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Abstract. The 95F myosin, a class VI unconventional
myosin, associates with particles in the cytoplasm of the
Drosophila syncytial blastoderm and is required for the
ATP- and F-actin—dependent translocation of these
particles. The particles undergo a cell cycle-dependent
redistribution from domains that surround each nu-
cleus in interphase to transient membrane invagina-
tions that provide a barrier between adjacent spindles
during mitosis. When 95F myosin function is inhibited
by antibody injection, profound defects in syncytial
blastoderm organization occur. This disorganization is
seen as aberrant nuclear morphology and position and
is suggestive of failures in cytoskeletal function. Nu-
clear defects correlate with gross defects in the actin cy-
toskeleton, including indistinct actin caps and furrows,

missing actin structures, abnormal spacing of caps, and
abnormally spaced furrows. Three-dimensional exami-
nation of embryos injected with anti-95F myosin anti-
body reveals that actin furrows do not invaginate as
deeply into the embryo as do normal furrows. These
furrows do not separate adjacent mitoses, since micro-
tubules cross over them. These inappropriate microtu-
bule interactions lead to aberrant nuclear divisions and
to the nuclear defects observed. We propose that 95F
myosin function is required to generate normal actin-
based transient membrane furrows. The motor activity
of 95F myosin itself and/or components within the par-
ticles transported to the furrows by 95F myosin may be
required for normal furrows to form.

YosINs are mechanochemical enzymes that use
M the energy of ATP hydrolysis to generate force
and are the only known actin-based motors. The
myosins form a large, diverse family of proteins with two
major subdivisions, the conventional and unconventional
myosins. The conventional myosins are all structurally
similar to those found in muscle. The F-actin-binding,
ATP hydrolysis, and actin translocation activities reside in
the head domain; dimerization and the formation of bipo-
lar filaments are mediated through the tail domain. These
myosins are responsible for the actin-based movements of
muscle contraction (Huxley, 1969), receptor capping (Pas-
ternak et al., 1989), and cytokinesis (DeLozanne and Spu-
dich, 1987; Knecht and Loomis, 1987; Karess et al., 1991).
The unconventional myosins are highly variable in
structure. At least eight distinct classes of unconventional
myosins have been identified (Bement and Mooseker,
1993). Some, such as myosin V, form dimers, but not bipo-
lar filaments (Cheney et al., 1993a); others, such as the my-
osin I molecules, have a single head and short tails
(Cheney and Mooseker, 1992). Because of the diversity in
tail sequences, the unconventional myosins are thought to
mediate many different actin-based dynamic processes.

Address all correspondence to K. G. Miller, Washington University, Cam-
pus Box 1229, One Brookings Drive, St. Louis, MO 63130-4899. Tel.:
(314) 935-7305 Fax: (314) 935-5125.

© The Rockefeller University Press, 0021-9525/95/06/1575/14 $2.00
The Journal of Cell Biology, Volume 129, Number 6, June 1995 1575-1588

The unconventional myosin head domains are related in
predicted amino acid sequence to the conventional myosin
head domains (Cheney and Mooseker, 1992). As might be
expected based on this sequence conservation, the enzy-
matic properties of the unconventional myosins are similar
to those of the conventional myosins; they have actin-acti-
vated ATPase activity and ATP-sensitive actin-binding ac-
tivity and can translocate along actin filaments in vitro (for
review of myosin I molecules, see Pollard et al., 1991; for
myosin V, see Cheney et al., 1993a). Thus, it is thought
that they participate in some cell dynamics via transloca-
tion on actin. Since Dictyostelium mutants in which the
conventional myosin II is missing or altered are still capa-
bie of many actin-based processes, including translocation,
unconventional myosins are thought to be involved in
these processes (DeLozanne and Spudich, 1987; Knecht
and Loomis, 1987; Peters et al., 1988; Wessels et al., 1988,
1991; Titus et al., 1993). However, the function of individ-
ual members of the unconventional myosin group in vivo
is in most cases unknown. One exception is Acanthamoeba
myosin IC, which is required for the proper function of the
contractile vacuole, although the precise role of this myo-
sin in contractile vacuole function is unknown (Doberstein
et al., 1993). For most unconventional myosins, determin-
ing their particular functions in cells remains a major chal-
lenge in the field.

One of the postulated functions of the unconventional
myosins is cytoplasmic transport of vesicles along actin fil-
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aments. We have shown that the Drosophila 95F uncon-
ventional myosin (class VI) drives the movement of parti-
cles in the cytoplasm of living embryos (Mermall et al.,
1994), demonstrating that at least one unconventional my-
osin participates in transport in vivo. Localization studies
in a variety of cell types (Fukui et al., 1989; Baines et al.,
1992; Wagner et al., 1992), cell fractionation data (Adams
and Pollard, 1986; Miyata et al., 1989; Fath and Burgess,
1993; Fath et al., 1994), and biochemical studies (Zot et al.,
1992) provide indirect evidence that participation in trans-
port may be a widespread property of the unconventional
myosins. In addition, unconventional myosin-mediated
transport of vesicles has been demonstrated in vitro (Ad-
ams and Pollard, 1986).

Our studies focus on the role of the Drosophila 95F un-
conventional myosin during development. 95F myosin is
the founding member of class VI (Kellerman and Miller,
1992; Cheney et al., 1993b). This myosin class is likely to
be ubiquitous, since it is found in widely diverse species,
such as pig and nematode in addition to Drosophila
(Kellerman and Miller, 1992; Bement et al., 1994; Hasson
and Mooseker, 1994; and M. Titus, personal communica-
tion). 95F myosin associates with cytoplasmic particles in
Drosophila embryos (Kellerman and Miller, 1992) and
translocates them in a cell cycle-dependent fashion (Mer-
mall et al.,, 1994). The particles, present throughout the
cytoplasmic domain surrounding each syncytial nucleus
during interphase, redistribute to transient membrane in-
vaginations often referred to as pseudocleavage or meta-
phase furrows, during mitosis. The change in 95F myosin
distribution led us to investigate further the role of 95F
myosin~mediated transport in the actin-based dynamic
processes of the early Drosophila embryo.

During the syncytial stage of embryonic development,
several thousand nuclei form a monolayer in the cortical
cytoplasm beneath the plasma membrane and undergo
several rounds of very rapid, nearly synchronous division.
Actin-based cytoplasmic organization is required to main-
tain the fidelity of nuclear divisions in the syncytium
(Zalokar and Erk, 1976). Actin-based metaphase furrows
form between adjacent mitoses (Fig. 1) and are required to
maintain separation of neighboring mitotic spindles (Post-
ner et al., 1992; Sullivan et al., 1993b). Actin undergoes a
dramatic redistribution from metaphase furrows to inter-
phase caps (Fig. 1), which are important for the mainte-
nance of the relative position of syncytial nuclei (Postner
et al., 1992). The maintenance of nuclear position is critical
as nuclei respond to positional information in the embryo

before cellularization occurs (Hafen et al., 1984). We find
that 95F myosin function is required for normal actin-
based structures to form. Inhibition of 95F myosin func-
tion leads to dramatic defects in syncytial blastoderm or-
ganization, suggesting that this myosin plays an important
role in Drosophila development.

Materials and Methods
Fly Culture

Oregon R wild-type flies were maintained at 25°C on yeasted corn meal
agar medium. Embryos were collected from yeasted grape juice agar
plates.

Microinjections

Embryos were prepared for injection by standard techniques (Ashburner,
1989) and microinjected with control antibody (affinity-purified rabbit
polyclonal antibody against glutathione-S-transferase [GST]' [8-13 mg/
ml, final concentration ~80-260 wg/ml] or affinity-purified rabbit poly-
clonal antibody against 95F myosin heavy chain (Kellerman and Miller,
1992; Mermall et al., 1994) (9-12 mg/ml, final concentration ~90-240 g/
ml). Approximately 1-2% of egg volume was injected. After injection,
embryos were incubated in a humidified chamber for 15-30 min before
fixation. Embryos were then processed for fluorescence microscopy as will
be described. In some experiments, injected antibodies were localized by
incubating fixed embryos with FITC-labeled goat anti-rabbit secondary
antibodies (Organon Teknika, Durham, NC).

Characterization of Anti-95F Myosin
Polyclonal Antibody

Anti-95F myosin polyclonal antibody was affinity purified by transferring
bacterially expressed full-length 95F myosin from SDS-polyacrylamide
gels to nitrocellulose. The region of the nitrocellulose that contained the
95F myosin was cut out and blocked with 1% BSA in 20 mM Tris, 0.5 M
NaCl, 0.05% Tween-20, pH 7.5. Anti-9SF myosin rabbit serum was di-
luted 1:1 and incubated with the membrane overnight at 4°C. The mem-
brane was then washed with TBS (20 mM Tris, 0.5 M NaCl, pH 7.5) and
eluted with 100 mM glycine, pH 2.8. The eluted antibody was immediately
neutralized with Tris, dialyzed against TBS or PBS, and concentrated with
a Centricon ultrafiltration device (Amicon Corp., Danvers, MA).
Anti-95F myosin mAb 3C7 was bound to protein A agarose beads (Bio
Rad Laboratories, Richmond, CA) by incubating 900 pl of 3C7 culture su-
pernatant, 100 ul of 500 mM sodium borate, and 100 p! of 5 M NaCl with
25 pl of beads overnight at 4°C and then washed with IP buffer (20 mM
Hepes, 150 mM NaCl, 250 mM sucrose, 0.5 mM EDTA, 0.5 mM EGTA,
pH 7.5). 95F myosin was bound by incubating these anti~95F myosin anti-
body beads with 1 ml of clarified extract prepared from 0.5 g of 0~3 h
Drosophila embryos in 6 ml of IP buffer, 1 mM PMSF overnight at 4°C
and then washed with IP buffer plus 350 mM KCL To assess the effect of

1. Abbreviations used in this paper: DAPI, 4,6-diamidino-2-phenylindol;
GST, glutathione-S-transferase.

Figure 1. Schematic cross section show-
ing the distribution of F-actin during in-
terphase and mitosis in the syncytial
blastoderm Drosophila embryo. During
interphase, F-actin is concentrated in

Interphase Mitosis plasma caps above each nucleus. In mitosis,
plasma ) membrane  ,ctin is evenly distributed under the
membrane actin / plasma membrane, including the regions

between caps where little F-actin is
found during interphase. Actin-based
< < mitotic metaphase furrows form in these regions
spindle  and maintain the separation between ad-
nucleus jacent mitotic spindles.
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anti-95F myosin polyclonal antibody on actin binding, an excess (1.8 M)
of polyclonal antibody or an equal volume of TBS was incubated with the
beads for 5 min. F-actin (final concentration 9 pM) stabilized with 10 g/
ml phalloidin was then added to the beads, which were incubated on ice
for 30 min. The beads were spun through a step gradient consisting of 500
wl of 30% sucrose and 100 pl of 60% sucrose in IP buffer. Proteins pel-
leted with the beads were fractionated by SDS-PAGE and stained with
Coomassie blue. The relative amounts of actin and 95F myosin that pel-
leted with the beads were determined by scanning gels with a ScanJet Plus
(Hewlett-Packard Co., Palo Alto, CA) or ScanMaker (Microtek Interna-
tional, Inc., Hsinchu, Taiwan, ROC) scanner. The scanned gels were plot-
ted and peak areas were calculated using NIH Image software. To control
for slight differences in amounts of protein in each lane, the amount of
pelleted actin was normalized for the amount of pelleted 95F myosin
within each experiment. These experiments were previously reported in
abbreviated form by Mermall et al. (1994).

Fluorescence Labeling and Microscopy

Drosophila embryos were harvested from grape juice plates, dechorion-
ated as previously described (Miller et al., 1989), and fixed in a 2:2:1 mix-
ture of 100 mM Pipes, 1 mM EGTA, 1 mM MgCl,, pH 6.9/heptane/forma-
lin for 25 min, folowed by manual devitellinization. Embryos were
blocked in 1% BSA in PBS for at least 1 h. Fixed embryos were incubated
with rhodamine- or FITC-labeled phalloidin (Sigma Chemical Co., St.
Louis, MO) to visualize F-actin and with 4,6-diamidino-2-phenylindol
(DAPI; Molecular Probes, Inc., Eugene, OR) to label DNA. 95F myosin
was localized by incubation with purified mouse mAb 3C7 (Miller et al.,
1989), followed by FITC-labeled goat anti-mouse secondary antibody
(Organon Teknika). To visualize tubulin, embryos were fixed as described
by Karr and Alberts (1986), except that twice the formalin and 80% of the
taxol were used. We found that this fixation method provided optimal fix-
ation of both F-actin and microtubules in injected embryos with a mini-
mum of artifact. Kellogg et al. (1988) found that taxol treatment induced
the proliferation of microtubules in the centrosome region and astral mi-
crotubules during interphase and prophase. We found minimal taxol-
induced artifacts at the reduced concentration of taxol used, and these
were most frequently observed in interphase embryos, which were not un-
der consideration in this study. Anti-tubulin mAb (gift of Dr. Bruce M.
Alberts, UCSF) and rhodamine-labeled goat anti-mouse antibody (Cap-
pell Laboratories, Malvern, PA) were used to stain tubulin. In some ex-
periments, the plasma membrane was visualized with FITC-labeled Con
A (Molecular Probes, Inc.).

Examination of tubulin and actin in three dimensions was performed by
computational optical sectioning microscopy (Agard et al., 1989). 64 opti-
cal sections, 0.5 pum apart, were collected, and the fluorescence intensity of
each focal plane was normalized within the three-dimensional stack of im-
ages before processing with a full three-dimensional nonlinear deconvolu-
tion method (Joshi and Miller, 1993). Optical sectioning microscopy was
also used to produce three-dimensional images of Con A-, phalloidin-, and
DAPI-stained embryos. 40 sections were collected 0.5 pm apart and pro-
cessed as previously described.

Scoring of Defects

The nuclear cycle of fixed embryos was determined by examining DAPI
staining to assess nuclear density (Foe and Alberts, 1983). Most embryos
were staged by eye; however, DAPI-stained embryos of questionable age
were photographed and nuclear density was determined. Embryos fixed in
nuclear cycles 12 and 13 were then examined for defects. Injected em-
bryos stained for actin, DNA, and the injected antibody were scanned at
200X for the presence of gross morphological defects in nuclear morphol-
ogy or in the actin cytoskeleton. A defect was defined as a region of three
(minimum) or more nuclei that had aberrant morphology or a region of
similar size that had aberrant actin structures. Defects were scored as ei-
ther occurring within the region of high injected antibody concentration
(correlated) or not (uncorrelated). If defects were detected, they were ex-
amined in detail at 1,000X. Any embryos with obvious defects resulting
from mechanical damage during sample preparation, injection, or devitel-
linization, or embryos that were so abnormal that the defects could not be
easily assigned to either class were excluded from the scoring. Embryos
occasionally had more than one area with defects; these were scored as
follows: If an embryo had defects of approximately equal extent in both
high antibody and low antibody regions, then it was scored as having an
uncorrelated defect. If an embryo had defects in both high antibody and
low antibody regions, but one region had a substantially more extensive
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defect, it was scored as having a defect in the area with more extensive de-
fect. In embryos with more than one defect, it was usually the case that the
more extensive defect was in the region of high antibody concentration. It
was only rarely the case that defects were more extensive in the region of
low antibody concentration. Observations were documented on hypersen-
sitized Technical Pan film (hypersensitization materials from Lumicon,
Livermore, CA; film from Eastman Kodak Co., Rochester, NY).

Results

Inhibition of Actin Binding by Anti-95F Myosin
Polyclonal Antibody

The effect of affinity-purified anti-95F myosin polyclonal
antibody on actin binding in vitro was assessed by immobi-
lizing 95F myosin from Drosophila embryo extracts to
protein A agarose beads via the anti-95F myosin mAb
3C7, adding anti-95F myosin polyclonal antibody and
F-actin, pelleting the beads, and quantifying the pelleted
95F myosin and actin. When no mAb 3C7 was used, no
9SF myosin was bound to the beads and only a very small
amount of actin pelleted (Fig. 2 A). However, when 3C7
was bound to the beads, 95F myosin was also bound and
the amount of actin that copelleted with the beads in-
creased substantially (Fig. 2 A). When beads containing
bound 95F myosin were treated with anti-95F myosin
polyclonal antibody, the amount of pelleted actin de-
creased (Fig. 2 A). In four experiments (Fig. 2 B), the
polyclonal antibody inhibited between 35 and 80% of ac-
tin binding (56% average, SD of 19).

Defects in Nuclei Associated with Loss of
95F Myosin Function

We have previously shown that 95F myosin associates with
cytoplasmic particles in the embryo cortex and that these
particles undergo 95F myosin-mediated transport (Mer-
mall et al., 1994). The particles associate with the actin-
based metaphase furrows that form during mitosis. The
furrows are required for normal cortical organization. To
determine whether 95F myosin plays a role in maintaining
the organization of the embryo cortex, its activity was in-
hibited in living embryos with affinity-purified polyclonal
antibody specific for the 95F myosin heavy chain (Keller-
man and Miller, 1992; Mermall et al., 1994). This antibody
inhibits the association between 95F myosin and F-actin
(as previously described) and blocks the particle transloca-
tion catalyzed by 95F myosin (Mermall et al., 1994). Anti-
95F myosin or control antibodies were microinjected into
syncytial blastoderm embryos. The injected embryos were
allowed to develop for one to two additional nuclear cy-
cles, fixed, and stained with DAPI to examine nuclear po-
sition and morphology. Since the cortical nuclei form a
regular, evenly spaced monolayer just beneath the plasma
membrane, their arrangement is a highly sensitive indica-
tor of cortical organization. Aberrant nuclear distribution
and morphology can result from misorganization of both
the actin (Zalokar and Erk, 1976; Postner et al., 1992; Sul-
livan et al., 1993b) and microtubule (Warn et al., 1987; Sul-
livan et al., 1990) cytoskeletons. Thus, by scoring nuclear
defects, we can detect perturbations in either actin or mi-
crotubule function. Nuclei that undergo aberrant divisions
appear abnormal in shape and size and are sometimes lost
from the embryo cortex in subsequent nuclear cycles
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Figure 2. Inhibition of actin binding by anti-95F myosin poly-
clonal antibody. (A) Coomassie blue-stained gel showing pro-
teins that pellet with protein A beads incubated with Drosophila
embryos extract and actin without bound mAb 3C7 (no Ab), with
bound mAb 3C7 in the presence of anti-95F myosin polyclonal
antibody (+pAb), or with bound mAb 3C7 in the absence of
anti-95F myosin polyclonal antibody (rno pAb). Arrows indicate
bound 95F myosin (95F) and pelleted actin (Actin). The darkly
stained band in the +pAb lane is the monoclonal and polyclonal
antibodies, and that in the no pAb lane is the monoclonal anti-
body. (B) Inhibition of actin binding by anti-95F myosin poly-
clonal antibody in four separate experiments. The amount of ac-
tin pelleted was normalized for the amount of bound 95F myosin.
Shaded bars show actin pelleted by protein A beads carrying 95F
myosin immobilized by mAb 3C7, and solid bars show actin pel-
leted by protein A beads carrying 95F myosin immobilized by
mADb 3C7 in the presence of anti-95F myosin polyclonal anti-
body.

(Warn et al., 1987; Minden et al., 1989; Sullivan et al., 1990,
1993a; Postner et al., 1992). Since there was limited diffu-
sion of injected antibodies, we identified regions of high
antibody concentration using a fluorescent secondary anti-

body and correlated the position of defects with respect to
these regions. Regions of the embryo that contained little
injected antibody served as an internal control. We fo-
cused on embryos fixed during nuclear cycles 12 and 13,
since these embryos had gone through at least one cycle in
which metaphase furrows formed under the influence of
antibody. Furthermore, a high degree of organization is
required to maintain the fidelity of nuclear divisions dur-
ing these nuclear cycles as neighboring mitotic spindles are
in close proximity.

When anti-95F myosin antibodies were injected, many
nuclear defects were observed. In regions where antibody
concentration was high, some nuclei were elongated or
multipolar whereas others were enlarged but round (Fig.
3, F, H, and J), suggesting that the nuclei collided with
their neighbors or failed to complete karyokinesis and
fused. In some regions nuclei were missing from the corti-
cal cytoplasm (Fig. 3, F and H). In these regions, nuclei
were often visible below the normal apical cortical layer
(out of focus nuclei in Fig. 3 H). This type of defect is con-
sistent with division failures in previous nuclear cycles
(Minden et al., 1989; Sullivan et al., 1990, 19934). Aberra-
tions in nuclear spacing were also seen (Fig. 3, F and H).
In some embryos the number and morphology of the nu-
clei were normal, and only spacing of the nuclei was ab-
normal (data not shown). In some embryos small dots of
DAPI staining were present, perhaps representing chro-
mosomes lost from nuclei during aberrant divisions (Fig. 3,
F, upper portion). Often, several types of nuclear defects
were seen in the same embryo.

Regions of nuclear defects most frequently correlated
with the area where the injected anti-95F myosin antibody
concentration was high (Fig. 3, compare antibody distribu-
tion in D with nuclear morphology and distribution in E).
47% (n = 145) of antibody-injected embryos had nuclear
defects that correlated with the position of high antibody
concentration (Fig. 3, E, F, H, and J), whereas few defects
were found in regions of low anti-95F myosin antibody
concentration (Fig. 3, G, I, and K). In embryos injected
with control antibodies, few correlated nuclear defects
were seen (17% had defects; 72% had normal nuclei; Fig.
3, A-C). A small number of embryos had defects (~10%)
that did not correlate with the site of high antibody con-
centration in both control and anti-95F myosin antibody-
injected embryos. We speculate that these uncorrelated
defects occurred naturally or resulted from the handling of
embryos during preparation for injection and fixation.

In addition to the substantial quantitative difference be-
tween experimental and control embryos, there were also
qualitative differences. In many embryos injected with
anti-95F myosin antibody, the defective region was coex-
tensive with the spread of antibody. This was rarely the
case when correlated defects were found in control in-

Figure 3. Defects in nuclei associated with anti~95F myosin antibody injection. Injected antibody distribution, visualized with anti-rab-
bit fluorescent secondary antibody, is shown in A and D. DAPI staining of DNA is shown in all other panels. The embryo shown in A-C
was injected with control antibody (anti-GST); all others were injected with anti~95F myosin antibody. (A) The injected control anti-
body has diffused through the middle of the embryo, but the evenly spaced array of nuclei (B) is not disturbed. The normal progression
through the mitotic stages from the pole (lower right) to the center of the embryo can be seen. The arrow indicates the area of high mag-
nification shown in C. (C) A high magnification view from the region of high injected antibody concentration. Note the normal arrange-
ment and morphology of nuclei. (D) Injected anti-95F myosin antibody has diffused through approximately two thirds of the embryo.
(E) DAPI staining of the embryo shown in D reveals a large defect correlated with the region of high antibody concentration. The arrow
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indicates the area of high magnification shown in F. The arrowhead marks the region of high magnification shown in G. (F) High magni-
fication view of nuclear defects in the region of high antibody concentration from the embryo shown in D. Large, misshapen, and small
nuclei are visible. Nuclear spacing is also aberrant. (G) High magnification view of the region of low antibody concentration from the
embryo shown in D. Note that the region shown is at the edge of the high antibody concentration region. Nuclear spacing, size, and
shape are very regular. Although minor defects can be seen (several nuclei are closer together than is normal), the defects are slight
when compared with those seen in the region of high antibody concentration. This embryo is an example of one in which defects both
correlated and uncorrelated with antibody were present. It was scored as having a correlated defect. (H and /) Regions of high and low
injected antibody concentration, respectively, from another embryo injected with anti~95F myosin antibody are shown at high magnifi-
cation. In H (high antibody concentration), nuclear spacing is abnormal, many of the nuclei are abnormally shaped, and many of the nu-
clei are out of the plane of focus, indicating that they have moved away from the cortex. Enlarged, small, and fused, multipolar nuclei
can also be seen. In I (low concentration), nuclear spacing is regular and all of the nuclei are the same size. (J and K) Similar regions
from a different embryo injected with anti-95F myosin antibody are shown. Nuclear defects are seen in the region of high antibody con-
centration (J/), whereas no defects are seen in the region of low antibody concentration (7). In all examples (F, H, and J), there is a corre-
lation between high antibody concentration and gross nuclear defects. Bars: (A) 100 pm; (€) 10 pm.

Mermall and Miller 95F Myosin Function in Embryos 1579



Table 1. Percentage of Embryos with Nuclear Defects

Enlarged Missing Spacing Misshapen # Scored

Control correlated* 2 17 0 2 99
Control uncorrelated 1 10 1 2 99
Anti-myosin correlated 24 26 6 6 143
Anti-myosin uncorrelated 3 4 1 1 143

*Correlated and uncorrelated indicate whether the listed defect is localized in the re-
gion of high injected antibody concentration. Control injections were performed with
anti~-GST antibodies. Embryos with obvious injection or handling damage were not
scored. Some embryos have more than one class of defect.

jected embryos. In these embryos the defective region was
frequently localized to a smaller region than the antibody.
This qualitative difference was not reflected in the quanti-
tative scoring.

To determine whether the types of nuclear defects oc-
curring from the loss of 95F myosin function were distinct
from those that result from nonspecific effects, we exam-
ined the types of defects in both control and anti-95F my-
osin antibody injections. For this analysis, we divided nu-
clear defects into four different classes: (/) enlarged, fused
or multipolar nuclei; (2) nuclei missing from the apical cor-
tex; (3) aberrant spacing; and (4) other misshapen but not
enlarged nuclei. The class of elongated, fused, bridged, or
multipolar nuclei occurred with much greater frequency in

anti-95F myosin-injected embryos (24%) than in controls
(2%; Table I). These types of nuclear defects have been
shown to result from aberrant syncytial divisions (Sullivan
et al., 1990, 1993b; Postner et al., 1992). The class of miss-
ing nuclei occurred with somewhat higher frequency in
embryos injected with anti~-95F myosin antibodies (26%)
than in those injected with control antibodies (17%), but
the difference in frequency was not as dramatic. Missing
nuclei can result from prior aberrant nuclear divisions
(Minden et al., 1989; Sullivan et al., 1990, 1993a). How-
ever, other forms of damage may also cause this defect,
since it was seen at relatively high frequency in the uncor-
related defect class. The other defect classes also occurred
with greater frequency when anti-95F myosin antibodies
were injected, but the differences in frequency were small
when compared with control or uncorrelated defects. This
analysis suggests that the class of nuclear defect encom-
passing enlarged or multipolar nuclei is specific for loss of
95F myosin function.

Defects in Spindles Associated with Loss of
95F Myosin Function

The nuclear defects we observed were consistent with a
disruption of the organization of the embryonic cortex al-
lowing inappropriate interactions between nuclei. To de-

Figure 4. Defects in spindle and nuclear morphology in an embryo injected with anti-95F myosin antibody. (A) Localization of injected
polyclonal anti-95F myosin antibody visualized with fluorescent secondary antibody. The injection was in the middle of the embryo, and
antibodies have diffused throughout the middle region. The injection wound is visible at the top edge of the embryo. (B) Anti-tubulin
fluorescence. (C) DNA staining. Defects in spindle and nuclear morphology and spacing are found in the region of high antibody con-
centration. (D) High magnification view of tubulin staining from the region indicated by the arrow in B. Spindles are seen to collide (ar-
row). Some microtubules appear to span from spindle to spindle. (E) High magnification view of DNA staining. Some nuclei appear to
have fused (see nuclei above arrow); other anaphase figures appear poorly defined (arrow). Bars: (C) 50 pm; (E) 5 pm.
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Figure 5. Defects in the actin cytoskeleton and nuclei associated with anti-95F myosin antibody injection. The embryo in the top row
was injected with a control antibody (anti-GST), whereas other embryos were injected with anti-95F myosin antibodies. The distribu-
tion of injected antibodies is shown in A, D, and G; actin staining is shown in B, E, H, and J; DNA staining is shown in C, F, I, and K.
Embryos injected with control antibodies do not show specific defects (fop row). Embryos injected with anti-95F myosin antibodies
shown disruptions of the pattern of actin staining. Actin defects colocalize with the injected antibodies (compare D with E and G with
H). The arrow in H indicates the region shown at higher magnification in J and K; note that actin disruptions correlate with enlarged,
multipolar nuclei (also compare E with F and H with I). Many nuclei appear to be fused or bridged. Bars: () 50 pm; (K) 2.5 pm.
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termine whether these nuclear defects were produced by a
failure to maintain separation of mitotic spindles, we ex-
amined spindles in embryos injected with anti-95F myosin
antibodies or control antibodies. Immunofluorescence la-
beling of tubulin in embryos injected with control (anti-
GST) or anti-95F myosin antibodies and localization of
the injected antibody demonstrated that defects in the mi-
crotubule cytoskeleton correlated with the position of the
injected anti-95F myosin antibodies (Fig. 4). In regions of
high antibody concentration, we observed colliding mitotic
spindles (Fig. 4, D and E, arrows). Microtubules from one
spindle also crossed over to neighboring spindles and ap-
peared to interact with those spindles (Fig. 4 D); they may
also interact with inappropriate chromosomes. These in-
teractions can result in the misassortment of chromosomes
and fused, multipolar nuclei (Sullivan et al., 1990). We also
observed centrosomes without associated microtubule
structures (data not shown), perhaps generated by defec-
tive nuclei that had sunk into the interior, leaving their
centrosomes behind (Sullivan et al., 1990; Yasuda et al.,
1991). In addition, spindles with aberrant morphology
were observed, and these aberrant spindles were associ-
ated with defects in nuclear morphology (Fig. 4). Some
spindles appeared shorter and wider than normal and
were associated with multiple nuclei (see top spindle in
collision marked with arrows in Fig. 4, D and E). These
dramatically misshapen spindles may have resulted from
mitotic aberrations in previous cycles, since defective nu-
clei were already apparent.

Defects in the Actin Cytoskeleton Are Associated with
Loss of 95F Myosin Function

The types of defects seen in microtubule structures and
nuclei are consistent with the failure of the actin-based
metaphase furrows to form a barrier between adjacent mi-
toses (Postner et al., 1992; Sullivan et al., 1993b). To assess
the integrity of the actin cytoskeleton embryos injected
with anti-95F myosin antibody were stained with fluores-
cently labeled phalloidin to visualize F-actin. In regions of
high antibody concentration, we found defects in the actin
cytoskeleton (Fig. 5, D and E, G and H, and J). There was
a dramatic correlation between regions with disrupted ac-
tin and regions of high antibody concentration (Fig. 5,
compare D with E and G with H). Some actin furrows and
caps were fuzzy or indistinct. In fuzzy furrows, the lines of
actin staining were broad and less crisply defined than nor-
mal (Fig. 5, H and J). We also observed regions of reduced
or diffuse actin staining (Fig. 5, upper region of disrupted
area of E). In some cases, we observed regions where the
actin-based furrow spacing was aberrant (Fig. 5, / and up-
per portion of J) or regions where caps were smaller than
normal. Multiple types of actin defects were found within
single embryos. Defects in the actin cytoskeleton were as-
sociated with nuclear defects (Fig. 5, E and F, H and I, and
J and K) of the types previously described.

Embryos injected with antibodies against 95F myosin
had a much greater incidence of actin defects (48% corre-
lated defects, 44% normal; n = 145) than embryos injected
with control antibodies (16% correlated defects, 77% nor-
mal; n = 105). A small number of defects (~8%) did not
correlate with the site of high antibody concentration in
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both control and anti-95F myosin antibody-injected em-
bryos. As is the case with nuclear defects, these uncorre-
lated defects probably resulted from the handling of em-
bryos during preparation for injection and fixation, as well
as naturally occurring defects.

To determine whether the types of defects resulting
from the loss of 95F myosin were distinct from those re-
sulting from nonspecific effects, we examined the in-
cidence of different types of defects occurring in both
anti-95F myosin and control antibody injections. For this
analysis, we scored actin defects in five classes: (7) fuzzy or
indistinct actin structures; (2) missing actin structures; (3)
aberrant spacing of actin caps; (4) small mesh actin fur-
rows or small caps; and (5) other. A much greater inci-
dence of fuzzy or indistinct actin structures occurred when
anti~95F myosin antibodies (25%) were injected than
when control antibodies were used (3%; Table II). Actin
structures were missing in 25% of embryos injected with
anti~95F myosin antibodies, whereas only 10% of the con-
trol injected embryos displayed this defect (Table II).
Since many more experimental embryos had this defect
that controls, the loss of actin structures may have been a
direct result of the inhibition of 95F myosin function.
However, actin loss could result from the loss of cen-
trosomes (along with their associated nuclei) owing to ab-
errant divisions in previous nuclear cycles, since cen-
trosomes are involved in the organization of cortical actin
structures (Raff and Glover, 1989; Yasuda et al., 1991). In
addition, nonspecific damage might have resulted in the
loss of actin structure, since this type of defect occurred
with relatively high frequency uncorrelated to injected
antibody (Table II). Although the other classes of defects
occurred with slightly higher frequency in anti-95F myo-
sin-injected embryos than in control injected embryos, the
increase in frequency was not very dramatic. These data
suggest that fuzzy or indistinct actin structures are specific
to the loss of 95F myosin function.

Defects in Actin Structures Correlate with Defects in
Nuclear Morphology

The class of nuclei that are elongated, fused, bridged, or
multipolar and the fuzzy indistinct actin structures were
both specific for the loss of 95F myosin function. We
therefore examined whether these two types of defects oc-
curred together, suggesting that the nuclear defects were
caused by the actin defect. The elongated, fused, bridged,
or multipolar nuclear defects strongly correlated with ac-
tin defects (44 of 46 embryos). Most commonly missing (25
of 46 embryos) and/or fuzzy, indistinct (18 of 46 embryos)
actin defects were present in regions of nuclear defect (Ta-

Table II. Percentage of Embryos with Actin Defects

Fuzzy Missing Spacing Small Other # Scored

Control correlated* 3 10 2 2 1 99
Control uncorrelated 0 6 0 1 0 99
Anti-myosin correlated 25 25 4 7 4 143
Anti-myosin uncorrelated 1 6 2 0 0 143

*Correlated and uncorrelated refer to the correlatin of the listed defect with the region
of high injected antibody concentration. Control injections were performed with anti-
GST antibodies. Embryos with obvious injection or handling damage were not scored.
Some embryos have more than one class of defect.
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Table I1I. Incidence of Actin Defects Associated with Enlarged,
Fused Nuclei

Missing Fuzzy Small Spacing Other
Correlated* 25 18 5 4 b
Uncorrelated 4 1 0 1 0

The number of occurrences of different types of actin defects are shown; some em-
bryos have multiple types of defects. 46 embryos injected with anti-95F myosin anti-
bodies with enlarged, bridged, or fused nuclei were scored.

*40 embryos had defects that correlated with the region of high antibody concentra-
tion (Correlated), 4 embryos had defects that did not correlate to the region of high an-
tibody concentration (Uncorrelated), and 2 embryos had nuclear defects but appar-
ently normal actin staining.

ble III and Fig. 5). Since metaphase furrows cannot form
when F-actin is missing, it is reasonable that nuclear de-
fects would be present in these regions. However, in many
cases actin was present in the correct location, but was not
organized properly (Table III). This suggests that actin
alone is not sufficient to maintain separation between ad-
jacent mitoses and that 95F myosin and/or the 95F myo-
sin—associated particles are important for proper organiza-
tion of the actin cytoskeleton.

Defects in Actin Structures Precede Defects
in Microtubules

The organizations of the actin- and microtubule-based cy-
toskeletons of the syncytial blastoderm are interdepen-
dent. Centrosomes provide spatial cues for the localization
of actin caps and metaphase furrows (Raff and Glover,
1989; Yasuda et al., 1991). In particular, the furrows form
between centrosomes of adjacent nuclei. If centrosomes
are not properly positioned, furrows normally adjacent to
those nuclei may not form (Sullivan et al., 1990). Con-
versely, if no metaphase furrows form, neighboring spin-
dles interact, leading to microtubule defects (Postner et
al., 1992; Sullivan et al., 1993b). As a result, actin defects
could be the result of defects in the microtubule-based cy-
toskeleton, or the converse may be true. To determine
whether the primary effect of the loss of 95F myosin func-
tion is a disruption of the actin cytoskeleton, we examined
actin structures in mitotic embryos before gross abnormal-
ities'in microtubules and nuclei were evident. In these em-
bryos most spindies had normal morphology and position;
therefore we expected normal metaphase furrows. How-
ever, this was not the case. One example is shown in Fig. 6.
When examined at low power (not shown), this embryo
was not grossly abnormal—only minor nuclear and micro-
tubular aberrations were apparent. When examined at
high power, most of the actin array (green) appeared es-
sentially normal when viewed en face (Fig. 6 A). The ac-
tin-based metaphase furrows invaginate perpendicular to
the embryo surface; thus, actin has a polygonal appear-
ance in an XY view (A). Each spindle (red) was sur-
rounded by discrete lines of actin staining. To examine fur-
row structure in detail, we used computational optical
sectioning microscopy to obtain three-dimensional images
(XZ sections; Fig. 6, B, C, and D). Some furrows and spin-
dles appeared normal, with actin staining extending into
the embryo to the depth of the spindles and tubulin stain-
ing contained within the domain established by the furrow
(Fig. 6, A, C, and D, brackets). The actin and tubulin stain-
ing in these regions was similar to the distributions of actin
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Figure 6. Computational optical sectioning micrographs of an
embryo injected with anti-95F myosin antibodies and stained for
actin (green) and tubulin (red). (A) XY view of a projection
through 32 um of cortex. Arrows indicate some examples of fur-
rows with gaps or that have a fuzzy, abnormal appearance. Spin-
dles can be seen crossing over or encroaching on these aberrant
furrows. Aberrant spindles are marked with asterisks. (B-D) XZ
slices with the embryo interior toward the bottom of the panels.
Lines and lowercase letter (b—d) in A show the positions of XZ
slices shown B-D. Some examples of microtubules crossing over
defective furrows and furrows that are not invaginated to the
proper depth are indicated by arrows, and fuzzy, misorganized
furrows are marked with arrowheads. Normal metaphase furrows
in which actin invaginates to the depth of the spindles are indi-
cated for comparison (brackets). Bar, 5 pm.

and tubulin seen in control injected embryos (not shown)
and previously reported (Karr and Alberts, 1986; Sullivan
et al., 1993b).

In contrast, other regions of the embryo appeared to
have slight defects in the actin-based furrows. There were
gaps in some furrows and some appeared indistinct (Fig. 6
A, arrows). These abnormal actin furrows did not seem to
function as barriers between spindles; microtubules could
sometimes be seen crossing over these actin structures and
adjacent spindles could be seen encroaching on neighbor-
ing cytoplasmic domains (Fig. 6 A, arrows). When exam-
ined in XZ sections (Fig. 6, B-D), some invaginations did
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not extend into the embryo to the depth of the spindles
(Fig. 6, C and D, arrows). Some furrows appeared fuzzy
and misorganized (Fig. 6 B and D, arrowheads). A few ab-
errant spindles could be seen (Fig. 6 A, asterisks), but even
these aberrant microtubule structures were surrounded by
actin in a furrowlike distribution. It is unlikely that the de-
fective actin furrows observed in this embryo resulted
from prior microtubule defects, since most spindles ap-
peared normal. However, the encroachment of microtu-
bules from one spindle into neighboring domains that oc-
curred as a result of aberrant actin furrows was likely to be
the event that gave rise, after subsequent division cycles,
to the gross nuclear defects previously presented (Figs. 3,
4, and 5).

The integrity of the metaphase furrows was further
explored by examining the distribution of membrane
(stained with Con A), actin, and DNA. Computational
optical sectioning microscopy of embryos injected with
anti-95F myosin was used to examine these components
in three dimensions (Fig. 7). In regions that appeared nor-
mal (Fig. 7, A and C, brackets), actin (red) and Con A
(green) were both concentrated in the furrow region (yel-
low). Actin could be seen underlying membrane in invagi-
nations that extended to the depth of the nuclei. Nuclei
were found in the cortex, were regularly shaped, and were
separated by actin staining. However, in some regions ac-
tin and membrane were found in structures that did not
extend into the embryo to the normal depth of cortical
nuclei (Fig. 7, arrows; compare with normal region
marked with brackets in A and C). Nuclei associated with
these defective structures were sinking into the embryo’s
interior. This loss of cortical nuclei was one of the gross
defects likely to result from the more subtle defect in
metaphase furrow organization (Fig. 6). In both normal
and abnormal appearing furrows, actin was frequently
found deeper in the embryo than the Con A membrane
marker (Fig. 7, B-C).

Localizatin of 95F Myosin and Actin During Cell
Cycle-dependent Redistributions

The nuclear and microtubule defects found were consis-
tent with a failure of metaphase furrows to separate adja-
cent mitoses. That actin-mediated events underlie these
defects was supported by the observed abnormalities in
furrow structure. To understand the generation of defects
further, we examined the spatial and temporal relationship
between 95F myosin and actin during their cell cycle-
dependent redistributions. We used fluorescent labeling of
fixed embryos to visualize 95F myosin and actin simulta-
neously. We correlated the distributions of these proteins
to the stage of embryonic development and position in the
cell cycle by using DAPI to visualize DNA.

During interphase of nuclear cycles 11-13, 95F myosin—
associated particles were found throughout the cytoplas-
mic domains surrounding each nucleus (Fig. 8 I). These
domains encompass the region in which both actin caps
and microtubules associate with each nucleus. Although
95F myosin—associated particles were concentrated in
these cytoplasmic domains, they were also found in re-
gions between domains; thus the domain boundaries were
not always as clearly defined as those of actin caps. Occa-

The Journal of Cell Biology, Volume 129, 1995

Figure 7. Computational optical sectioning micrographs of an
embryo injected with anti-95F myosin antibodies and stained for
actin (red), membrane (green), and DNA (blue). (A) XY view of
a projection through 20 pm of cortex. (B and C) XZ slices with
the embryo interior toward the bottom of the panels. Lines and
lowercase letters (b and c¢) in A show the position of XZ slices
shown in B and C. Actin and membrane partially coincide in a
furrowlike distribution, creating the yellow color, but membrane
does not invaginate as deeply as actin (XZ views, B and C). Shal-
low actin and membrane structures are seen in XZ views and are
associated with nuclei sinking into the interior of the embryo (ar-
rows, B and C). One region of normal appearing actin-based
metaphase furrows and nuclei is indicated (brackets) for compar-
ison. Magnification is the same as in Fig. 6.

sionally, linear elements of 95F myosin fluorescence could
be seen extending along the edge of a cytoplasmic domain.
F-actin was not found in these linear structures. In early
prophase, before the actin has substantially rearranged,
95F myosin accumulated in the region where actin-based
metaphase furrows would form (Fig. 8 P). Later in pro-
phase, F-actin began to form the polygonal array charac-
teristic of metaphase furrows, and 95F myosin fluores-
cence coincides with F-actin. This polygonal distribution
of actin and 95F myosin remained visible throughout
metaphase (Fig. 8 M). However, the concentration of 95F
myosin in these structures decreased as mitosis proceeded.
During anaphase, the mitotic invaginations vanished, and
both actin and 95F myosin lost the furrow-like appear-
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Actin 95F Myosin DNA

Figure 8. The distribution of 95F myosin in relation to F-actin and DNA. Embryos were stained with fluorescent phalloidin to visualize
F-actin (Actin), mAb 3C7 and fluorescent secondary antibody to localize 95F myosin (95F Myosin), and DAPI (DNA). Progression
through interphase (/), prophase (P), metaphase (M), and anaphase (A) is shown. Bar, 5 wm.

ance; much less organization was evident as actin and 95F tin and also leaves, before actin. 95F myosin is in the right
myosin returned to their interphase distributions (Fig. 8  place at the right time to contribute to the formation of
A). These studies show that 95F myosin enters the region  normal metaphase furrows, consistent with the defects ob-
where actin-based furrows will form before most of the ac-  served when 95F myosin function was inhibited.
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Discussion

Loss of 95F Myosin Function

The studies presented here suggest that the 95F unconven-
tional myosin plays an important role in the early develop-
ment of Drosophila embryos. We have previously shown
that this myosin catalyzes transport of cytoplasmic parti-
cles in embryos (Mermall et al., 1994). We now show that
inhibition of this myosin’s function has dramatic effects on
embryonic development. Syncytial blastoderm divisions
are aberrant, leading to disorganization of the blastoderm.
Nuclear morphology and position are affected. The de-
fects we report are similar to defects seen when the actin
cytoskeleton is disrupted by drugs (Zalokar and Erk,
1976) or by genetic manipulation (Sullivan et al., 1990,
1993b; Postner et al., 1992). Cytochalasin treatment leads
to gross abnormalities, including anaphase nuclear colli-
sions, polyploid nuclei, and multiple spindles (Zalokar and
Erk, 1976). Embryos derived from females homozygous
for the scrambled (sced) and nuclear-fallout (nuf) muta-
tions have nuclei that vary in size and shape, abnormal nu-
clear spacing, and regions devoid of nuclei (Sullivan et al.,
1993b). In these mutant embryos nuclear defects arise
from disruption of the actin-based metaphase furrows that
separate neighboring nuclear domains. This leads to spin-
dle defects that cause the aberrant nuclear divisions. An-
other mutation, sponge, causes disruption of both actin
caps and furrows; similar nuclear defects are observed
(Postner et al., 1992).

The defects observed when 95F myosin function is inhib-
ited are similar to those seen when the actin cytoskeleton is
disrupted; therefore, it seems likely that they result from
effects on the actin cytoskeleton. We further investigated
the generation of these defects by examining the distribu-
tion of microtubules and actin in antibody-injected em-
bryos. Our results show that there is a correlation between
disruption of 95F myosin function, abnormal actin, abnor-
mal spindles, and defects in nuclear morphology and posi-
tion. Embryos fixed during mitosis and stained to reveal
these cellular components provide evidence of how the de-
fects we see are generated. In the abnormal regions during
mitosis, neither actin nor membrane extends into the em-
bryo to the same extent as seen in normal furrows. Actin in
the furrowlike structures that are present appears to be
poorly organized. Microtubules can be seen crossing over
the abnormal furrows, allowing neighboring spindles to in-
teract. During anaphase, spindles often collide, generating
large and misshapen nuclei. These data suggest that 95F
myosin and/or the particles it transports are required for
normal actin-based metaphase furrows to form (Fig. 9).

In this study we found overall rates of embryos with de-
fects (actin and/or nuclear) caused by injection to be 47%
(n = 148) for embryos injected with anti-95F myosin anti-
bodies and 18% (n = 107) for control injections. This al-
most threefold higher rate of defects in experimental ver-
sus control embryos indicates that disruption of 95F
myosin function, even in only a portion of the embryo, has
significant detrimental effects on development. However,
defects that did not correlate with injection were also seen.
Approximately 10% of both control and experimental em-
bryos have uncorrelated defects. These defects are most
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Figure 9. Model for the generation of defects due to loss of 9S5F
myosin function. (1.) Transport of 95F myosin-associated parti-
cles is blocked by antibody. (2.) Actin-based furrows do not form
correctly without the contribution of 95F myosin-associated par-
ticles. As a result, microtubules from one nuclear domain can in-
teract with neighboring domains. (3.) Inappropriate microtubule
interactions lead to spindle collisions across defective actin-based
furrows. (4.) Spindle collisions result in the fusion of adjacent
nuclei.

likely to be nonspecific and are equally likely to occur in
any region of the embryo. Therefore, nonspecific defects
that occur in regions of high antibody concentration would
be scored as correlated defects. If the estimated number of
nonspecific defects scored as correlated are subtracted out
as background, the percentage of embryos with correlated
defects is approximately fivefold greater in embryos in-
jected with anti-95F myosin antibody than in controls.

Although there is a substantial difference in the rates of
defects seen in experimental versus control embryos, it is
likely that we underreport the number of embryos af-
fected by anti-95F myosin antibody. This may be due to
several factors. These defects were initially detected in low
power scans of slides. In most cases, only one side of an
embryo could be examined; if a defect was present on the
other side of an embryo (away from the lens), that embryo
may have been scored as normal. It is also likely that na-
scent defects were missed in some experiments, as such de-
fects may not have been visible at low power. For exam-
ple, the actin furrows in Fig. 6 would not have been scored
as defective since they appear relatively normal when
viewed en face. A three-dimensional examination of these
furrows was required to see their defects. In addition to
difficulties in detecting defects, antibody injection may not
produce defects in every injected embryo. The location,
timing, and quantity of injected antibody may play a role
in the generation of defects. More importantly, not every
disruption of actin-based metaphase furrows will produce
dramatic defects in other cellular components. In sponge
embryos there is a total loss of metaphase furrows, but
substantial numbers of aberrant spindles and nuclei are
not seen until mitosis of cycle 12 (Postner et al., 1992).
This implies that embryos lacking 95F myosin function
during the mitosis of cycle 11 and fixed in cycle 12 should
not be expected to have substantial nuclear defects, even if
furrows are widely disrupted.

Our previous studies showed that the anti-95F myosin
antibody blocks the transport of 95F myosin-associated
particles in vivo (Mermall et al., 1994). This previous study
used a lower concentration of antibody. Transport was af-
fected only in a small area for a limited time period. In the
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current study, higher antibody concentrations were used
to disrupt 95F myosin function over a region large enough
to produce scorable defects. At the antibody concentra-
tion used in this study, 95F myosin may precipitate within
the cell (data not shown). It is unlikely that precipitated
95F myosin can mediate transport. However, in some
cases anti-95F myosin antibody appears in a furrowlike
distribution after the embryo has completed mitosis (data
not shown). If 95F myosin was in furrows when the anti-
body was injected, it may remain in a furrlowlike distribu-
tion owing to precipitation or loss of transport function.
However, we do not know whether this antibody distribu-
tion reflects endogenous 95F myosin protein distribution.
The large amount of anti-95F myosin antibody already
present makes it difficult to determine the distribution of
95F myosin in antibody-injected embryos.

Localization of 95F Myosin

The localization of 95F myosin in relation to F-actin sup-
ports the conclusion that 95F myosin is required for nor-
mal actin-based structures. 95F myosin-associated parti-
cles are found in cytoplasmic domains around the nuclei
during interphase. Early in mitosis, 95F myosin is concen-
trated in the region where the actin-based metaphase
invaginations will form. We have observed the 95F myo-
sin-dependent translocation of 95F myosin—-associated
particles to the metaphase furrow region (Mermall et al.,
1994). The redistribution of 95F myosin occurs while most
F-actin is still in interphase caps, although some F-actin
must be present in the intercap region to support the 95F
myosin—dependent translocation of particles. As mitosis
proceeds and actin-based metaphase furrows are evident,
95F myosin becomes less concentrated in these structures.
These data suggest that, in response to cell cycle cues, 95F
myosin undergoes a redistribution to the metaphase fur-
row region before the redistribution of most of the F-actin.
Thus, 95F myosin is in the proper location at the proper
time to participate in the formation of the metaphase fur-
rows. F-actin in the early embryo colocalizes at particular
times with a large number of actin-binding proteins; in-
cluding 95F myosin (Miller et al., 1989). As these proteins
mediate the formation and dynamics of actin structures
(Weeds, 1982; Pollard and Cooper, 1986), it is reasonable
that 95F myosin and/or the 95F myosin-associated parti-
cles may contribute to the formation of these actin-based
structures.

The redistribution of 95F myosin in response to cell cy-
cle cues may be accomplished through mechanisms similar
to those used to regulate the activity of other unconven-
tional myosins. Some Acanthamoeba and Dictyostelium
myosin I molecules require phosphorylation of a con-
served serine or threonine residue in the head domain for
maximal ATPase activity (Tan et al., 1992). Both 95F my-
osin and porcine myosin VI, a 95F myosin homologue,
contain a threonine at this conserved site (Hasson and
Mooseker, 1994). Association with light chains provides
another regulatory route. The actin-activated ATPase and
motile activity of several unconventional myosins are reg-
ulated by calmodulin light chains in vitro (Collins et al.,
1990; Cheney et al., 1993a; Wolenski et al., 1993). Both
Drosophila and porcine myosin VI possess a putative
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calmodulin-binding IQ domain (Kellerman and Miller,
1992; Hasson and Mooseker, 1994), and porcine myosin
VI has been shown to bind calmodulin (Hasson and
Mooseker, 1994). Porcine myosin VI distribution appears
to be regulated by a developmental signal (Hasson and
Mooseker, 1994). Like 95F myosin’s cell cycle redistribu-
tion, regulation of its distribution in response to specific
signals may also be important for its function. Porcine my-
osin VI is associated with the apical brush border in kid-
ney proximal tubule, where it is hypothesized to play a
role in membrane recycling (Hasson and Mooseker, 1994).
95F myosin’s role in transport would lend support to this
speculation. However, it remains to be demonstrated
whether porcine myosin VI is involved in transport of cy-
toplasmic components, as is 95F myosin.

Potential Functions of 95F Myosin

What role may 95F myosin and/or its associated particles
play in metaphase furrow function? The presence of actin
at the sites where metaphase furrows would normally form
in embryos injected with anti-95F myosin antibody sug-
gests that 95F myosin is not required to recruit actin to the
furrow region. Although actin is often present, normal in-
vaginations do not form.

Since other unconventional myosins interact with both
membrane and F-actin, an attractive hypothesis is that 95F
myosin forms a structural link between F-actin in the fur-
rows and the plasma membrane. However, if 95F myosin
does play a role in linking actin to the membrane, it is un-
likely that 95F myosin is the only link, as it leaves the fur-
rows before actin. An alternative idea is that 95F myosin
provides the force required for actin invagination. This
idea is supported by the observation of shallow membrane
and actin in abnormal furrows seen in embryos injected
with anti-95F myosin antibody. However, cytoplasmic my-
osin, a force-generating molecule that is associated with
cleavage furrows, is also present in metaphase furrows
(Young et al., 1991). It seems likely that this conventional
myosin may play a role in force generation here as well.
Thus, we do not favor the hypothesis that 95F myosin is
generating force. Instead, we suggest that 95F myosin may
be indirectly involved in furrow formation through the de-
livery of required components (Fig. 9). The particles 95F
myosin transports to the furrows may contribute proteins
and/or lipids that are important for furrow formation, or-
ganization, or structural integrity. The absence of these
materials would cause the misorganization of actin and the
lack of normal invaginations that we observe.

Conclusion

In this study we have shown that the 95F unconventional
myosin plays an important role in generating normal actin-
based structures in the Drosophila embryo. This is one of
the few unconventional myosins for which a specific func-
tion has been demonstrated.
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