutant as well (our unpublished
results). Therefore, in the maternal-effect mutants in which
actin-based metaphase furrows are disrupted, the DAH dis-
tribution is also affected.

Mutations in daughterless-abo-like, grapes, nuclear-fallout,
and waddell all result in incomplete metaphase furrows (Sul-
livan et al., 1990, 1993; Sullivan, personal communication).
DAH colocalizes with the defective actin networks in the dal
mutant (Figure 6A). Although there are disruptions in parts
of the furrows where actin is absent (Figure 6A, arrows),
DAH shows a diffuse distribution between mitotic spindles.
Similar data have been obtained from grp and wdel mutants
as well (our unpublished results). In an interesting contrast,
DAH does not localize properly to furrows in the nuf mutant
(Rothwell et al., 1999) (Figure 6A). Although the overall
furrow structure in this nuf-derived embryo is not more
disrupted than that of the dal mutant, DAH shows a diffuse
distribution throughout the cortex, whereas actin filaments

Figure 6 (cont). DAH mislocalizes in nuf mutants. (A) Wild-type and mutant embryos (sced2, dal2, and nuf2) in cycle 13 metaphase were
double stained with fluorescein-conjugated phalloidin (green channel) and DAH antibody followed by a Cy3-conjugated secondary antibody
(red channel). The top panels are the merged images of the green and red channels below them. The arrows point to the disrupted actin
network in the dal mutant panels. DAH colocalizes with actin in the wild-type embryo (left columns) and in the sced and dal mutants (middle
columns). However, DAH staining is largely diffused in the nuf mutant, although incomplete actin hexagons are present (right columns). Bar,
25 mm. (B) Wild-type and mutant embryos in cellularization were prepared as in A. In the wild-type embryo, DAH concentrates in the
cleavage furrows (left columns). It localizes to the cleavage furrows in the sced and dal mutants (middle columns), whereas the DAH
localization in nuf remains defective (right columns).
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are mostly concentrated in furrows. These results suggest
that nuf is required for DAH localization to the metaphase
furrows.

Our earlier results demonstrated that DAH plays a critical
role in the cellularization process. The maternal-effect genes,
including daughterless-abo-like, sponge, and scrambled, seem to
be dispensable for the cellularization process, because the
cleavage furrows form almost normally in these mutants
(Sullivan et al., 1990, 1993; Postner et al., 1992). Therefore, we
do not anticipate any mislocalization of DAH in these mu-
tants. Indeed, DAH localizes to the cleavage furrows nor-
mally in sced, dal (Figure 6B), and spg mutants (our unpub-
lished results). grapes, the Drosophila homologue of the yeast
checkpoint 1 gene, seems to be critical for turning on the
zygotic program, because the grp mutant never enters cycle
14 (Fogarty et al., 1997; Sibon et al., 1997). Therefore, we did
not include the grp mutant in this study. Mutations in nu-
clear-fallout, waddell, and dah all cause defects in metaphase
furrows and cleavage furrows, suggesting that these genes
are involved in the formation of both furrows (Sullivan et al.,
1993; Zhang et al., 1996; Sullivan, personal communication).
Therefore, we investigated if DAH localizes correctly in
these two mutants. DAH localizes to the disorganized cleav-
age furrows in the wdel mutant (our unpublished results).
However, in the nuf mutant, most of the DAH protein is
distributed over the entire cortex, although some localizes to
parts of the furrows (Figure 6B). It seems that the NUF
protein is important for DAH localization not only in the
metaphase furrows but also in the cleavage furrows. In all
the maternal-effect mutants we examined, we have not ob-
served correct DAH localization in regions where the actin
network is disrupted or missing (Figure 6, A and B). This
finding suggests that DAH localization/recruitment to the
cortical furrows depends on actin networks.

To understand if these maternal-effect genes may regulate
DAH expression and its phosphorylation, we performed
single-embryo Western analysis on extracts from these mu-
tant embryos. The levels of DAH protein expression in all
these mutants are comparable to those in the wild type
(Figure 7), suggesting that these maternal-effect genes do not
regulate DAH expression. Furthermore, the extent of the
DAH phosphorylation is also normal in the grapes, sponge,
daughterless-abo-like, and waddell mutants, whereas the phos-
phorylation is greatly reduced in the nuclear-fallout and
scrambled mutations (Figure 7). These results suggest that
nuclear-fallout and scrambled are both involved in the regu-
lation of DAH phosphorylation.

DISCUSSION

DAH is essential for cortical furrow formation during Dro-
sophila embryogenesis (Zhang et al., 1996). It is recruited to
the invaginating membranes and plays a critical role in
furrow extension (Rothwell et al., 1999). To understand DAH
function at the molecular level, we investigated the nature of
DAH association with membranes. We have shown by bio-
chemical analysis that DAH protein is tightly associated
with membranes. The apparent lack of a transmembrane
domain sequence in DAH and our failure to detect any
carbohydrate and lipid modification suggest that DAH may
interact with integral membrane proteins. On the other
hand, a fraction of DAH, along with actin, remains insoluble
after repeated NP-40 washes, suggesting that DAH may be
a component of the cytoskeletal matrix. These observations
show that, in addition to the sequence similarity, DAH
protein shares some common features with the carboxyl
terminus of dystrophin. The carboxyl terminus anchors dys-
trophin to the plasma membrane through its interaction
with transmembrane glycoproteins that bind laminin in
muscle cells (reviewed by Ervasti and Campbell, 1993). It
enables dystrophin to link the actin cytoskeleton to the
extracellular matrix with a direct interaction between actin
filaments and the amino terminus of dystrophin. Because
DAH is also tightly associated with membranes, it is possi-
ble that DAH mediates or stabilizes the linkage of the actin
cytoskeleton to membranes in early embryos.

This model is also supported by the immunofluorescence
analysis performed by Rothwell et al. (1999). DAH has been
found on the membrane-containing particles, marked by
anti-phosphotyrosine antibody. More interestingly, particles
of actin filaments lie side by side and appear to be attached
to the DAH particles. These localization data suggest that
DAH may associate with both membranes and the actin
cytoskeleton. Those particles accumulate during the inter-
phase of the cell cycle and seem to fuse with invaginating
membrane furrows during mitosis. It is likely that those
particles are required for furrow extension and that DAH is
involved in delivering membrane vesicles and the actin cy-
toskeleton to the furrows where membranes invaginate. Al-
ternatively, DAH may play a role in stabilizing the interac-
tions between the actin cytoskeleton and membrane vesicles
at the cleavage furrows.

At least six phosphorylated species exist in vivo, and the
phosphorylation reaches its peak at a stage at which DAH
function is critical for embryogenesis. These results suggest
that DAH phosphorylation might be functionally relevant.
To identify the possible kinase involved in DAH phosphor-
ylation, we examined the in vitro phosphorylation in the
DAH immunoprecipitate. We found a kinase activity in the
DAH immune complex that can hyperphosphorylate DAH
protein in vitro. A potential candidate for the DAH kinase is
CKI. Exogenous CKI can efficiently hyperphosphorylate
DAH protein in the immune complex. Two CKI isoforms, a
and e, have been found in Drosophila (Santos et al., 1996;
Kloss et al., 1998). CKIa is specifically expressed in early
embryos and adult females, suggesting a maternal function
of this CKI isoform. It is activated by g-irradiation and may
be involved in the DNA repair pathway. CKIe is encoded by
the Drosophila clock gene double-time. It regulates the phos-
phorylation state of PER protein and controls circadian
rhythms in fly. YCK2, a CKI isoform in Saccharomyces cerevi-

Figure 7. DAH phosphorylation is affected in some of the mater-
nal-effect mutants. Wild-type (wt) and mutant embryos (grp2, spg2,
sced2, dal2, wdel2, and nuf2) in the same stages were subjected to
single-embryo Western analysis by the DAH antibody. DAH phos-
phorylation is reduced in the sced and nuf mutants.

C.X. Zhang et al.

Molecular Biology of the Cell1020



siae, is tightly associated with the plasma membrane and
localizes to sites of polarized growth and cytokinesis (Van-
cura et al., 1994; Robinson et al., 1999). It is required for
accurate bud site selection and proper septin organization.
Therefore, it would be interesting to determine if any iso-
form of Drosophila CKI is also involved in the cytoskeletal
organization and in DAH phosphorylation.

Several maternal-effect genes have been shown to function
in the organization and rearrangement of actin networks in
early embryos. It would be interesting to determine if dah
functions in the same pathway as these genes. We have
shown that the recruitment of DAH to the cortical furrows is
unaffected in the scrambled, sponge, daughterless-abo-like,
grapes, and waddell mutants, suggesting that these genes may
not be directly involved in DAH function. However, DAH
recruitment is greatly reduced in the nuclear-fallout mutant.
We have demonstrated that, in addition to the mislocaliza-
tion of DAH in the metaphase furrows, as shown earlier by
Rothwell et al. (1999), DAH is also largely mislocalized in the
cleavage furrows. Therefore, NUF, a centrosomal protein,
seems to play critical roles in recruiting important compo-
nents, such as DAH and actin, to the cortical furrows.

DAH protein phosphorylation is significantly reduced in
two maternal-effect mutants, nuclear-fallout and scrambled. A
potential role of phosphorylation is to regulate the interac-
tions of DAH with membrane protein and/or actin-binding
protein. Thus, DAH phosphorylation could facilitate the
recruitment of the DAH particles that contain lipid compo-
nents and actin cytoskeleton to the cortical furrows. Impor-
tantly, DAH phosphorylation reaches its peak at a stage at
which the membrane synthesis is most demanding during
early embryogenesis. In the nuf mutant, hypophosphory-
lated DAH protein fails to localize to the metaphase furrows
and is found only in a subset of the defective cleavage
furrows. This failure of DAH recruitment could be a direct
result of deficient phosphorylation. In the sced mutant, al-
though hypophosphorylated DAH localizes to the cleavage
furrows, there are greatly reduced furrow structures in these
embryos. Cellularization occurs only at the pole regions of
the sced embryos, and the actin networks appear thinner and
abnormal compared with those in the wild type (Postner et
al., 1992; Sullivan et al., 1993) (Figure 6B). Therefore, it is
possible that, despite a reduced efficiency of particle recruit-
ment as a result of hypophosphorylation, a fraction of DAH
could still be recruited into the remaining actin cytoskeleton.
It will be of great interest to determine the functions of DAH
phosphorylation during development.
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