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Abstract. By using F-actin affinity chromatography 
columns to select proteins solely by their ability to 
bind to actin filaments, we have identified and partially 
purified >40 proteins from early Drosophila embryos. 
These proteins represent *0.5 % of the total protein 
present in soluble cell extracts, and 2 mg are obtained 
by chromatography of an extract from 10 g of em- 
bryos. As judged by immunofluorescence of fixed em- 
bryos, 90% of the proteins that we have detected in 
F-actin column eluates are actin-associated in vivo (12 

of 13 proteins tested). The distributions of antigens 
observed suggest that groups of these proteins cooper- 
ate in generating unique actin structures at different 
places in the cell. These structures change as cells 
progress through the cell cycle and as they undergo 
the specializations that accompany development. The 
variety of different spatial localizations that we have 
observed in a small subset of the total actin-binding 
proteins suggests that the actin cytoskeleton is a very 
complex network of interacting proteins. 

T HF. Drosophila embryo develops as a large highly 
organized syncytial cell during the first 14 nuclear 
division cycles. Within this large cell, regions of the 

cytoplasm differ from each other in organization and struc- 
ture, and cytoplasmic and organellar movements occur in a 
precisely timed and coordinated fashion as the embryo de- 
velops. This high degree of organization is mediated by the 
cytoskeleton, with actin filaments and microtubules playing 
many important roles (Foe and Alberts, 1983; Edgar et al., 
1988). 

The actin cytoskeleton in early Drosophila embryos has 
been studied by immunofluorescence techniques (Karr and 
Alberts, 1986; Warn et al., 1984). Actin is highly concen- 
trated in the cortex of the embryo, where large organelles are 
excluded from a special region of the cytoplasm. During the 
syncytial blastoderm stage (nuclear cycles 10-14), nuclei are 
present in an evenly spaced monolayer in the cortex of the 
cell, and actin forms distinct structures that change during 
the cell cycle and with developmental time. During inter- 
phase, actin filaments appear to help hold nuclei in their 
proper cortical location and are concentrated just below the 
plasma membrane in a patch above each nucleus. During mi- 
tosis, transient membrane furrows form between closely 
spaced nuclei in the syncytium, which presumably helps to 
keep the neighboring mitotic spindles separate from each 
other (Stafstrom and Staehelin, 1984). At this stage of the nu- 
clear cycle, actin filaments form a continuous layer beneath 
the entire plasma membrane, including the membrane fur- 
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rows. However, the actin underlying the furrows plays an im- 
portant role in their formation, and it differs in function, 
organization and regulation from the actin filaments underly- 
ing the rest of the membrane. 

Early Drosophila embryos are large syncytial cells that are 
available in sufficient quantities for biochemical analyses and 
can be readily manipulated by both genetic and microinjec- 
tion techniques. They therefore provide an especially acces- 
sible system for analyzing the structure and function of the 
many proteins associated with actin filaments (called actin- 
binding proteins or ABPs).' To begin a characterization of 
proteins that are important for actin filament organization 
and function in these embryos where relatively few ABPs 
have been previously characterized, we have developed an 
F-actin affinity chromatography method (Miller and Alberts, 
1989). Beginning with the ABPs identified in this way, we 
hope to gain insight into the many actin-mediated processes 
involved in the structure, growth, and development of these 
fascinating cells. Selected aspects of this work have been 
reported in a preliminary form (Miller et al., 1985). 

Materials and Methods 

Materials 
All chemicals used were reagent grade. Phalloidin, leupeptin, pepstatin, 
aprotinin, suberimidate, and NP.40 were obtained from Sigma Chemical 
Co. (St. Louis, MO). Antibodies to Drosophila cytoplasmic myosin and 
spectrin were provided by Dan Kiehart. Mono Q column was from Pharma- 
cia Fine Chemicals (Piscataway, NJ). 

L Abbreviations used in this paper: ABE actin-binding proteins; DAPI, 
4,6-diamidino-2-phenylindole. 
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Buffers 
E buffer: 5 mM K-Hepes, pH 7.5, 0.05% NP-40, 0.5 mM Na3EDTA, 0.5 
mM Na3 EGTA, 10/~g/ml each leupeptin, pepstatin, and aprotinin. A 
buffer: 50 mM K-Hepes, pH 7.5, 2 mM DTT, 0.5 mM Na3 EDTA, 0.5 mM 
Na3 EGTA, 0.05% NP-40, 10 /~g/mi each of leupeptin, pepstatin, and 
aprotinin. SDS polyacrylamide gel sample buffer: 62 mM Tris-CI, pH 6.8, 
3% SDS, 5%/3-mercaptoethanol, 10% glycerol. TBS: 0.02 M Tris-CI, pH 
7.5, 0.5 M NaCI. PBS: 20 mM potassium phosphate, pH 7.3, 0.15 M NaCI. 

Preparation of a Drosophila Embryo Extract 
Embryos were collected from Oregon R flies in population cages by letting 
the flies lay eggs on fresh corn meal ager plates for a period of up to 4 h. 
Embryos were washed offthe plates with 0.15 M NaCI, 0.05% Triton X-100 
(Triton-NaC! wash solution) and briefly dechorionated with 50% Clorox 
(bleach). After extensive rinsing with Triton-NaCl, the embryos were 
washed with E buffer and blotted dry. The embryos were weighed and sus- 
pended in 10 vol (wt/vol) of E buffer. After PMSF was added to 1 raM, the 
embryos were homogenized at 4°C with 5 strokes of a motor-driven, loose 
fitting teflon-glass homogenizer (Wheaton Instruments, Millville, NJ). The 
homogenate was centrifuged at 10,000 g for 20 min and the supernatant 
brought to 2 mM DTT and 50 mM K-Hepes (pH 7.5). After centrifugation 
at 100O00 g for 1 h the superuatant was loaded onto the appropriate columns 
at 4°C. 

ABinity Chromatography of Extracts 
Affinity chromatography columns were prepared as described (Miller and 
Alberts, 1989), using actin filaments stabilized with phalloidin. F-actin, 
G-actin, and control (albumin) columns of equal bed size and protein con- 
tent were equilibrated with A buffer containing 10% glycerol (or another 
indicated loading buffer) at 4°C. Equal volumes of the same extract were 
applied to all of the columns in each experiment (unless otherwise noted), 
using a flow rate of I column vol/h or less. After loading, all of the columns 
were rinsed at 1-2 column vol/h with A buffer containing 10% glycerol until 
protein in the eluate had reached background levels for the F-actin columns 
(<10 ttg/mi protein), which generally required more rinsing than the G-actin 
or control columns. The elution was then carried out step-wise with A buffer 
containing 10% glycerol plus added KCI and/or 1 mM ATP plus 3 mM 
MgCI2, as indicated in each experiment. Protein was determined by the 
method of Brndford (1976). The fractions containing protein in each elution 
step from F-actin columns were pooled, as were equivalent fractions from 
control or G-actin columns (which often had no detectable protein peak). 
The protein present in an aliquot of each pool was then precipitated with 
10% TCA. After the precipitate was resuspended in SDS polyacrylamide 
gel sample buffer and neutralized with 2 M Tris base, volumes representing 
the same proportion of the eluates from each column were loaded onto 
the successive lanes of a 5-15% polyacrylamide gradient gel (or a 8.5% 
polyacrylamide gel) and electrophoresed in SDS by standard techniques 
(Laemmli, 1970). Proteins were visualized by Coomassie blue staining of 
the gels. 

Protein Immunoblotting 
To detect specific proteins with antibodies, samples were electrophoresed, 
transferred to a nitrocellulose sheet by blotting (Towbin et al., 1979), and 
detected by standard techniques (except that proteins were transferred in 
25% methanol, 0.15 M glycine, 0.02% SDS, pH 7.5). Peroxidase-conju- 
gated, goat anti-mouse antibody (Cappel Laboratories, Malvern, PA) or 
goat anti-rabbit antibody (Bio-Rad Laboratories, Cambridge, MA) were 
used to visualize proteins. 

Sucrose Gradient Sedimentation 
The Drosophila actin-binding proteins eluted from a preparative size F-actin 
column in a single elution step (1 M KCI, 2 mM ATE 3 mM MgCI2 in 
A-buffer containing 10% glycerol) were concentrated to '~1 mg/mi and dia- 
lyzed against 0.1 M KCI, 50 mM Tris-CI, pH 7.7, 0.5 mM Na3 EDTA, 0.5 
mM Ha3 EGTA, 2 mM DTT. After centrifugation at 15,000 g for 15 min 
to remove aggregates, a volume of 200/tl was loaded onto a 5-20% sucrose 
gradient prepared in the above dialysis buffer. Centrifugation was at 50,000 
rpm in a rotor (SW60; Beckman Instruments, Inc., Palo Alto, CA) for 15 h. 
An identical gradient containing protein markers of known size was run in 
parallel. After the gradients were collected drop-wise from the bottom, the 

proteins in each fraction were analyzed by electrophoresis through an 8.5 % 
SDS polyacrylamide gel. 

Generation of Mouse Polyclonai Antibodies to 
Gel-Purified Proteins 
We have produced mouse polyclonai antibodies using procedures modified 
from those of Amero et al. (1987). A total of about 1.6 mg of aliinity-purified 
ABPs were separated on two 14.5 cm x 20 cm preparative 5-15% poly- 
acrylamide gradient gels containing SDS (0.82-mm thick). The gels were 
stained with Coomassie blue, destained in methanol/acetic acid/H20 
(5:1:5) for 0.5 h, and treated with a solution of 2% glutaraldehyde in water 
for 1 h. The gels were then transferred to 7% acetic acid to complete the 
destainiag procedure. After soaking in water to remove the acetic acid, pro- 
tein bands of interest were excised with a razor blade and homogenized with 
a motor-driven homogenizer in the presence of a small amount of water. The 
homogenized gel bands were then lyophilized and resuspended in 1.5 ml of 
sterile PBS. 

Each gel slice was used for a total of four immunizations spaced at 2 wk 
intervals. The first immunization was with 0.45 ml of homogenized gel slice 
slurry and 0.1 ml of complete Freund's adjuvant, while the remaining three 
immunizations used 0.34 ml of the slurry and 0.1 ml of incomplete Freund's 
adjuvant. The adjuvant mixtures were warmed to 37°C and vortexed 
vigorously before loading into syringes. All immunizations were given in- 
traperitoneally with a 22-gauge needle. Beginning l wk after the final im- 
munization, the mice were bled intraorbitaily every 7-10 d, and the sera 
were tested for the presence of specific antibodies. Mice were anesthetized 
with ether before all immunizations and bleeds. 

Localization of ABPs Using Indirect 
lmmunofluorescence 
Drosophila embryos that were collected from population cages for up to 
3.5 h were harvested and dechorionated as described above for extract prep- 
aration. The dechorionated embryos were fixed by two different methods. 
As our standard procedure, embryos were fixed with formaldehyde by the 
method of Karr and Alberts (1986). However, some antigenic determinants 
were not well preserved by this method and were better visualized after heat 
treatment followed by devitelinization in methanol. For the latter purpose, 
embryos were added to 10 ml Triton-NaCI wash solution at 90°C in a boil- 
ing water bath (total time at 90°C is <5 s). The solution was immediately 
vortexed, mixed with 40 ml of cold Triton-NaCl, and plunged into an ice- 
water bath. After removal of the Triton-NaCl solution, embryos were 
shaken with heptane: 95% methanol, 25 mM Na3 EGTA (1:1) for 30 s. 
Devitelinized embryos sink in the methanol solution and were collected with 
a Pasteur pipette, rinsed several times with 95% methanol: 25 mM Na3 
EGTA and incubated for at least I h in this solution. The embryos were then 
rehydrated by successive rinses with 40 ml each of: 95 % methanol/5 % PBS, 
60% methanol/40% PBS, 40% methanol/60% PBS, 20% methanol/80% 
PBS, and PBS. Both formaldehyde-fixed and heat-fixed embryos were in- 
cubated in PBS containing 5% BSA and 0.05% Tween detergent before 
staining with antibodies. 

Whole fixed embryos were stained with polycional antisera or monoclo- 
nal antibodies at dilutions determined empirically to give the clearest im- 
ages. The bound antibodies were then visualized by treatment with a 
rhodamine-conjngated goat anti-mouse antiserum (Cappel Laboratories) 
that had been previously absorbed on whole fixed Drosophila embryos to 
reduce the nonspecific background. All embryos were also labeled with the 
DNA specific dye DAPI (4, 6-diamidino-2-pbenylindole) so that develop- 
mental age and cell cycle stage could be assessed precisely (Foe and Alberts, 
1983). The stained embryos were observed and photographed using both 
rhodamine and DAPI filter sets on a standard microscope (Carl Zeiss, Inc., 
Thornwood, NY) or a scanning confocal microscope (Bio-Rad Laborato- 
ries, Cambridge, MA). 

Results 

To understand better the role of the actin cytoskeleton in the 
spatial organization of the cytoplasm during embryonic de- 
velopment, we need to characterize the proteins associated 
with actin filaments in embryos. To facilitate such a study, 
we have developed a simple method of F-actin affinity chro- 
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Figure 1. Elution profiles observed when embryo extracts are chro- 
matographed on F-actin, G-actin, and control (albumin) columns. 
The protein concentration in each fraction of 0.5 ml is plotted 
against the fraction number in each case. In this experiment, 10 ml 
of clarified extract containing 3.3 mg/ml of protein was loaded onto 
each 3-ml column; elutions were with A buffer containing the indi- 
cated concentration of KC1, plus 1 mM ATP and 3 mM MgCI2 
where noted. 

matography (Miller and Alberts, 1989). When this technique 
is used to analyze extracts of early Drosophila embryos, '~15 
major proteins and at least 30 more minor ones are observed 
to bind and elute specifically from F-actin columns (Figs. 1 
and 2). These proteins represent m0.5 % of the total soluble 
protein, whereas G-actin and control columns bind <0.05 %. 
We have identified one of the proteins as Drosophila cyto- 
plasmic myosin (205,000-D protein in an ATP elution) (Kie- 
hart and Feghali, 1986) and another as Drosophila spectrin 
(--230,000-D protein present in the salt elutions) (Dubreuil 
et al., 1987) by immunoblotting proteins separated by SDS 
polyacrylamide gel electrophoresis with antibodies provided 
by Dan Kiehart (data not shown). Numerous other major 
proteins elute from the F-actin columns and not from G-actin 
or control columns. These include a 150,000-D protein in 
an ATP elution and a 130,.000-D protein present in a 0.5 M 
salt elution. In addition, salt elutes two proteins of ,x,220- 
240000 D, two or three proteins >250000 D, several 100,000-D 
proteins, and a 60,000-D protein. A prominent group of pro- 
teins in the 35-45,000-D size range is seen as well (Fig. 2; 
see also Figs. 3 and 4). All of these major protein species 
are always present in the F-actin column eluates, but they of- 
ten vary in relative abundance from preparation to prepara- 
tion. In part, this may be because of variable levels of pro- 
teolysis that affect some proteins more than others (Fig. 5). 

A few minor species bind to both G-actin and F-actin 
columns. Some known ABPs also have some affinity for 
G-actin (Bretscher and Weber, 1980). However, most of the 
Drosophila proteins we detect bind only to F-actin (Fig: 2 A). 

The proteins that elute from F-actin columns can be re- 
bound to a second F-actin column specifically, revealing that 
at least some features of their native structure are maintained 
under our elution conditions (Fig. 2 B). The protein in the 
unbound fraction (fflow-through') in such a rebinding ex- 
periment is dominated by the abundant embryo yolk proteins 
(43--45,000 D), a small fraction of which often contaminates 
the initially selected ABPs. In addition, the ATP-eluting pro- 

teins rebind to the F-actin column only partially, probably 
because of some residual ATP in the dialyzed ABP eluate 
that was reloaded onto F-actin (Fig. 2 B). 

Preparative Quantities of ABPs Can Be Obtained by 
F-Actin Affinity Chromatography 
A Drosophila ABP that is quantitatively bound and eluted 
from an F-actin column will be purified more than 200-fold 
from the extract in this single chromatography step. We have 
routinely used columns as large as 25-ml packed volume 
(containing ~25 mg of phalloidin-stabilized F-actin) to frac- 
tionate the extract from 10 g of embryos; this yields approxi- 
mately 2 mg of total Drosophila ABPs. The proteins ob- 
tained can be stored at -70°C in A buffer containing 30% 
glycerol and accumulated for the further fractionations to be 
described next. 

The Behavior of the Drosophila ABPs during 
Subsequent Fractionation Steps 
Eventually, each of the Drosophila ABPs must be purified 
to homogeneity in active form to permit in vitro characteriza- 
tions. We have begun such purification using, as a first step, 
ion-exchange chromatography on an HPLC column. As 
judged by the SDS polyacrylamide gel electrophoresis analy- 
sis in Fig. 3, two major proteins are ",,90% homogeneous af- 
ter this ion-exchange step (the 130,000-D protein eluting in 
fractions 10-12, and the 230,000-D protein in fractions 23- 
26). Other proteins appear to coelute from the ion-exchange 
column, such as the group of proteins between 35,000 and 
45,000 D in fractions 4-7. Some proteins seem to appear 
in two different places in the salt gradient, which may indi- 
cate that they can exist both free and in association with 
other proteins; however, additional studies are needed to test 
whether ABPs of the same molecular weight are actually the 
same protein. 

To test further the possibility that some of the Drosophila 
ABPs are present in larger complexes in our eluates, we have 
analyzed the ABP mixture by sucrose gradient centrifugation 
(Fig. 4). This technique fractionates each species according 
to its sedimentation rate and provides information on the size 
and/or shape of the molecules in their native state. Sedimen- 
tation of the mixture of ABPs through a 5-20 % sucrose gra- 
dient reveals that the group of 35,000--45,000-D proteins that 
coelute after HPLC ion-exchange chromatography exist as a 
complex. This group of proteins cosediments at ,x,1 IS, a rate 
that is much faster than expected for the size of the individual 
components (fractions 17-20; an apparent molecular weight 
of ~ 200,000 when compared to globular proteins run as 
standards on a parallel gradient). These actin-binding pro- 
teins sediment similarly even in 1 M KCI (data not shown). 
Several other actin-binding proteins sediment at rates slower 
than that expected on the basis of their molecular weight, in- 
dicating that the proteins are asymmetrically shaped. Thus, 
one of the 100,000-D proteins (peak at fraction 7) sediments 
significantly slower than the 43,000-D ovalbumin (3.5S) stan- 
dard. The 130,000-D protein sediments only slightly ahead 
of albumin (4.3S, 68,000 D), and several ,~230,000-D pro- 
teins also sediment considerably slower than expected (peak 
at fraction 14 for the largest; peak at fraction 16 for several 
others). Asymmetric shape is a common characteristic of 
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Figure 2. Analysis by SDS-PAGE of the 
proteins eluting from columns loaded with 
a Drosophila embryo extract. (A) The pro- 
teins eluted from F-actin, G-actin, and con- 
trol columns loaded and run in parallel. 
Lanes are marked as follows: E, extract; C, 
control (albumin column); G, monomeric 
actin column (G-actin); Fp, phalloidin-sta- 
bilized filamentous actin (F-actin) column. 
The same proportion of the total sample was 
loaded onto the gel for each eluate. (B) Re- 
binding to a second F-actin colunm of pooled 
Drosophila ABPs isolated by elution with 
1.0 M KCI, I mM ATP, 3 mM MgCI2 in A 
buffer containing 10% glycerol. This eluate 
was dialyzed for 4 h against A buffer and 
then centrifuged to remove any precipitate 
before reloading onto the F-actin column. 
The lane marked flow-through is the frac- 
tion that did not rebind; the lane marked 
bound contains the protein that rebound and 
eluted from the second column. The total 
ABP lane contains one-third as much of the 
total sample than does the other two lanes. 
When uncontaminated by the yolk proteins, 
generally 70% of the total protein isolated 
from an initial F-actin column will rebind to 
a second one. The numbers to the right of 
the figure correspond to the bands used for 
immunization of mice to generate the an- 
tisera shown in Table I. Band 5 is cytoplas- 
mic myosin. 

known ABPs (Stossel et al., 1985); for example, spectrin, 
ot-actinin, and filamin. 

Distribution of  ABPs in Drosophila Embryos 

To determine if the large number of proteins in Drosophila 
embryos that bind to F-actin affinity chromatography col- 
umns are associated with actin filaments in fixed embryos, 
we have raised antibodies against some of the proteins and 
used these antibodies to locate them in early embryos. After 
immunizing mice with more than 30 protein bands from 
preparative SDS polyacrylamide gels (numbered in order 

of decreasing molecular mass), we obtained mono-specific 
polyclonal antisera against 13 different protein species. When 
used to probe protein (Western) blots of salt eluates, these 
antibodies react with the protein species used for the immu- 
nization, as illustrated for some of these antibodies in Fig. 
5. The proteins recognized by antisera 2, 3, 4, 11, 12, 16, 23, 
and 30 (Fig. 5) and by antisera 1, 5, 6, and g (data not shown) 
are present in F-actin column eluates and absent from the 
eluates of control columns. Some antibodies also react with 
lower molecular weight species (e.g., antiserum 4, see Fig. 
5 legend); these are variably observed in ABP preparations 
and presumably are proteolysis products of the larger species. 
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Figure 3. An analysis by SDS-PAGE of Drosophila ABPs fractionated by ion exchange chromatography on a positively charged HPLC 
resin. The total ABPs eluted from an F-actin column (0.6 mg) were dialyzed into 50 mM Tris-Cl, pH 7.7, 50 mM KCI, 0.5 mM DTT, 
5% glycerol, 1/~g/rnl each of aprotinin, leupeptin, and pepstatin, and loaded onto a 1-ml Mono Q column (load). After washing at 4°C, 
the column was eluted with a 40-ml gradient of NaC1 (50 mM to 1 M) at 1 ml/min. Proteins eluting in each step were precipitated with 
TCA and prepared for SDS-PAGE as described in Materials and Methods. The flow-through is the fraction that did not bind to the column. 
The column fractions are indicated by fraction numbers in order of increasing ionic strength; each fraction contained 0.5 ml. Note that 
these fractions have been analyzed on two separate gels in which molecular mass calibrations differ. This experiment was performed by 
Enrique Amaya. 

Figure 4. Analysis by SDS-PAGE of total Drosophila ABPs fractionated by sedimentation through a 5-20% sucrose gradient. Gradients 
were run as described in Materials and Methods, and fractions are numbered from the top of the gradient. The positions of the roughly 
spherical marker proteins sedimented on an identical gradient run in parallel are marked and denoted by their native molecular masses; 
these markers are catalase (250000 D; 11.3S), phosphorylase b (185,000 D; 8.4S), BSA (68,000 D; 4.3S), and ovalbumin (43,000 D; 3.5S). 
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Figure 5. Immunoblot analysis of polyclonal mouse antibodies to Drosophila ABPs. Drosophila whole embryo homogenate (,4, 30/~g pro- 
tein/lane) or proteins that elute from F-actin affinity columns with 0.5 M KCI (B, 1/Lg protein/lane) were heated in SDS, electrophoresed 
on 7.5% polyacrylamide gels, blotted onto nitrocellulose, and probed with the antisera listed below each lane (see Table I). Antisera 8, 
16, and 30 do not identify any protein on blots of whole embryo extract (A). Antiserum 1 is not shown on the blot in A. Antiserum 4 
labels two species in the actin-binding fraction (B). This antiserum was raised by immunization with the lower molecular mass species, 
an apparent proteolysis product of the higher molecular mass species, since the relative amounts of these two species varies in different 
preparations. The higher molecular mass species, although similar in size to the protein identified by antiserum 3, can be resolved from 
it. Therefore, antisera 3 and 4 identify different proteins. The antigens recognized by antiserum 5 and mA 3C7 are absent in 0.5 M KCI 
eluates; these two proteins elute from F-actin in the presence of ATP (not shown). Antisera 1, 6, and 8 are not shown on the blot in B. 

When used to probe blots of extracts of whole Drosophila 
embryos, 9 of the 12 antibodies tested react with a single 
band of the identical molecular weight as the species de- 
tected in ABP preparations (for antisera 2, 3, 4, 5, 11, 12, 
23, see Fig. 5 A; data for antiserum 1 and mAb 3C7 not 
shown). The remaining three antisera (8, 16, 30) fail to detect 
any protein in whole embryo extracts, even on heavily loaded 
blots, suggesting that they recognize minor protein species. 
Antibodies obtained against one protein do not react with 
other bands used for immunization, indicating that each pro- 
tein band is unique. Since 30 times more protein was loaded 
in each lane for the extract (Fig. 5 A) compared to the ABP 
eluate (Fig. 5 B), these experiments also show that each of 
the antigens recognized by our antibodies is greatly enriched 
in the F-actin column eluates relative to the extract. 

We have previously produced monoclonal antibodies 
against several of the Drosophila ABPs and used them to de- 
termine the distribution of the corresponding ABPs (Miller 
et al., 1985) relative to that of actin during the syncytial 
blastoderm stages of Drosophila embryonic development 
(Karr and Alberts, 1986; Warn et al., 1984). The polyclonal 
antibodies have enabled us to extend this analysis, as summa- 
rized in Table I, where the distribution of each antigen during 
nuclear cycles 11 through 13 is presented. To obtain this data, 
embryos were observed both by conventional fluorescence 
microscopy (which clearly reveals surface structures) and by 

scanning confocal microscopy (which produces optical sec- 
tions showing the interior of these thick specimens). 

To prepare Table I, we examined both formaldehyde-fixed 
and heat-fixed embryos at all stages during nuclear cycles 
11-14. Several antisera were used to stain each batch of fixed 
embryos (using '~150 embryos/antiserum) and anti-actin 
staining was also performed as a control for proper fixation. 
Many embryos at all stages of the cell cycle during this time 
period were observed, with a large number of fixations per- 
formed for each antiserum or monoclonal antibody. These 
embryos can be staged to within ±1 min by observation of 
the nuclear density and chromosome morphology (Foe and 
Alberts, 1983), which are readily visualized by the DAPI 
staining pattern of each fixed embryo. Thus, we can be sure 
that embryos of exactly the same age were observed with 
each antiserum. For four different antisera or monoclonal 
antibodies, double label immunofluorescence with anti-actin 
antibody or fluorescent phalloidin was examined to confirm 
our determination of location of the antigen relative to actin 
(data not shown). 

During interphase of nuclear cycles 11 to 13, actin fila- 
ments are present in the cortical cytoplasm in patches or caps 
(cortical caps) over the syncytial nuclei. These caps are 
thought to help hold the nuclei in an even cortical layer, since 
the nuclei fall away from the surface into an irregular array 
when the actin is disrupted (Zalokar and Erk, 1976; Foe and 
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Table I. The Spatial Distribution of Drosophila ABPs, as 
Determined by Immunofluorescence Staining during the 
Syncytial Blastoderm Stages of Embryo Development* 

Antibody Mass in Distribution Distribution 
number kilodaltons in interphase in metaphase 

1 296 Cap-borders Furrows 
2 270 Cap-borders with diffuse Furrows* 

cytoplasmic staining 
§13G5 230 Cortical caps Caps 
3 230 Cap-borders Furrows* 
4 220 Cap-borders Furrows¢ 
5 205 Cytoplasmic Furrows 
6 200 Nuclear envelope 
8 185 Concentrated in cortex, FurrowsS 

excluded from cortical cap (only at 
tips) 

§3C7 150 Cortical cap with punctate Furrows 
cytoplasmic staining 

11 130 Cortical cap with punctate 
cytoplasmic staining 

12 100 Cortical caps 
16 87 Not in caps, concentrated in 

cortex, punctate 
23 60 Cortical caps Furrows 
30 49 Not in caps, cytoplasmic, Furrows 

punctate, somewhat concen- 
trated in cortex 

Actin 43 Cortical caps Furrows 

Furrows 
(plus a 

cytoplasmic 
component) 

Furrows 
Furrows~ 

Furrows, staining underlies transient membrane furrows that divide neighbor- 
ing cytoplasmic domains in metaphase of cycles 11-13. Cortical caps, staining 
is concentrated in a patch just below the plasma membrane above each syncy- 
tial nucleus in cycles 10-14. Cytoplasmic, staining is detected throughout the 
cytoplasmic domain that surrounds each syncytial nucleus. Cap-borders, stain- 
ing appears to be concentrated at the edges of the cortical caps when an embryo 
is viewed from the top surface in interphase. 
* Also see Fig. 10. 

Staining at cellularization front during cycle 14. 
§ These are monoclonal antibodies: 3C7 recognizes the same antigen as anti- 
body 10. 

Alberts, 1983). During metaphase, transient membrane fur- 
rows form that divide neighboring mitotic spindles from 
each other; at this time the actin is present in a continuous 
layer in the cortex, and it lies beneath the membrane in each 
of these furrows. Surface views of these distributions have 
been previously described in detail (Karr and Alberts, 1986); 
Fig. 6 (top) presents the cross-sectional view of these actin 
structures that is obtained by scanning confocal microscopy 
(White et al., 1987). 

Most of the Drosophila ABPs that we have characterized 
by immunocytochemical methods produce staining patterns 
that can be distinguished from each other, either at different 
developmental stages or during part of the highly dynamic 
nuclear cycle. However, most of them can be roughly classi- 
fied into one of three groups: (a) like actin filaments at all 
times; (b) like actin filaments only during metaphase; (c) or 
like actin filaments only during interphase. Surface views 
of antibody-stained embryos showing one example in each 
group are presented in Fig. 7. Note that, in these surface 
views, those proteins that colocalize with actin during meta- 
phase appear to be concentrated in a series of interconnected 
hexagonal rings, because of the deep furrows lined with actin 
that surround each spindle (see Fig. 6, top). 

The most striking feature of the protein localizations ob- 

served, and the one that most makes us believe that all of the 
proteins described in Table I (except number 6) are actin- 
associated in the cell, is their predominant localization just 
beneath the plasma membrane, a property that they share 
with actin filaments. This aspect of their localization is most 
clearly seen with a scanning confocal fluorescence micro- 
scope, which readily provides optical sections perpendicular 
to the plasma membrane. Immunofluorescence views of five 
ABPs taken during interphase and mitosis in the syncytial 
blastoderm (cycles 10 to 13) are shown in Fig. 8, while Fig. 
9 presents similar views taken during the process of cellulari- 
zation (mid-cycle 14). The noncortical (i.e., nuclear enve- 
lope) location of the antigen recognized by serum 6 (see Fig. 
6, bottom) demonstrates that antibodies can readily penetrate 
deeply into the embryo and provides a control for the staining 
methods used (see also Karr and Alberts, 1986). In some 
cases (see antiserum 11 in Fig. 8; also antisera 5, 16, and 30, 
not shown), staining intensity is greatest in the actin-rich 
cortex, but general cytoplasmic staining is also observed. 
Thus, some of the proteins that colocalize with actin appear 
to extend further into the cytoplasm from the plasma mem- 
brane than do most actin filaments. ABPs identified in other 
systems, such as acanthamoeba a-actinin (Pollard et al., 
1986), show similar distributions. 

Distinct Features in the Localizations 
of  Drosophila ABPs 

Most of the antigens we detect are present in the cortex in 
an actinlike distribution during mitosis, displaying the char- 
acteristic hexagonal surface staining pattern that results 
when a protein underlies the plasma membrane in the fur- 
rows. During interphase, many of these antigens differ in 
their arrangement both from actin and from each other. Sev- 
eral antigens (1, 2, 3, and 4) stain the regions between nuclear 
domains where the furrows have retracted (see Figs. 7 and 
8), giving them the "cap border" pattern when viewed from 
the surface. In contrast, actin and antigens that mimic actin, 
such as the protein recognized by antiserum 23 (Fig. 7), 
antiserum 12 (Fig. 8), and mAb 3C7 (not shown) have re- 
formed into caps and disappeared from the cap borders. 
Even if we confine our attention to the antigens that are pres- 
ent in cap borders at interphase, there are clear differences 
in spatial distributions. For example, at interphase, antigen 
2 only weakly labels the cap region itself in contrast to anti- 
gen 4 that stains both the cap and cap borders with equal in- 
tensity (see Fig. 8, left). Our preliminary staining of whole 
egg chambers (containing nurse cells, follicle cells, and de- 
veloping oocytes) reveal distinct spatial distributions for 
many of these antigens (data not shown), further distinguish- 
ing them from each other and from actin. Other antigens 
(Antiserum 11 in Fig. 8; 5, 16, and 30, not shown) that colo- 
calize with actin during metaphase have a cytoplasmic distri- 
bution during interphase. These antigens are often more con- 
centrated in the cortex but also are present in the cytoplasmic 
domain that surrounds each nucleus. 

The distribution of antigen 8 is especially interesting, be- 
cause it suggests that this protein might be important for 
generating the actin structures that underlie the furrow at 
metaphase. This antigen, which during interphase of the syn- 
cytial blastoderm stages is only present in the region where 
the furrow will subsequently form, is concentrated at the in- 
ward growing tips of the furrows during metaphase (Fig. 8). 
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Figure 6. Optical sections of whole mount Drosophila embryos stained with the indicated antibodies as visualized using the scanning confo- 
cal microscope. Embryos are shown in interphase (left) or metaphase (right) with anti-actin antibody or polyclonal antiserum 6. Antiserum 
6 stains the interphase nuclear envelope, and dissociates from this envelope during mitosis (see Table I). Bar, 10 #m. 

A similar distinction between different actin binding pro- 
teins can be detected by staining the synchronously invag- 
inating plasma membrane furrows that divide nuclei into 
cells at the cellular blastoderm stage (cycle 14). As expected 
by their behavior at earlier stages, antigen 8 is present only 
at the cellularization front, while antigen 4 and 11 are present 
both in the cortex and at the cellularization front (Fig. 9). 

In contrast to the polyclonal antibodies that stain mem- 
brane furrows preferentially, several monoclonal antibodies 
that we have raised against the F-actin column eluates detect 
proteins that remain in cortical caps during both interphase 
and metaphase. An example of such a staining pattern for a 
230,000 mol wt antigen is shown Fig. 7 (e and f ) .  We at- 
tempted to generate polyclonal antisera to all of the Coomas- 
sic-stained protein species in this molecular weight range; 
since none of these antibodies stained cortical caps during 

metaphase, we believe that the protein recognized by the 
monoclonal antibody is an actin-binding protein of relatively 
low abundance. 

A schematic diagram that illustrates all of the distributions 
we have observed for ABPs in the syncytial blastoderm em- 
bryos is presented in Fig. 10. 

Discussion 

Our long range goal is to understand how the actin cytoskele- 
ton functions in the early Drosophila embryo, a large, highly 
organized syncytium that contains up to 6,000 nuclei in a sin- 
gle cell. Many of its highly organized processes (such as pre- 
cisely timed nuclear migrations, periodic yolk contractions, 
the even spacing of nuclei in a monolayer in the syncytial 
blastoderm, and local cell movements and shape changes 

Figure 7. Immunofluorescence staining of Drosophila embryos with antibodies to actin-binding proteins, viewed looking down on the em- 
bryo surface by conventional fluorescence microscopy. The surface of syncytial blastoderm embryos at interphase (left, a, c, and e) and 
metaphase (right, b, d, and f )  stained with antibodies to three different classes of actin-binding proteins is shown, a and b show an actin- 
binding protein that co-distributes with actin filaments throughout the cell cycle (polyclonal antiserum 23; see Table I). c and d show an 
actin-binding protein that is concentrated in the membrane invaginations (furrows) between nuclear domains during metaphase (polyclonal 
antiserum 2; see Table I). Finally, e andfshow an actin-binding protein that remains confined to cortical caps throughout the nuclear cycle 
(monoclonal antibody 13G5). Bar, 10/~m. 
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Figure 9. Distribution of some actin-binding proteins during formation of the cellular blastoderm. Drosophila embryos in nuclear cycle 
14 stained with each of the indicated polyclonal antisera are shown, with the tip of the white arrow marking the front of the membrane 
furrows (these have progressed inward to a different extent in each embryo). The proteins recognized by antisera 4 and 8 are concentrated 
at the tip of the inward-growing furrow front (see Table I), whereas the staining with antiserum 12 most resembles aetin-filament staining. 
Bar, I0 #m. 

during gastrulation) depend on the cytoskeleton (Foe and 
Alberts, 1983; Karr and Alberts, 1986; Warn et al., 1984; 
Warn and Warn, 1986). It is perhaps not surprising, there- 
fore, that the actin cytoskeleton is a very complex network 
of interacting proteins, as judged by the large number of 
ABPs detected by F-actin affinity chromatography and the 
complexity of their distributions in fixed embryos. 

In total, 12 of 13 antigens to which polyclonal antisera 
have been obtained colocalize with F-actin structures at 
sometime during the syncytial blastoderm divisions (see Fig. 
10). The majority have the characteristic furrow arrange- 
ment at metaphase (the exception is a 200,000-D protein that 
is present in nuclear membranes [Fig. 6], which we have 
considered to be a nonactin-binding contaminant, but which 
could also be the myosinlike molecule reported in the nu- 
clear envelope [Berrios and Fischer, 19861). Our immu- 
nofluorescence survey of the major proteins that bind to 
F-actin affinity columns thus indicates that >90 % of the pro- 
teins selected by this method colocalize with actin structures 
at some point during early development. Since the 13 anti- 
gens can be viewed as a random sample (all that was required 
in their selection was that their antisera produced a positive 
Western blot to the F-actin eluate), this suggests to us that 

the bulk of the proteins isolated with F-actin columns from 
Drosophila embryos are actin-associated within the cell. 

In the process of generating these 13 polyclonal antisera, 
we immunized mice with 42 different actin-binding proteins. 
Only in the 13 cases shown did the antisera react with Dro- 
sophila proteins by immunofluorescence or protein blotting. 
This reassures us that these are not preimmune responses 
and represent reaction to the immunogen. In similar experi- 
ments using 50 microtubule-binding proteins isolated on 
microtubule affinity columns, no actinlike staining was ob- 
tained (Kellogg et al., 1989). 

The extraction conditions that we have used should solu- 
bilize most cytoplasmic ABPs, but ABPs from unusually sta- 
ble structures (such as brush border microvilli or stress 
fibers) may be removed in the pellet when our extracts are 
clarified by high speed centrifugations. Not surprisingly, 
different extraction conditions allow additional ABPs to be 
isolated from these embryos (Miller et al., 1985; K. G. 
Miller and C. M. Field, unpublished results). Thus, 40 pro- 
teins represents our minimal estimate for the number of 
ABPs present in the Drosophila embryo. 

The antibodies to individual ABPs have provided some in- 
sight into the complex regulation of the actin cytoskeleton in 

Figure 8. Optical sections of whole-mount Drosophila embryos stained with antibodies to actin-binding proteins, as visualized in the scan- 
ning confocal microscope. Embryos are shown in interphase (left) or metaphase (right) after staining with five different polyclonal antibod- 
ies, as indicated to the left of each pair of micrographs (see Table I). Embryos shown are in nuclear cycles 11-13. The cell cycle and develop- 
mental stage of the embryos pictured vary from micrograph to micrograph. A schematic diagram of each staining pattern relative to the 
membrane is presented in the bottom right corner of each photograph. Bar, 10 tLm. 

Miller et al. Actin-binding Proteins in Drosophila Embryos 2973 



Figure 10. Schematic diagram of ABP distributions (black shading) observed during the syncytial blastoderm stages of Drosophila develop- 
ment. Antisera or monoclonal antibodies that display the diagrammed distributions are indicated above each illustration for embryos in 
interphase (,4) and metaphase (B). The stippling in the interphase cytoplasm for antisera 5, 11, 16, and 30 and the metaphase cytoplasm 
for antiserum 11 denotes a partial cytoplasmic location. 

the early embryo. Most of these ABPs seem to discriminate 
between different actin structures in the cell. Their proclivity 
for metaphase membrane "furrows" could in part reflect the 
procedures we have used to chromatograph extracts, since 
our solubilization conditions might preferentially extract 
proteins from these transient structures relative to the corti- 
cal caps. Nevertheless, some of our monoclonal antibodies 
stain cortical cap structures and not furrows (see Fig. 7 and 
Miller et al., 1985), suggesting that their antigens are minor, 
unusually immunogenic protein species in the eluates from 
our F-actin columns. 

The antigens that recognize furrows appear to fall into 
groups. One group of antigens colocalizes with actin at all 
times (3C7, 12, 23; see Fig. 10). These antigens might be 
general stabilizers of actin and bind all actin filaments in the 
embryo. Other furrow antigens (1, 3, 4) remain in the furrow 
region during interphase after actin has disappeared, form- 
ing an apparently continuous layer underlying the plasma 
membrane, both at interphase and metaphase. These pro- 
teins could be important regulators of actin's association with 
the membrane. In contrast to these antigens, antigen 2 is not 
present in the cap structures (see Figs. 8 and 10) and stains 
only the cap border region. Antigen 8 is primarily present 
at the leading edge of membrane furrows, suggesting a role 
in the initiation of furrowing. These different proteins could 
cooperate to form macromolecular assemblies that regulate 
the position and function of actin structures. For example, 
interactions between antigen 2, antigen 8, and the group of 
antigens (1, 3, 4) that are present in a continuous layer under- 
lying the plasma membrane, could be responsible for form- 
ing the actin structures required in the furrows, with the ac- 
tivities of some of these proteins (like 8 and/or 2) regulated 
by cell cycle-related cues. 

Our initial attempts at further purification of the ABPs 
from Drosophila embryos supports the idea that some of 
them are members of larger complexes (see Fig. 3). Such 
complexes can be purified and examined in vitro for novel 
activities. Once purified, both complexes and individual 

ABPs can also be used to make an affinity matrix to probe 
for higher levels of cytoskeletal organization. This should be 
especially informative in the case of proteins whose in vivo 
localization suggests that they may be involved in linking ac- 
tin filaments to other important structures, such as mem- 
branes. 

Our antibodies to ABPs have been used to probe the func- 
tion of individual ABPs during embryonic development by 
injecting the antibodies into live embryos and analyzing the 
disruption of cell function that results (K. G. Miller, unpub- 
lished results). Thus, these antibodies promise to provide 
important information on ABP functions in the embryo. 

Conclusion 

Using F-actin affinity chromatography, a large number of 
potentially interesting ABPs have been identified from early 
Drosophila embryos, with no bias with regard to their ulti- 
mate function. By combining this method of identification 
with immunocytological techniques employing monoclonal 
and polyclonal antibodies, we have detected proteins that 
may regulate the formation of actin structures at appropriate 
times and positions in the embryo. The behavior of these an- 
tigens as judged by immunofluorescence during early devel- 
opment, and the formation of multiprotein complexes by 
some of them, suggest that regulation of actin structures in 
these cells involves the activities and interactions of a com- 
plicated network of different proteins. Some of the proteins 
we have identified could represent new types of proteins in- 
volved in the regulation of actin structure and function in 
cells. 
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