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ABSTRACT A protein similar to alpha-actinin has been isolated from unfertilized sea urchin 
eggs. This protein co-precipitated with actin from an egg extract as actin bundles. Its apparent 
molecular weight was estimated to be ~95,000 on an SDS gel: it co-migrated with skeletal- 
muscle alpha-actinin. This protein also co-eluted with skeletal muscle alpha-actinin from a gel 
filtration column giving a Stokes radius of 7.7 nm, and its amino acid composition was very 
similar to that of alpha-actinins. It reacted weakly but significantly with antibodies against 
chicken skeletal muscle alpha-actinin. We designated this protein as sea urchin egg alpha- 
actinin. The appearance of sea urchin egg a/pha-actinin as reveaFed by erectron microscopy 
using the low-angle rotary shadowing technique was also similar to that of skeletal muscle 
alpha-actinin. -I-his protein was able to cross-link actin filaments side by side to form large 
bundles. The action of sea urchin egg alpha actinin on the actin filaments was studied by 
viscometry at a low-shear rate. It gelled the F-actin solution at a molar ratio to actin of more 
than 1:20, at pH 6-7.5, and at Ca ion concentration <1 #M. The effect was abolished by the 
presence of tropomyosin. Distribution of this protein in the egg during fertilization and cleavage 
was investigated by means of microinjection of the rhodamine-labeled protein in the living 
eggs. This protein showed a uniform distribution in the cytoplasm in the unfertilized eggs. 
Upon fertilization, however, it was concentrated in the cell cortex, including the fertilization 
cone. At cleavage, it seemed to be concentrated in the cleavage furrow region. 

Actin is a protein that forms filamentous polymers at phys- 
iological salt concentrations. In nonmuscle cells, motility and 
maintenance of cell shape are largely dependent on actin- 
based structures. These structures show a variety of  morphol- 
ogies: some are ordered arrays of  actin filaments and others 
are random networks. These three-dimensional structures are 
considered to be constructed of actin plus actin cross-linking 
proteins since purified actin does not form such structures in 
vitro under physiological salt conditions. One of these proteins 
is alpha-actinin. This protein was discovered by Ebashi and 
colleagues (8, 32) in rabbit skeletal muscle and was localized 
to the Z disk of  the sarcomere structure (33). In nonmuscle 

cells, its presence in the stress fibers of  cultured mammalian 
cells was strongly suggested by an immunofluorescence study 
using antibodies against skeletal muscle alph-actinin (23). 
Since then, proteins that are similar to skeletal or smooth 
muscle alpha-actinin have been isolated from various types 
of  mammalian tissues and cells: brain (42), Ehrlich tumor 
cells ("actinogelin," reference 35), HeLa cells (5), platelets 
(40), chromaffin granules (1), kidney (20), and Sarcoma 180 
ascites (53). Such proteins have also been isolated from pri- 
mitive organisms such as Acanthamoeba (38) and Dictyoste- 
lium (6, 10). These proteins may be important in the organi- 
zation of aclin filaments into contractile or cytoskeletal struc- 
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tures which are assembled and dissembled cyclically in the 
course of the cell cycle. 

We have isolated from unfertilized sea urchin eggs a protein 
similar to alpha-actinin. Sea urchin eggs are known to form 
cytoskeletons upon fertilization (2, 4, 27, 44) and also to 
cyclically form contractile rings in the cleavage furrow (43). 
We localized this protein in the egg during fertilization and 
cleavage and observed its accumulation in the fertilization 
cone and cell cortex. The possible function of this protein in 
forming these actin-based structures in these cells is discussed. 

MATERIALS AND METHODS 

Purification of the 95,O00-mol-wt Protein: Eggsofaseaurchin, 
Hemicentrotus pulcherrimus, were obtained by KCl-induced spawning and 
dejellied in acidified sea water. The temperature was kept at 0-4"C throughout 
the following procedure unless otherwise specified. The eggs were washed once 
with Ca-free artificial sea water and once with 0.5 M glycerol, 0.2 M NaC1, l0 
mM NaHCO3 and packed by centrifugation at 1,000 g for 8 min. An equal 
volume of 0.7 M glucose, 0.1 M KCI, 5 mM EGTA, 2 mM MgCl~, 0.5 mM 
ATP, 0.5 mM dithiothreitol (DTT), ~ 10 ~tg/ml leupeptin, 10 mM 3-(N-mor- 
pholino)propane sulfonic acid (MOPS) buffer (pH 6.9) was added to the packed 
eggs, and the suspension was homogenized with a motor-driven Teflon-glass 
homogenizer for five strokes. The homogenate was centrifuged at 20,000 g for 
10 rain and then at 190,000 g for 1.5 h. The final supernatant was called extract 
and stored frozen at -80"C until use. 

The extract (5.6 grams of protein) was dialyzed overnight against 10 vol of 
0.12 M KCI, 0.1 mM EGTA, 1 mM MgC12, 0.1 mM ATP, 0.1 mM DTT, 0.1 
mM phenylmethylsulfonyl fluoride, 10 ug/ml leupeptin, 10 mM MOPS buffer 
(pH 7.5), clarified by centrifugation at 20,000 g for 20 rain, and applied to a 
DEAE-ceUulose (DE-52, Whatman Ltd., Maidstone, Kent, U. K.) column (2.5 
x 95 cm). Proteins were eluted by a linear KCI gradient from 0.12 to 0.4 M. 
Actin eluted as a broad peak at -0.2 M KC1. Fractions that contained actin 
were pooled and mixed with solid ammonium sulfate to make 35% saturation 
with respect to ammonium sulfate. The solution was centrifuged at t0,000 g 
for 10 rain and the pellets were suspended in and dialyzed overnight against 50 
mM KCI, I mM EGTA, 2 mM MgCI2, 0.1 mM ATP0 0.5 mM DTT, 5 ug/ml 
leupeptin, 10 mM MOPS buffer (pH 7.0). Precipitates were collected by 
centrifugation at 2,000 g for l0 rain and dissolved by the addition of KCI to 
give a final concentration of 0.6 M. The solution was clarified by centrifugation 
and dialyzed overnight against the 50 mM KCI solution. Precipitates formed 
in this step aggregated into a cluster. They were shown by electrophoresis to 
contain exclusively actin, the 95,000-mol-wt protein, and a small amount of 
myosin as described in Results. They were collected by centrifugation at 2,000 
g for l0 rain and dissolved in and dialyzed against 1 mM MOPS buffer (pH 
7.4), 0.05 mM MgC12, 0.1 mM EGTA, 0.2 mM ATP, 0.5 mM DTT, 5 tag/ml 
leupeptin. 

Ammonium sulfate was then added to 50% saturation and the resultant 
precipitates were dissolved in 0.6 M K1, 0.2 mM MgCI2, l mM EGTA, 0.2 
mM ATP, 5 mM DTT, 5 ~g/ml teupeptin, 10 mM MOPS buffer (pH 7.2) and 
loaded on a DNase I-Sepharose (Worthington Biochemical Corp., Freehold, 
N J) column (7 ml). The flow-through fraction was collected and dialyzed 
overnight against a 50% saturated ammonium sulfate solution containing buffer 
A (0.2 mM MgCI2, 1 mM EGTA, 0.5 mM DTT, 5 ug/ml leupeptin, l0 mM 
MOPS buffer, pH 7.2). Precipitates were dissolved in the 0.6 M K1 solution 
and applied to a Sephacryl S-400 (Pharmacia Fine Chemicals, Uppsala, Sweden) 
column (1.6 x 43 cm) preequilibrated with the same solution. The peak of the 
95,000-mol-wt protein was collected and dialyzed overnight against buffer A 
and applied to a DEAE-cellulose column (2.5 ml). Proteins were eluted with a 
linear NaCI gradient of 0-0.3 M. The 95,000-mol-wt protein fraction was 
collected and immediately passed over the DNase l-Sepharose column (0.6 ml). 
The flow-through fraction was pooled and concentrated by dialysis overnight 
against 50%-saturated ammonium sulfate containing buffer A. The precipitates 
were finally dialyzed overnight against buffer A and clarified. 

Preparation of Skeletal Muscle Actin, Alpha-Actinin, and 
Tropomyosin: Actin was prepared from rabbit skeletal muscle as de- 
scribed by Spodieh and Watt (46) and purified by gel filtration using a Sephadex 
G-100 (Pharmacia Fine Chemicals) column. Alpha-actinin was prepared from 
chicken breast muscle by the method of Masaki and Takaiti (34) and purified 
by DEAE-celtulose column chromatography (39). Tropomyosin was prepared 
from rabbit skeletal muscle by the method of Ebashi et al. (9). 

Abbreviations used in this paper. DTT, dithiothreitol; MOPS, 3- 
(N-morpholino)propane-sulfonic acid. 
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Viscometry: The viscosity of actin solutions was measured at a low- 
shear rate as described by MacLean-Fletcher and Pollard (30). G-actin (0.13 
mg/ml) was mixed with the 95,000-mol-wt protein or skeletal muscle alpha- 
actinin, and 75 mM KCI, l mM MgC12, 2.6 mM Ca-EGTA buffer, 20 mM 
MOPS buffer, pH 7.0 (final concentrations) ~as added. The solution was 
immediately sucked into a 0.1-ml capillary pipette and then incubated from 2- 
3 h at 25"C. A stainless ball (0.6 mm diam) was dropped into the pipette 
inclined at an angle of 55* from the horizontal, and the time required for the 
ball to drop a certain distance was recorded. The apparent viscosity values were 
obtained after calibration of the viscometer with aqueous glycerol. The Ca ion 
concentration in the mixture was calculated using stability constants listed in 
reference 31 as described by Hamaguchi and Hiramoto (14). The viscosity of 
actin solutions at a high-shear rate was measured using an Ostwald-type 
viscometer of 0.28-ml capacity and water outflow time of 55 s at 25"C. 

Electrophoresis: Electrophoresis was performed on a 10% polyacryl- 
amide slab gel in the presence of SDS according to Laemmli (21). The gel was 
stained in 0.025% Coomassie Brilliant Blue, 25% isopropanol, 10% Acetic acid 
and destained in 10% acetic acid. Densitometry was carried out using a 
Shimadzu CS-910 dual wave length chromatoscanner (Shimadzu Corp., Kyoto, 
Japan). 

Immunobtotting: Proteins on an SDS gel were transferred to a nitro- 
cellulose membrane (sehleicher & Sehuell, Inc,, Keene, NH, 0.45-tam pore size) 
in 25 mM Tris, 130 mM glycine, 5% methanol at 100 mA for 2 h (19). The 
membrane was processed for immunoreaction with a diluted anti-chicken 
skeletal muscle alpha-actinin serum and for visualization using biotinyl Protein 
A-horseradish peroxidase-avidin D system (both from Vector Laboratories, 
Inc., Burlingame, CA) as described by Katayama et al. (19). 

Electron Microscopy: Samples were mounted on carbon-coated 
Formvar grids and stained negatively with 1% uranyl acetate. The specimen 
was viewed with a JEOL JEM-100CX electron microscope (JEOL Ltd., Tokyo, 
Japan) at 100 kV. 

Low-angle rotary shadowing specimens were prepared according to Tyler 
and Branton (52). They were viewed with a Hitachi I I-DS electron microscope 
(Hitachi Ltd., Tokyo, Japan) at 75 kV. 

Light Scattering: Light scattering from actin solutions was measured 
with Shimadzu R-540 spectrofluoromcter at 450 nm. KCI and MgCl2 were 
added to a G-actin solution (0.2 mg/ml) to give final concentrations of 75 and 
2 raM, respectively, and the change in the light scattering intensity was recorded. 

Amino Acid Analysis: Proteins were hydrolyzed in 6 N HCI that 
contained 0.1% phenol at 110*C for 24 h. Amino acids were analyzed with a 
Hitachi 835 amino acid analyzer. 

Protein Determination: Protein concentration was determined by 
the method of Lowry et al. (25) using BSA as a standard. 

Fluorescence Labeling of Protein and Microinjection: Sea 
urchin egg 95,000-mol-wt protein, skeletal muscle alpha-actinin, or BSA was 
labeled with rhodamine as described by Feramisco (I 1). The labeled protein (1 
mg/ml) was dialyzed against 0.1 M KCI, 1 mM MgCI2, 0.5 mM EGTA, 2 mM 
MOPS buffer (pH 7.0) and microinjected in the H. pulcherrimus eggs as 
described by Hiramoto (16) under a Nikon fluorescence microscope (Nippon 
Kogaku, K. K., Tokyo, Japan). The temperature was controlled at 20 +- I*C 
during microinjection and subsequent observations. 

RESULTS 

Purification of the 95,000-mol-wt Protein 

Upon DEAE-cellulose column chromatography of the egg 
extracts, actin eluted at -0.2 M KCI as a broad peak. When 
the 35% ammonium sulfate fraction of the actin peak was 
dialyzed against a 0.05 M KCI solution, a portion (-30 mg 
starting from 5.6 grams of extract protein) of the protein 
precipitated. These precipitates solubilized well in 0.6 M KC1, 
and precipitates (~ 10 mg of protein) formed again when the 
KCI concentration was again lowered to 0.05 M. We found 
that the precipitates were composed of only two major pro- 
teins: actin and a higher molecular weight protein that co- 
migrated with chicken skeletal muscle alpha-actinin (Fig. 1 a). 
Since the apparent molecular weight of skeletal muscle alpha- 
actinin on an SDS gel has been determined to be 96,000 (48), 
we tentatively call this protein the 95,000-mol-wt protein. A 
small amount of a 200,000-mol-wt protein, which we tenta- 
tively identified to be myosin heavy chains, was also detected 



FIGURE 1 SDS PAGE of 
the 95,000-mol-wt protein. 
(a) 0.05 M KCI-precipitates 
from the 35% ammonium 
sulfate fraction. (b) Purified 
95,000-mol-wt protein. 
The left lane represents 
marker proteins, chicken 
breast muscle alpha-ac- 
tinin (a), and rabbit skeletal 
muscle actin (A). M indi- 
cates the position of 
myosin heavy chains. 

(Fig. I a). The molar ratio of the 95,000-mol-wt protein and 
actin in the second precipitates was fairly constant. Supposing 
that the molecular weight of the native 95,000-mol-wt protein 
particle is 200,000 (see below), the ratio was one 95,000-mol- 
wt protein molecule to 9.6 actin molecules (average of three 
determinations). 

We examined these precipitates by electron microscopy 
using the negative staining technique. These precipitates ap- 
peared to be aggregates of dense actin bundles. Each of these 
bundles was several micrometers long (Fig. 2). However, the 
actin filaments within the bundles were short, ranging from 
0.1 to 0.5 um in length. Some filaments that seemed to have 
dropped out from the bundle were scattered around the 
bundle (Fig. 2). There were also some bipolar filaments 0.3- 
0.4 ~m long which showed a characteristic feature of egg 
myosin filaments (26). These filaments scattered on the grid 
independent of the actin bundles. The one seen in Fig. 2 
seemed to have attached to the bundle by chance. 

The 95,000-mol-wt protein was purified from these precip- 
itates as described in Materials and Methods. The procedure 
was devised mainly to remove actin by the use of a gel 
filtration column and a DNase I affinity column in the 
presence of 0.6 M KI. A trace amount of actin still remained 
even after these steps and was completely removed by DEAE- 
cellulose column chromatography and subsequent DNase I- 
affinity column chromatography in the absence of KI. The 
final 95,000-mol-wt protein fraction showed a purity of>95% 
as judged by densitometry of an SDS gel (Fig. I b). The yield 
was 0.3 mg from 100 ml of packed eggs or 3.7 grams of 
extract protein. 

Physicochemical and Immunological Properties 
of the 95,000-mol-wt Protein 

When the purified 95,000-mol-wt protein was passed 
through a Sephacryl S-400 column, it eluted at a position of 
Kay-- 0.42. Chicken skeletal muscle alpha-actinin eluted at 
the same position. This Kay gave a Stokes radius of 7.7 nm 
(22) which is the same value previously reported for rabbit 
skeletal muscle alpha-actinin (48). Since skeletal muscle al- 
pha-actinin has been shown to be composed of two subunits 
of ~ 100,000 mol wt (48), it was considered that the 95,000- 
mol-wt protein also has a similar subunit configuration. This 

FIGURE 2 A small actin bundle in the 0.05 M KCI precipitates from 
the 35% ammonium sulfate fraction. The arrow points to a myosin 
filament. Bar, 1 ~m. x 57,000. 

was supported by the electron microscopic observations, as 
shown below. 

By the use of the low-angle rotary shadowing technique, we 
found that the 95,000-mol-wt protein is a dumbbell-shaped 
molecule of ~50 nm in length (Fig. 3a). Both the length and 
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FIGURE 3 Rotary-shadowed specimen of the 95,000-mol-wt pro- 
tein and alpha-actinin. (a) Sea urchin egg 95,000-mol-wt protein. 
(b) Chicken breast muscle alpha-actinin, x 200,000. 

the shape were very similar to the appearance of skeletal 
muscle alpha-actinin (Fig. 3 b). The difference might exist in 
the middle part of the dumbbell: the shape of the 95,000-mol- 
wt protein seemed to be slightly more slender than that of 
alpha-actinin. However, molecules may appear larger than 
they are when viewed by this technique (52); the length of 
skeletal muscle alpha-actinin molecule estimated by negative 
staining technique is reported to be -40  nm (49). 

The amino acid composition of the 95,000-mol-wt protein 
is shown in Table I. It was very similar to that of skeletal 
muscle alpha-actinins (39, 49). 

The immunological relationship between the 95,000-mol- 
wt protein and skeletal muscle alpha-actinin was investigated 
using antibodies against the latter protein by means of im- 
munoblotting technique. A weak but significant reaction oc- 
curred between the antibodies and the 95,000-mol-wt protein 
(data not shown). 

Interaction of the 95,000-mol-wt Protein 
with Actin 

Interaction of the 95,000-mol-wt protein with actin was 
first studied by viscometry at a low-shear rate. Rabbit skeletal 
muscle G-actin was supplemented with 75 mM KC1 and 2 
mM MgC12 in the presence or absence of the 95,000-mol-wt 
protein or skeletal muscle alpha-actinin. The solution was 
sucked up into a capillary pipette, and the falling ball assay 
was performed after 3 h. First, we studied the effect of the 
95,000-mol-wt protein concentration on the viscosity of fila- 
mentous actin. The viscosity of actin increased gradually with 
increasing concentration of the 95,000-mol-wt protein, but it 
then increased abruptly at a point where the ratio of the 
95,000-mol-wt protein to actin was 1:20 (Fig. 4 a). The "crit- 
ical gelling ratio" for skeletal muscle alpha-actinin was 1:10 
(Fig. 4 a). 

We studied the effects of pH and Ca ion concentration on 
the activity of the 95,000-mol-wt protein to induce actin gel 
to elucidate the significance of this phenomenon in the eggs. 
At pH values between 6.0 and 7.5, the 95,000-mol-wt protein 
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TABLE I 

Amino Acid Composition of the 95,000-mol-wt Protein 

Sea urchin egg 95K* Porcine red muscle 
Amino acids protein alpha-actinin* 

mol% 
Asp 12.1 11.9 
Thr 4.6 4.8 
Ser 6.0 5.1 
Glu 14.0 17.1 
Pro 4.2 3.7 
Gly 5.7 5.7 
Ala 8.9 9.4 
Cys 0.57 1.3 
Val 4.4 3.6 
Met 3.5 2.8 
lie 5.2 4.4 
Leu 10.6 9.7 
Tyr 2.6 2.5 
Phe 3.9 3.1 
Lys 6.5 5.8 
His 1.6 2.4 
Arg 5.7 6.7 

* 95K, 95,000-mol-wt (protein). 
* Calculated from Suzuki et al. (49). 

induced actin to form gel (Fig. 4b). However, no obvious gel 
was formed above pH 8.0. This was not due to the use of Tris 
buffer as gelation was unaffected by Tris at pH 7.5. The Ca 
ion concentration showed a marked effect on the actin vis- 
cosity at a low-shear rate (Fig. 4c). Below 0.24 uM Ca 2÷, the 
95,000-mol-wt protein induced actin gel. Above 25 ~,M Ca 2+, 
however, it did not induce gelation. The transition point 
seemed to be ~ 1 ~,M. 

Since the action of skeletal muscle alpha-actinin on actin is 
abolished by tropomyosin (13), we examined the action of 
the 95,000-mol-wt protein on actin in the presence of this 
protein (Fig. 4 d). Its effect appeared at a tropomyosin/actin 
ratio of as low as 1:84 (2.5 tzg/ml tropomyosin in Fig. 4d), 
and it completely abolished the effect of the 95,000-mol-wt 
protein at 1:10 (not shown). 

Whether the 95,000-mol-wt protein can sever actin fila- 
ments in the presence of Ca ions, as has been reported for 
villin (3) or gelsolin (54) which have similar subunit molecular 
weights, was investigated by high-shear viscometry. Addition 
of the 95,000-mol-wt protein to an F-actin solution in the 
presence of 0.2 mM CaCI: resulted in a slight increase in 
viscosity (not shown). This result led us to conclude that the 
95,000-mol-wt protein does not sever actin filaments. A fur- 
ther addition of 3 mM EGTA caused a rapid (within 2 min) 
increase of the high-shear viscosity (not shown), which con- 
firms the results of the falling ball viscometry. 

Next, we investigated the interaction of the 95,000-mol-wt 
protein with skeletal muscle actin by electron microscopy. 
Actin filaments were examined by the negative staining tech- 
nique after the addition of the 95,000-mol-wt protein. Long 
loose bundles of actin filaments were observed (Fig. 5 a). These 
unit filaments were long although we could not follow their 
entire length; they seemed to have a normal length of the F- 
actin in contrast to the filaments in the crude precipitates 
(Fig. 2). 

The interaction was further investigated using the low-angle 
rotary shadowing technique. Filaments ~0.3 ~,m in length, 
shown in Fig. 5, b and c, were identified as actin filaments in 
that those of the same appearance were observed'in a pure F- 
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FIGURE 4 Interaction of the 95,000-mol-wt protein (95K) with actin 
filaments as studied by low-shear viscometry. The 95,000-mol-wt 
protein or skeletal muscle alpha-actinin was mixed with G-actin 
followed by the addition of salts to induce polymerization of actin. 
The viscosity was measured as described in Materials and Methods. 
The basic mixture consisted of 0.1 M KCI, 1 mM MgCI2, 20 mM 
MOPS buffer (pH 7.0), 2.6 mM Ca-EGTA buffer (free Ca ion con- 
centration, 0.078 ~,M), 0.13 mg/ml actin, and 62 #g/ml 95,000-mol- 
wt protein. (a) Effects of the various concentrations of the 95,000- 
mol-wt protein or skeletal muscle alpha-actinin on the viscosity of 
F-actin. The molar ratios were calculated assuming the molecular 
weight of the 95,000-mol-wt protein to be 200,000. ©, 95,000-mol- 
wt protein; @, chicken skeletal muscle alpha-actinin. (b) Effects of 
pH. The following buffer (33 mM) were used instead of 20 mM 
MOPS. pH 6 and 6.5, 2-(N-morpholino)ethane sulfonic acid; pH 7 
and 7.5, MOPS; pH 8-9, Tris. ©, Actin plus 95,000-mol-wt protein; 
e, actin only. (c) Effects of Ca ions. O, Actin plus 95,000-mol-wt 
protein (26 ~,g/ml); e, actin only. (d) Effects of tropomyosin. 

actin preparation and that they were very similar to the actin 
filaments reported by Tyler and Branton (52) using the same 
technique. Rod-shaped particles similar to the 95,000-mol-wt 
protein molecules (Fig. 3) attached to the actin filaments in 
the mixture of F-actin and the 95,000-mol-wt protein (Fig. 
5). Two types of attachment were observed. In one case, 
particles attached to the side of the actin filament (Fig. 5 b), 
and in the other case, the 95,000-mol-wt protein-like particle 

cross-linked two actin filaments (Fig. 5c). The cross-link 
corresponded to the length of the particle. The former image 
might be produced from the latter case as a result of detach- 
ment of an actin filament from one end of the 95,000-mol- 
wt protein by a shearing force when the solution was sprayed 
onto mica (52). 

Because the actin filaments in the crude precipitates were 
short, we considered the possibility that the 95,000-mol-wt 
protein possesses an ability to bind to the ends of the actin 
filaments. If so, the 95,000-mol-wt protein would affect the 
assembly process of actin. We checked this by testing, by light 
scattering measurements (Fig. 6), whether the purified 95,000- 
mol-wt protein has any effect on the time course of nucleated 
polymerization of actin. Polymerization of rabbit skeletal 
muscle G-actin was induced by the addition of sonicated F- 
actin with or without the 95,000-mol-wt protein protein or 
skeletal muscle alpha-actinin (molar ratio to F-actin, 1/14). 
Rapid polymerization took place after addition of sonicated 
F-actin (Fig. 6). Neither the 95,000-mol-wt protein nor skel- 
etal muscle alpha-actinin had a significant effect on the nu- 
cleated polymerization of actin. In addition, actin polymeri- 
zation in the absence of added nuclei was also unaffected by 
these proteins at the concentration used (not shown). Electron 
microscopy also showed that F-actin polymerized from G- 
actin in the presence of the 95,000-mol-wt protein were 
essentially as long as control filaments (not shown). 

Distribution of the 95,000-mol-wt Protein in 
the Egg 

When the 95,000-mol-wt protein and skeletal muscle alpha- 
actinin were labeled with rhodamine (11), their ability to 
cross-link actin filaments in the falling-ball assay was unaf- 
fected. Rhodamine-labeled 95,000-mol-wt protein, skeletal 
muscle alpha-actinin, or BSA was microinjected into the 
unfertilized H. pulcherrimus eggs. It took ~10 min for the 
rhodamine-95,000-mol-wt protein or -muscle alpha-actinin 
to diffuse into the entire cytoplasm, whereas it took only 3-4 
min for rhodamine-BSA to diffuse. No particular localization 
of the injected buffer was observed (Fig. 7 a). The fluorescence 
was weaker at the periphery of the egg than deep inside it 
because of the spherical shape of the egg. When the egg 
previously microinjected with the rhodamine-95,000-mol-wt 
protein was fertilized, we observed a marked concentration 
of the fluorescence in the cortical layer including the fertili- 
zation cone (Fig. 7 b). This was especially clear when this egg 
was compared with a control specimen into which rhodamine- 
labeled BSA had been injected (Fig. 7 c). The fluorescence due 
to labeled 95,000-mol-wt protein began to localize in the 
cortical layer ~ 1 min after fertilization. The cortical fluores- 
cence seemed to reach a maximum 3-4 min after fertilization 
and weakened gradually 30 min after fertilization. However, 
when rhodamine-95,000-mol-wt protein was reinjected after 
this weakening of the signal, strong fluorescence reappeared 
in the cortical layer. The formation of the fertilization cone 
took place ~80 s after fertilization. This fluorescence persisted 
as long as the cone existed (for ~3 rain). 

Localization of this protein during the first cleavage was 
investigated on eggs injected with the labeled protein after 
fertilization. The fluorescence was concentrated throughout 
the cortical layer (Fig. 8). The fluorescent layer at the cleavage 
furrow region seemed slightly thicker than that in the polar 
region (Fig. 8). Similar results were obtained with rhodamine- 
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FIGURE 6 Nucleated polymerization of actin in the presence of 
the 95,000-mol-wt protein. Rabbit skeletal muscle G-actin (0.2 rag/ 
ml) in 1 mM MOPS buffer, 0.5 mM EGTA, 0.2 mM DTT, 0.4 mM 
ATP, and 50 #M MgCl2 (pH 7.4) was supplemented with 40 mM 
KCl at 0 min and the changes in the light scattering intensity were 
recorded. After uS min, sonicated F-actin (Ohtake sonicator, 20 W 
for 10 s) was added at a final concentration of 6 #g/ml with or 
without the 95,000-mol-wt protein or skeletal muscle alpha-actinin 
(final 2.0/~g/ml each, 1/14 in molar ratio to the sonicated F-actin). (a) 
Actin only; (b) actin plus nuclei; (c) actin plus nuclei plus 95,000- 
mol-wt protein (d) actin plus nuclei plus skeletal muscle alpha- 
actinin. 

labeled skeletal muscle alpha-actinin, although the localiza- 
tion of the fluorescence was less distinct compared with the 
95,000-mol-wt protein protein. 

DISCUSSION 

About 0.3 mg of the 95,000-mol-wt protein was obtained 
from 100 ml of the Hemicentrotus eggs by the present purifi- 
cation procedure. We could not estimate the amount of this 
protein in the egg because there were many protein bands on 
an SDS gel around the 95,000-mol-wt region when crude 
protein fractions were analyzed. A rough calculation, how- 
ever, leads us to speculate that it comprises 2-4% of the total 
actin in the egg, taking the intracellular actin concentration 
of 3 mg/ml (29) and the interaction molar ratio of one 95,000- 
mol-wt protein to 10 (from the ratio in the 0.05 M KC1 
precipitates) to 20 (from the experiments shown in Fig. 4 a) 
actins and supposing that the yield was 10%. It should be 
noted that not all the protein showing 95,000-mol-wt on an 
SDS gel precipitated with actin from the 35% saturated am- 
monium sulfate fraction; we might have purified only a part 
of the 95,000-mol-wt protein. On the other hand, this purifi- 
cation procedure is advantageous for this protein because the 
co-precipitation of this protein with actin as actin bundles 
seemed to be highly specific. 

The sea urchin egg 95,000-mol-wt protein resembles alpha- 
actinin from skeletal or smooth muscle in the following ways. 

FIGURE 5 Electron micrographs of actin filaments cross-linked by 
the 95,000-mol-wt protein. (a) Rabbit skeletal muscle F-actin bun- 
dled in the presence of the 95,000-mol-wt protein. 0.2 mg/ml actin 
and 50/~g/ml 95,000-mol-wt protein in 0.1 M KCI, 1 mM MgCI2, 
0.5 mM EGTA, ;10 mM MOPS buffer, pH 7.0. Bar, 1 #m. x 98,600. 
(b) A rotary-shadowed image of a skeletal muscle actin filament to 
which a 95,000-mol-wt protein molecule (arrowhead) attached. (c) 
A rotary-shadowed image of two skeletal muscle actin filaments 
cross-linked (arrowheads) by a 95,000-mol-wt protein molecule. (b 
and c) 0.4 mg/ml actin and 0.1 mg/ml 95,000-mol-wt protein in 
50% glycerol, 0.05 M KCI, 0.5 mM MgCI2, 0.25 mM EGTA, 5 mM 
MOPS buffer, pH 7.0. Bar, 0.3/zm. x 100,000. 



FIGURE 7 Distribution of the 95,000-mol-wt protein in the live egg before and after fertilization. (a) Rhodamine-labeled 95,000- 
mol-wt protein (1 mg/ml) was injected into an unfertilized Hemicentrotus egg; taken 13 rain after microinjection. (b) The same 
egg as in a was then inseminated; taken 80 s after insemination. (c) An egg injected with rhodamine-labeled BSA 10 min before 
insemination; taken 70 s after insemination. Arrowheads indicate fertilization cones, x 460. 

FIGURE 8 Distribution of the 95,000-mol-wt protein in the live egg 
at cleavage. (a) Rhodamine-labeled 95,000-mol-wt protein was in- 
jected into a fertilized Hemicentrotus egg 30 min prior to the first 
cleavage. (b) A similar injection was performed with rhodamine- 
labeled BSA 24 min before the cleavage, x 430. 

(a) Both proteins co-migrated in an SDS gel showing an 
apparent subunit molecular weight of -95,000. (b) Both 
buffers co-eluted from a Sephacryl S-400 column, yielding a 
Stokes radius of 7.7 nm. (c) Both proteins have very similar 
amino acid composition. (d) Both have a dumbbell-shape 
appearance of the same length (50 nm) when viewed with an 
electron microscope. (e) Both were able to cross-link actin 
filaments side by side to form loose actin bundles. ~ The 
molar ratio of these proteins to actin at a critical gelling point 
was similar. (g) The 95,000-mol-wt protein showed a weak 
cross-reactivity with anti-skeletal alpha-actinin antibodies. 
Furthermore, the 95,000-mol-wt protein did not show any 
actin filament-cutting or filament end-binding activity. We 
conclude that the 95,000-mol-wt protein from sea urchin eggs 

belongs to the alpha-actinin family, and we call this protein 
sea urchin egg alpha-actinin. That the actin filaments in the 
crude 0.05 M KCI precipitates were short may be due to the 
presence of Ca-insensitive capping proteins (reference 17 and 
S. Ishidate and I. Mabuchi, manuscript in preparation) in this 
fraction, which are known to be fractionated in the actin peak 
on the DEAE-cellulose column chromatography. 

The sea urchin egg alpha-actinin increased the viscosity of 
F-actin solution in a Ca-sensitive manner. On the other hand, 
muscle alpha-actinin did not show any Ca sensitivity. Alpha- 
actinin-like proteins have already been isolated from some 
nonmuscle cells as mentioned in the beginning of this paper 
and some of them have been reported to be Ca sensitive (5, 
6, !0, 20, 35, 38, 40). It is possible that the ancestor of this 
protein family was sensitive to calcium ions and that some of 
them lost this property during evolution. 

Studies of the localization of proteins in the cell by microin- 
jection of the fluorescently labeled proteins into living cells 
have a risk that the injected proteins bind to sites that are not 
functionally important even if the binding is specific. How- 
ever, we think that this type of experiment will give results 
suggestive of the intracellular localization of cytoskeletal pro- 
teins especially in the case where the exchange of these pro- 
teins between cytoskeletal and cytoplasm is active or the 
organization of cytoskeletal changes so that the components 
are once dispersed and then reorganized. Rhodamine-labeled 
egg alpha-actinin localized in the fertilization cone and in the 
cell cortex upon fertilization. In the sea urchin egg, no cyto- 
skeletal elements are observed before fertilization. Upon fer- 
tilization, however, dramatic changes occur in the cell cortex; 
that is, a fertilization cone appears at the position of sperm 
entry after the cortical exocytosis (51), microvilli elongate 
from the surface (4), and the stiffness of the cortical gel layer 
increases (15). All these changes may involve the appearance 
of actin filaments in these regions. Since the actin bundles in 
the microvilli may be formed through the interaction of actin 
with an actin-bundling protein, fascin, into a tight paracrys- 
talline structures (7, 18, 28, 37, 45), and we did not detect 
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migration of the fluorescently labeled egg alpha-actinin into 
microvilli, we have directed our attention concerning the 
function of alpha-actinin to the fertilization cone and cortical 
gel layer. The former is a cytoplasmic protrusion containing 
actin bundles (24, 50). These actin filaments seemed to orig- 
inate in the plasma membrane and orient in a parallel fashion 
so that the pointed end of the filament points to the cytoplasm 
(50). Although the process of  formation of the actin bundles 
in the microvilli and fertilization cone are apparently similar 
(50), the fertilization cone is a transient structure existing only 
for several minutes in contrast to the microvilli which may 
persist for hours. Thus it may be reasonable to consider that 
the organizations of the actin bundles in the cone are different 
from those in the microvilli. Considering that the interaction 
between egg alpha-actinin and the actin filaments is regulated 
by factors such as Ca ion concentration, pH, and tropomy- 
osin, it is probable that alpha-actinin plays a role in bundling 
the actin filaments in the cone. 

The cortical gel layer of the fertilized eggs does not seem to 
have a well-defined structure. Rootlets of  the microvillar actin 
bundles protrude into this layer (2, 4, 27). These rootlets seem 
to be interconnected by the meshwork of the actin filaments, 
which can be observed when viewed in a tangential plane 
(44). The present observation that the fluorescently labeled 
egg alpha-actinin localizes in the cortical layer upon fertiliza- 
tion strongly suggests that this protein is involved in the actin 
meshwork formation in the cortical layer. The reported intra- 
cellular Ca ion release upon fertilization of Lytechinus pictus 
eggs (47) may not be inconsistent with the property of the 
cross-linking of actin filaments by this protein in vitro since 
the increase in the Ca ion concentration is transient. However, 
we need more information, including the time course and 
localization of the Ca ion increase in the Hemicentrotus eggs, 
in order to discuss this subject. 

An interesting theory for the intracellular function of alpha- 
actinin in these cells is that this protein is involved in the 
formation of the contractile ring at the cleavage furrow. The 
contractile ring is a structure composed of actin filaments 
packed loosely in parallel (43). Filaments of  two different 
polarities are contained in the ring (41), which makes it 
possible for each to slide over the other. Antibodies directed 
against chicken gizzard alpha-actinin have been localized in 
the cleavage furrow of cultured chick embryo cells by the 
immunofluorescence technique (12, 36), although the fre- 
quency of the cells that showed the staining in the furrow 
region was reported to be low (36). We observed a slightly 
thicker fluorescent layer at the furrow region as compared 
with the polar region of an egg microinjected with rhodamine- 
labeled egg alpha-actinin. This thickening might be due to the 
formation of the contractile ring. Considering that egg alpha- 
actinin cross-links actin filaments in vitro, it is possible that 
this protein plays an important role in the formation of the 
contractile ring by cross-linking the actin filament in this 
region. 
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