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Abstract. A protein of 62 kD is a substrate of a cal-
cium/calmodulin-dependent protein kinase, and both
proteins copurify with isolated mitotic apparatuses
(Dinsmore, J. H., and R. D. Sloboda. 1988. Cell.
53:769-780). Phosphorylation of the 62-kD protein in-
creases after fertilization; maximum incorporation of
phosphate occurs during late metaphase and anaphase
and correlates directly with microtubule disassembly
as determined by in vitro experiments with isolated
mitotic apparatuses. Because 62-kD protein phosphor-
ylation occurs in a pattern similar to the accumulation
of the mitotic cyclin proteins, experiments were per-
formed to determine the relationship between cyclin
and the 62-kD protein. Continuous labeling of marine
embryos with [3’S]methionine, as well as immunoblots
of marine embryo proteins using specific antibodies,
were used to identify both cyclin and the 62-kD pro-

tein. These results clearly demonstrate that the 62-kD
protein is distinct from cyclin and, unlike cyclin, is a
constant member of the cellular protein pool during
the first two cell cycles in sea urchin and surf clam
embryos. Similar results were obtained using immuno-
fluorescence microscopy of intact eggs and embryos.
In addition, immunogold electron microscopy reveals
that the 62-kD protein associates with the microtubules
of the mitotic apparatus in dividing cells. Interestingly,
the protein changes its subcellular distribution with re-
spect to microtubules during the cell cycle. Specifically,
during mitosis the 62-kD protein associates with the
mitotic apparatus; before nuclear envelope breakdown,
however, the 62-kD protein is confined to the nucleus.
After anaphase, the 62-kD protein returns to the nu-
cleus, where it resides until nuclear envelope disassem-
bly of the next cell cycle.

involved in its regulation has increased dramatically

in the last few years (for reviews see Pardee, 1989;
Laskey etal., 1989; Murray and Kirschner, 1989a; McIntosh
and Koonce, 1989; Hartwell and Weinert, 1989; O’Farrell et
al., 1989). It is now known that maturation-promoting factor
(MPF)! is a protein kinase consisting of two proteins, p34
and p45 (for review see Masui, 1991). The p34 subunit is ho-
mologous to the cdc2 gene product of yeast (Lohka, 1989),
whereas the p45 subunit is a member of a family of proteins
called cyclins (Evans et al., 1983). The cyclins are proteins
that oscillate in abundance and whose synthesis has been
shown to be required for progression through the cell cycle
(Hutchinson et al., 1988; Murray and Kirschner, 19895;
Minshull et al., 1989). The kinase activity of MPF can be
regulated by the association of p34 with different cyclin mole-
cules at different times in the cell cycle (Nurse, 1990). Gl
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cyclins are proteins that are required to begin the DNA syn-
thesis phase of the cell cycle (Hadwinger et al., 1989;
Richardson et al., 1989; Wittenburg et al., 1990; Girard et
al., 1991), whereas G2 cyclins are required for the cell to en-
ter mitosis (Swenson et al., 1986; Pines and Hunt, 1987,
Minshull et al., 1989; Murray and Kirschner, 1989b; Mur-
ray et al., 1989). G2 cyclins are synthesized and accumulate
until metaphase (Kobayashi et al., 1991), and for this reason
G2 cyclins have become known as mitotic cyclins. At
anaphase onset, mitotic cyclins are specifically degraded
(Evans et al., 1983; Murray et al., 1989), and their degrada-
tion is required for the cell to exit from mitosis. The kinase
activity of the MPF/cyclin complex is believed to be a master
control that will act upon a large number of cellular factors
to allow the proper coordination of cell cycle events. The
specific factors that are acted upon by the complex are as yet
largely unknown; however, if cyclin/MPF is indeed a master
control, it could act upon cytoplasmic structural elements,
nuclear structural elements, DNA replication enzymes,
metabolic controls, protein synthesis, and/or transcriptional
control factors. Therefore, the identification of cyclin-like
molecules is important as these are the molecules that allow
the cascade of events to occur that lead to cell division.
Microtubule-associated proteins (MAPs) are proteins that
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interact with microtubules (MTs), and brain MAPs decorate
the walls of MTs as determined by electron microscopy
(Amos and Baker, 1979; Kim et al., 1979; Sloboda and
Rosenbaum, 1979). MAPs have been shown to stimulate the
assembly of tubulin into MTs and to stabilize assembled
tubulin in vitro (Sloboda et al., 1975; Sloboda and Rosen-
baum, 1979). In vivo, the assembly of tubulin into MTs may
also be affected by MAPs (Bre and Karsenti, 1990). It has
been established that MTs are more stable and longer during
interphase than the MTs that are present during mitosis (Sax-
ton et al., 1984). Interestingly, in vitro studies using the cdc2
kinase in Xenopus extracts have demonstrated that the mean
length of MTs in interphase and metaphase is directly cor-
related to the level of cdc2 kinase activity (Verde et al.,
1990). Because the level of cdc2 kinase activity is regulated
by its association with cyclin, MT dynamics throughout the
cell cycle may be (at least in part) due to the association of
cyclin with the cdc2 gene product. It has also been suggested
that there are cell cycle stage-specific MAPs that associate
with MTs only at certain times in the cell cycle (Lydersen
and Pettijohn, 1980; Izant et al., 1982; Pettijohn et al., 1984;
Nislow et al., 1990; Wright et al., 1991), and this transient
association may be responsible for cell cycle-specific
changes in MT dynamics.

MT assembly is sensitive to changes in calcium concentra-
tion in vitro (Weisenberg, 1972). Note also that the intracel-
lular concentration of free calcium changes throughout the
cell cycle (for a comprehensive review see Hepler, 1989). In
particular, it has been reported that calcium levels rise at
metaphase (Peonie et al., 1985, 1986), a time in the cell cy-
cle that correlates with changes in MT stability before chro-
mosome movement at the beginning of anaphase. Moreover,
perturbation of intracellular calcium levels by a variety of
techniques blocks mitosis in sand dollar embryos (Silver,
1986, 1989). Calmodulin is a protein that will bind calcium
ions (Teo and Wang, 1973) and activate specific cellular pro-
tein kinases. Calmodulin has been shown to be involved in
the mediation of the effects of calcium on MTs in the pres-
ence of MAPs (Marcum et al., 1978; Schliwa et al., 1981).
For example, mitotic apparatus (MA) MTs will depolymer-
ize in the region of microinjection when calcium-saturated
calmodulin is injected into mitotic cells (Keith, 1987).
Therefore, MA MTs are sensitive to calcium/calmodulin
(Ca/Cam). The addition of calcium, calmodulin, and ATP
to isolated MAs results in the phosphorylation of a single
protein having a relative molecular mass of 62 kD (Dinsmore
and Sloboda, 1988). Phosphorylation of this protein corre-
lates with MT disassembly (Dinsmore and Sloboda, 1988)
as measured either by a decrease in birefringence of the iso-
lated MA or by solubilization of tubulin subunits. Therefore,
the Ca/Cam-dependent phosphorylation of the 62-kD pro-
tein may control MT stability at the metaphase to anaphase
transition. Interestingly, phosphorylation of the 62-kD pro-
tein is cell cycle dependent (Dinsmore and Sloboda, 1988);
the incorporation of phosphate begins at the time of nuclear
envelope breakdown, and increases until metaphase, where-
upon the level of incorporated phosphate decreases after
anaphase. This apparent cyclic phosphorylation of the 62-kD
protein may result either from the action of a kinase/phos-
phatase pair, or from the synthesis and degradation of the 62-
kD protein in a manner similar to the mitotic cyclins, or from
some combination of these activities.
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As described above, MT dynamics throughout the cell cy-
cle may be due to the association of cyclin with the cdc2 gene
product. Because the 62-kD protein is involved in the stabil-
ity of MTs and is phosphorylated in a manner similar to the
pattern of cyclin synthesis and destruction, it is important to
determine if the 62-kD protein is a cyclin. Here, the 62-kD
protein is examined for its presence and localization through-
out the cell cycle. The protein is shown to be distinct from
cyclin because [**S]methionine labeling of newly synthe-
sized proteins reveals the characteristic cyclic nature of cy-
clin synthesis and degradation, whereas the synthesis of the
62-kD protein is not cyclical. Densitometric analysis of im-
munoblots specific for the 62-kD protein shows the protein
is present in the sea urchin egg from before fertilization
through at least the four-cell stage. The subcellular localiza-
tion of the 62-kD protein confirms the distinction between
this protein and cyclin, and reveals that the 62-kD protein as-
sociates with MTs in a stage-specific manner. Immunogold
electron microscopy of isolated MAs confirms the associa-
tion of the protein with MTs. Most interestingly, the 62-kD
protein resides in the nucleus before nuclear envelope break-
down, and associates with the MTs of the forming MA only
after nuclear envelope breakdown. At telophase, the 62-kD
protein is sequestered to the forming daughter nuclei. The
relationship of the 62-kD protein with respect to the known
cyclin molecules, and known stage-specific MAPs, is dis-
cussed.

Materials and Methods

Reagents and Organisms

Lytechinus pictus and Strongylocentrotus purpuratus were obtained from
Marinus, Inc. (Westchester, CA). Spisula solidissma were obtained from
the Department of Marine Resources, Marine Biological Laboratory
(Woods Hole, MA). Prestained standards for SDS-PAGE were purchased
from Sigma Chemical Co. (St. Louis, MO). '?5I-Donkey anti-rabbit IgG,
750-3000 Ci/mmol, and [**S)methionine, 3,000 Ci/mmol, were pur-
chased from Amersham Corp. (Arlington Heights, IL). Fluoresceinated
goat anti-rabbit and goat anti-mouse secondary antibodies were purchased
from Kirkegaard and Perry (Gaithersburg, MD). Nitrocellulose, 0.22-pm
pore size, was from Schleicher and Schuell (Keene, NH). All other chemi-
cals were purchased from Sigma Chemical Co.

Cell Cycle Experiments

Lytechinus pictus or Strongylocentrotus purpuratus were induced to spawn
by intracoelomic injection of 0.5 M KCl. Eggs were collected by inverting
spawning females over a beaker containing artificial Marine Biological Lab-
oratory seawater (MBLSW; Cavenaugh, 1956); sperm were collected “dry”
by inverting males over watch glasses. For all experiments, embryos were
maintained at 15-18°C for L. pictus and 12°C for S. purpuratus in a large
volume with gentle agitation to allow proper aeration. Eggs were washed
three times with fresh MBLSW and then fertilized with 50 ul of a 1:1,000
dilution of dry sperm into 100 ml of egg suspension (~3 ml of settled eggs
in 100 ml MBLSW). 10 ml of the fertilized egg suspension was then imme-
diately transferred to a scintillation vial that contained 50 uCi of [*S]methi-
onine. Both the radioisotope-labeled and unlabeled embryo cultures were
stirred continuously, and aliquots were removed from the unlabeled culture
and fixed for later determination of cell synchrony. 15 s later, an equal ali-
quot was removed from the [**S]methionine culture to be analyzed by
SDS-PAGE. Protein concentrations were determined by the method of
Bradford (1976) as modified by Pierce Chem. Co. (Rockford, IL).

To determine cell synchrony, 200-u1 aliquots of cells were removed at
specified times after fertilization and prepared for lacto-orcein staining
(Westendorf et al., 1989). For each time point, 8.5 ul of embryos was
counted in quadruplicate using phase-contrast microscopy. The percentage
of embryos at metaphase for each 8.5-l1 aliquot was calculated, and the av-
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erage percentage for each time point was determined. Proteins from the cell
cycle experiment were prepared for electrophoresis by placing a 200-u] ali-
quot of labeled embryos into ice-cold calcium free MBLSW, sedimenting
in a microfuge for 5 s, followed by resuspension of the pellet in 2X Laemmli
(1970) sample buffer.

Cell Fractionation Experiments

Female gonads from Spisula solidissima were excised and placed into 0.45-
wm millipore-filtered seawater. The gonads were forced through three layers
of cheesecloth to dissociate the oocytes, and then allowed to settle in fresh
filtered seawater. The oocytes were washed by repeated settling in filtered
seawater. Nuclei were prepared with membranes intact as follows: Washed
oocytes were sedimented in a hand centrifuge and resuspended in soaking
buffer (25 mM Pipes, 2 mM CaCl,, 1 M glycerol, pH 9.01) for 1 h. Oo-
cytes were sedimented as before, and then resuspended in 8 vol of H buffer
(5 mM Pipes, pH 6.9, 0.7 mM MgCl,, 6% hexylene glycol). Qocytes were
swirled gently, underlaid with a sucrose cushion (0.4 M sucrose, 5 mM
Pipes, pH 6.9, 0.35 mM MgCl,), and centrifuged at 300 g at 4°C for 5
min. The nuclear supernatant was removed and concentrated with Aquacide
(Calbiochem Corp., La Jolla, CA) to a 50% reduction in volume. The pellet
of nuclei was resuspended in 10 ml of H buffer, underlaid with the sucrose
cushion, and centrifuged as before. Nuclei were sedimented three times
through sucrose, and then resuspended in 3 ml of H buffer. Each preparation
of nuclei was examined microscopically to confirm the presence of intact
nuclei.

Nuclei with disrupted membranes were prepared as follows: Washed oo-
cytes were placed in soaking buffer for 1 h. Soaking buffer was removed
by aspiration, and the oocytes were resuspended in eight times the oocyte
volume of breaker buffer (0.25 M sucrose, 5 mM Pipes, pH 6.9, 0.7 mM
MgCly, 0.5% NP-40). Nuclei were then prepared as per H buffer nuclei.
Protein concentrations were determined by the method of Bradford (1976)
as modified by Pierce Chem. Co.

Electrophoresis, Inmunoblotting, Autoradiography,
and Densitometry

Proteins were analyzed on either 4-10% acrylamide, 2-8 M urea linear gra-
dient gels, or 8% polyacrylamide gels with 3% stacking gels according to
the buffer conditions of Laemmli (1970), and stained with Commassie bril-
liant blue R250. All gels contained the following prestained molecular mass
standards: triosephosphate isomerase (266 kD), lactate dehydrogenase
(36.5 kD), fumarase (48.5 kD), pyruvate kinase (58 kD), fructose-6-
phosphate kinase (84 kD), B-galactosidase (116 kD), oz-macroglobulin
(180 kD). Two-dimensional electrophoresis was performed according to the
method of O’Farrell (1975) as modified by Dessev et al. (1988). The pH gra-
dient for the first dimension IEF was established with ampholines from
Sigma Chemical Co. using a 4:1 mix of pH 5-7 and 3-10, respectively.

Electrophoretic transfer of protein to nitrocellulose paper (0.22 um) was
performed according to the method of Towbin et al. (1979). The transfer
was carried out at 400 mA constant current for 1 h in a tank buffer that con-
tained 25 mM Tris and 192 mM glycine (pH 8.3). After completion of the
transfer, the nitrocellulose was blocked in 50 mi PBS (137 mM NaCl, 3 mM
KCl, 8 mM Na,HPOq, 1.5 mM KH,PO,, pH 7.4) containing 5% nonfat
dried milk, 2.5% FCS, 002% NaN, for 1 h. The nitrocellulose was then
rinsed in PBS and incubated in anti-62-kD antibody affinity purified by the
method of Talian et al. (1983), without subsequent conjugation to a fluoro-
chrome, for 3-8 h in the presence of 0.02% NaNj to inhibit bacterial
growth. The initial production and characterization of these antibodies to
the 62-kD polypeptide has been described previously (Dinsmore and
Sloboda, 1989). The primary antibody was removed and the blots were
washed three times in PBS + 0.05% Tween 20 (PBST), and then processed
with either a 1:1,000 dilution of '»I-donkey anti-rabbit IgG (750-3,000
Ci/mmol, Amersham Corp.) for 1 h, or a 1:7,500 dilution of alkaline phos-
phatase-labeled secondary antibodies (Promega, Madison, WI) for 30 min.
The '*’I-labeled blots were washed in PBST as before, allowed to air dry,
and exposed at —80°C using X-OMat AR film (Eastman Kodak Co., Roch-
ester, NY) and a Du Pont Cronex Lighting Plus intensifying screen. After
24-72 h, the films were developed in a Kodak RP X-Omat processor model
M7B. Alkaline phosphatase-labeled blots were developed as directed by
Promega.

Densitometry was performed on a MasterScan Densitometer (CSPI,
Billerica, MA). To scan the immunoblots, a reference point on a nonspecific
portion of a given autoradiograph was selected as a control for background.

Johnston and Sloboda Subcellular Localization of a 62-kD Protein

Each alkaline phosphatase- (or '2I-) labeled band on the immunoblot was
then scanned in reference to this point. Triplicate experiments were scanned,
the data were normalized, and plotted +SEM using Cricket Graph software
on a Macintosh Ilci.

Immunofluorescence

Lytechinus pictus were induced to spawn by intracoelomic injection of
0.5 M KCI as described above. Eggs were washed three times with fresh
MBLSW and fertilized in the presence of 1 mM 3-amino-1,2,4 triazole to
prevent hardening of the fertilization envelope. The softened fertilization
envelopes were removed by passing the eggs through a nytex mesh 10 um
smaller than the egg diameter. Eggs were then washed three times in
MBLSW and allowed to develop with gentle stirring to provide proper aera-
tion and aid synchronous development. Aliquots of embryos were then re-
moved and allowed to adhere to poly-L-lysine (0.1%)-coated coverslips for
5 min, and then plunged into 90% methanol-20 mM EGTA (Harris, 1986)
to fix and permeabilize the eggs. HOECHST 33342 at 1 ug/ml (Calbiochem
Corp.) was included in the fixative to stain the chromatin. Coverslips were
then washed three times in PBS and 25 ul of primary antibody (see immuno-
blotting section for details of antibody production) were applied for 30-90
min. Coverslips were then washed in PBST three times, for 2 min each
wash. 25 pl of a 1:10 dilution of the appropriate fluorescein-labeled second-
ary antibody was applied for 30 min; coverslips were washed in PBST as
before, and mounted in 1% phenylene diamine (Johnson and de C. Nogiera
Araujo, 1981) to reduce photobleaching.

Microscopy

Light and Fluorescence Microscopy. Phase-contrast images of lacto-orcein
stained embryos were counted using an Optiphot microscope (Nikon, Inc.,
Garden City, NY) equipped with a 40x/1.0 NA oil immersion objective and
a 100-W mercury arc lamp for illumination. Epifluorescence specimens
were viewed with an Axiophot microscope (Carl Zeiss, Inc., Thornwood,
NY) illuminated with a 100-W mercury lamp. The microscope was
equipped with a 63 /1.4 NA plan-apochromatic objective and the appropri-
ate Quantifying Imaging Filters (Omega Corp., Brattleboro, VT) for
fluorescein and HOECHST.

Electron Microscopy. Mitotic apparatuses were isolated from Lytichinus
pictus or Strongylocentrotus purpuratus as described (Dinsmore and
Sloboda, 1988) and fixed for 10 min at rcom temperature in 3.7 % formalde-
hyde in 50 mM Pipes, pH 6.9, or 4% paraformaldehyde in 50 mM Pipes,
pH 6.9. Fixed MAs were centrifuged at 1,000 g for 5 min and resuspended
in 1 ml of primary antibody. Primary antibody was either affinity-purified
anti-62-kD antibodies or a 1:100 dilution of Sigma monoclonal anti-8-
tubulin antibody in PBS (137 mM NaCl, 3 mM KCl, 8 mM Na,HPO,, 1.5
mM KH;PO,, pH 7.4). The primary antibody/MA solution was allowed to
incubate with gentle rocking at 4°C for 2-12 h. MAs were then sedimented
at 1000 g for 3 min, and resuspended in 1 ml of PBST. This wash was
repeated three times. After the last wash step, the sedimented MAs were
resuspended in 1 ml of a 1:10 dilution of gold-conjugated secondary anti-
body in PBS (goat anti-rabbit antibodies were conjugated to 15-nm gold
particles, whereas goat anti-mouse antibodies were conjugated to 10 nm
gold) and rocked at 4°C for 1 h. MAs were washed as before and sedimented
at 10,000 g for 10 min. The resulting pellet was overlaid with 2% glutaralde-
hyde in PBS for 30 min. The pellets were then washed four times with PBS
without disturbing the pellet. After the fourth wash, 2% OsO; in 0.1 M
cacadolate buffer (pH 7.2) was added for 20 min at 4°C. The osmium solu-
tion was removed and the pellets were washed as before. After the fourth
wash, the material was dehydrated through a series of ethanol washes
(25-100%) and infiltrated with LR White Medium resin in a 2:1 ratio to
100% ethanol and finally polymerized in 100% LR White resin at 60°C
for 20-22 h. Thin sections (40-60 nm) were cut, floated onto formvar- and
carbon-coated copper grids, and subsequently stained with 2% uranyl ace-
tate followed by 4% lead citrate. Grids were then viewed in a 100CX elec-
tron microscope (JEOL U.S.A. Inc., Peabody, MA).

Results

Characterization of Affinity-purified Antibodies to the
62-kD Protein

For the experiments described in this work, it was essential
to have antibodies that were highly specific and reacted only
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with the 62-kD protein. To obtain these antibodies, rabbit
polyclonal antiserum (Dinsmore and Sloboda, 1989) was
affinity purified using immobilized 62-kD protein according
to the technique described by Talian et al. (1983) but without
subsequent direct conjugation of the affinity-purified anti-
bodies to a fluorochrome. From previous work the 62-kD
protein had been determined to focus at an approximate pl
of 6.7 in two-dimensional gel electrophoresis (Dinsmore and
Sloboda, 1988). On a two-dimensional immunoblot of total
S. purpuratus protein (Fig. 1) the affinity-purified antibodies
recognize only one protein at 62 kD that focuses at a pI of
6.7. Moreover, when the experiment is performed with radio-
labeled phosphorylated 62-kD protein, the antibody reacts
with the only phosphorylated protein in the preparation (data
not shown). It was important to confirm the identity of the
affinity-purified antibodies via two-dimensional gel elec-
trophoresis and immunoblotting because the 62-kD protein
migrates very closely to keratins in one-dimensional SDS-
PAGE. Thus it is common to have antibodies to keratin,
which often are present in rabbit serum, contaminating
affinity-purified 62-kD antibodies prepared by this method.
Two-dimensional immunoblotting allowed the 62-kD pro-
tein to be identified and distinguished from the keratins,
which focus at a pl of 7.4-80 for the basic keratins and a pI
of 4.5-6.0 for the acidic keratins (O’Guin et al., 1990). The
results shown in Fig. 1 demonstrate the specificity of the
affinity-purified 62-kD antibodies. Only affinity-purified an-
tibodies that yielded one spot at a pI of 6.7 and at a molecular
weight of 62-kD on two-dimensional immunoblots were
used for the experiments described here.

62-kD Protein Is Present throughout the Cell Cycle

To determine the synthesis and abundance of the 62-kD pro-
tein as a function of the cell division cycle, Strongylocentro-
tus purpuratus or Lytechinus pictus embryos were incubated
continuously in [*S])methionine and aliquots were removed
at various time points during the first two cell cycles after fer-
tilization. These aliquots were fixed for lacto-orcein staining
(Westendorf et al., 1989) to assess the synchrony of the em-
bryos in culture, or analyzed by SDS-PAGE. For cell syn-
chrony determination, the percentage of embryos at meta-
phase (n = 100) was calculated for each time point and
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plotted as a function of time after fertilization. Such analyses
revealed that the synchrony of a given culture was generally
somewhat reduced after the first division; however, the
population of developing embryos remained highly syn-
chronous. For example, 95% of the embryos in a given cul-
ture reached metaphase of the first division at the same time,
whereas by the second cell division 80% of the embryos
reached metaphase at the same time.

Aliquots of embryos analyzed by SDS-PAGE were either
stained with Coomassie blue, dried, and subjected to autora-
diography (Fig. 2) or the proteins were transferred to
nitrocellulose and probed with affinity-purified antibodies to
the 62-kD protein (Fig. 3 a). The [**S]methionine profile
shown in the autoradiograph in Fig. 2 allows the visual deter-
mination of proteins which undergo oscillations in synthesis
throughout the cell cycle. The 56-kD sea urchin cyclin,
which was initially identified using similar procedures
(Evans et al., 1983), can be seen to oscillate in abundance
throughout the two cell cycles shown here (asterisk, Fig. 2).
The location of the 62-kD protein as determined by immuno-
blotting is identified by the small arrow (Fig. 2). A distinc-
tion between the 62-kD protein and the 56-kD cyclin protein
can be made on the basis of the visible difference in relative
molecular mass between the two proteins, and, more impor-
tantly, on the obvious oscillation in abundance of cyclin but
stable presence of the 62-kD protein. For comparison, a pro-
tein that continuously incorporates [*S]methionine is shown
by the arrowhead (Fig. 2). The 62-kD protein does not oscil-
late in abundance and, therefore, by this criterion does not
represent a previously undetected form of cyclin. A similar
analysis of embryo proteins at time points taken more fre-
quently than 10 min did not reveal a short interval of time
when the 62-kD protein was not present.

Immunoblots of gels of the type shown in the autoradio-
graph in Fig. 2 were probed with affinity-purified antibodies
to the 62-kD protein (Fig. 3 a). Clearly, the 62-kD protein
is present in the unfertilized egg, as well as throughout the
two cell cycles shown here. However, from visual examina-
tion of such immunoblots, the level of the 62-kD protein does
not appear to be completely constant (Fig. 3 a). Therefore,
densitometry was used to quantify the presence of the pro-
tein throughout the first two cell cycles in the sea urchin em-
bryo (Fig. 3 b). The graph in Fig. 3 b demonstrates the

75

Figure 1. Two-dimensional immunoblot of
a homogenate of Strongylocentrotus pur-
puratus eggs. Proteins in a homogenate of
S. purpuratus eggs were resolved by two-
dimensional gel electrophoresis and trans-
ferred to nitrocellulose. The nitrocellu-
lose was then probed with affinity-purified
antibodies to the 62-kD protein, followed
by donkey anti-rabbit '*’I-labeled sec-
ondary antibodies. Shown here is an auto-
radiograph resulting from exposure of the
blot to X-ray film. The position of the
62-kD protein is as indicated in the figure.

—62kD
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Figure 2. An autoradiograph revealing the proteins that are newly
synthesized in the first two cell cycles of the sea urchin, Lytechinus
pictus. L. pictus eggs were fertilized, and the embryos were allowed
to develop in the continuous presence of [**S]methionine; aliquots
were removed before fertilization and every 5 min thereafter and
processed for SDS-PAGE and autoradiography (shown here are
representative time points). The 56-kD cyclin protein is marked
with an asterisk, and the location of the 62-kD protein as deter-
mined by immunoblotting (see Fig. 3 a) is indicated by the arrow.
A protein that continuously incorporates [**S]methionine is indi-
cated with an arrowhead. Each lane contained the same amount of
protein (~v10 pg). For comparison, time points of note are indicated
above the lanes: PRE-FERT, embryos before fertilization; META,
metaphase embryos; 2-CELL, embryos at the two-cell stage;
4-CELL, embryos at the 4-cell stage.

results obtained with immunoblots using !»I-labeled sec-
ondary antibodies. The 62-kD protein is present before fer-
tilization, and the relative band intensity of the 62-kD pro-
tein increases as the cell goes through the first two cell
cycles. There appears to be a slight but reproducible de-
crease in the detectable level of the 62-kD protein just before
each metaphase (see the 75-min time point in Fig. 3 b). This
could be caused by antibody epitope occlusion due to the
phosphorylation of the protein which would prevent a sub-
population of the affinity-purified antibodies from binding to
the 62-kD protein and result in a consistent slight decrease
in the apparent abundance of the protein as detected on im-
munoblots at the sensitivity of the densitometer. However,
the overall increase in the quantity of the 62-kD protein mea-
sured by immunoblotting is consistent with the densitomet-
ric analysis of the 62-kD protein in autoradiographs of gels
of [*S]methionine-labeled proteins (data not shown). The
62-kD protein is synthesized at a low rate throughout two cell
cycles, and immunoblots (Fig. 3) revealed the protein is pres-
ent before fertilization and increases in amount throughout
the two cell cycles assayed here. Taken together, the data in
Figs. 2 and 3 argue strongly that the 62-kD protein is not a
member of the cyclin family of proteins.
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Figure 3. (Top) Immunoblot analysis of the 62-kD protein through-
out two cell cycles. Aliquots of embryos from a developing culture
of S. purpuratus were removed from the culture every 5 min and
prepared for SDS-PAGE and immunoblotting. Shown here is an au-
toradiograph of the 62-kD region of an immunoblot probed with
affinity-purified antibodies to the 62-kD protein, followed by 12]-
labeled donkey anti-rabbit secondary ‘antibodies. Each lane con-
tained a total of ~10 ug protein. Time in minutes after fertilization
is indicated for each lane, and transition points in the cell cycle are
indicated as follows: Isr meta, metaphase of the first cell division;
2 cell, two-cell stage; 2nd meta, metaphase of the second cell divi-
sion; 4 cell, 4-cell stage; std, lane containing molecular weight
standards. (Bottom) Densitometric analysis of the 62-kD protein on
immunoblots using affinity-purified antibodies to the 62-kD pro-
tein. The relative band intensity on immunoblots of the 62-kD pro-
tein throughout two cell cycles was determined by densitometry as
described in Materials and Methods. The relative amount of 62-kD
protein increases as a function of time after fertilization for the two
cell cycles shown here. Key stages in the cell cycle are as follows:
0 min, unfertilized eggs; 85 min, first metaphase; 95 min, two-cell
stage; 145 min, second metaphase; 155 min, four-cell stage. Bar,
+SEM. n = 3 for each time point shown.

The 62-kD Protein Is Present When Cyclin A
Is Absent

Because of the slight but consistent decrease in the quantity

of the 62-kD protein detectable by immunoblotting just be-
fore metaphase, experiments that directly compared the level
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Figure 4. The 62-kD proteinis pres-
ent after anaphase onset and is dis-
tinct from cyclin A. Proteins in ho-
mogenates of Spisula solidissima
embryos at metaphase (M) and ana-
phase (4) were resolved by SDS-
PAGE and transferred to nitrocellu-
lose. The nitrocellulose was then
probed with either antibodies to
Spisula cyclin A (lanes I and 4) or
antibodies to the 62-kD protein

== (lanes 2 and 3), followed by incu-
bation in '?’I-labeled donkey anti-
rabbit secondary antibodies, fol-
lowed by autoradiography. Shown
here is the resulting autoradiograph.
The asterisk indicates cyclin A,
and the arrow indicates the 62-kD
protein.

of the 62-kD protein with the level of a known mitotic cyclin,
cyclin A of the surf clam (Swenson et al., 1986), were per-
formed. Whole egg homogenates of the surf clam at meta-
phase and at anaphase of the first cell cycle were analyzed
by immunoblotting. Fig. 4 shows the result of an immunoblot
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Figure 5. Immunoelectron microscopy of microtubules from isolated mitotic apparatuses. (@) Control MA incubated with gold-labeled
secondary antibodies alone. (b) MTs of isolated MAs labeled with antibodies to S-tubulin, followed by secondary antibodies conjugated
to 10-nm colloidal gold (arrowheads). (c and d) MTS of isolated MAs labeled with antibodies to the 62-kD protein followed by secondary

antibodies conjugated to 15-nm colloidal gold (arrows).
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in which the presence of the two proteins at two discrete time
points can be compared. Fig. 4, lane I, shows a metaphase
homogenate probed with antibodies to cyclin A, whereas
lane 2 shows the same metaphase homogenate probed with
antibodies to the 62-kD protein. Both proteins are clearly
present at metaphase. Fig. 4, lane 3, shows an anaphase ho-
mogenate probed with antibodies to the 62-kD protein, and
lane 4 shows the same anaphase homogenate, probed with
antibodies to cyclin A. A comparison of lanes 3 and 4 reveals
that the 62-kD protein is present in the anaphase homoge-
nate, but that cyclin A is not. These experiments demonstrate
that the 62-kD protein is not degraded after metaphase in a
manner similar to cyclin A.

62-kD Protein Is Located in Association with
Microtubules in Isolated Mitotic Apparatuses

Previously, indirect immunofluorescence experiments of iso-
lated MAs viewed with confocal microscopy have revealed
coincident staining of the 62-kD protein and tubulin (Dins-
more and Sloboda, 1989). Interestingly, the 62-kD protein
was shown to sediment with the insoluble material of the MA
(the MA remnant) after phosphorylation of the 62-kD pro-
tein solubilized the MTs of the MA (Dinsmore and Sloboda,
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1989). Therefore, the 62-kD protein may be associated with
both MTs and an as yet unidentified component of the MA
remnant. To determine if the colocalization seen with confo-
cal microscopy was due to an association of the 62-kD pro-
tein with MTs, or if the 62-kD protein was associated with
an alternative component of the MA remnant, immunoelec-
tron microscopy of isolated MAs was used to examine the
ultrastructural relationship between tubulin and the 62-kD
protein. To do this, isolated MAs were prepared for im-
munogold electron microscopy. Little, if any, gold label is
present in MAs treated with preimmune serum or with gold-
labeled secondary antibodies alone (Fig. 5 a). When isolated
MAs were incubated in antibodies specific to tubulin (Fig.
5 b) or antibodies specific to the 62-kD protein (Fig. 5, ¢ and
d), followed by the appropriate gold-labeled secondary anti-
body, specific labeling was obtained. As can be seen in Fig.
5 b, the MTs of the MA densely label with antibodies to tubu-
lin (arrowheads). The 62-kD protein, which is present sub-
stoichiometrically with respect to tubulin (Dinsmore and
Sloboda, 1989), is located intermittantly along the MTs (ar-
rows, Fig. 5 ¢). Fig. 5 d is an enlargement of a region of the
MA shown in Fig. 5 ¢, and shows the 62-kD protein is lo-
cated at defined positions along the MTs of the MA (arrows).
In these MA preparations, there does not appear to be a
fibrous component other than MTs present. Thus, Fig. 5
clearly shows that the 62-kD protein is associated with the
MTs of the MA, and this result at the higher resolution
afforded by immunoelectron microscopy confirms and rein-
forces the initial confocal microscopic observations of Dins-
more and Sloboda (1989).

Immunolocalization of the 62-kD Protein in Sea
Urchin Eggs and Embryos

The unfertilized sea urchin egg does not contain polymerized
MTs (Schatten and Schatten, 1981), yet the 62-kD protein
was found to be present in unfertilized eggs of the sea urchin
(Fig. 3). Because the 62-kD protein is located close to the
MTs of the isolated MA (Dinsmore and Sloboda, 1989; Fig.
5), it was of interest to determine the subcellular localization
of the protein in whole eggs and embryos. At a variety of time
points in the cell cycle, sea urchin eggs and embryos were
fixed and processed for indirect immunofluorescence using
a monoclonal antibody to 8-tubulin (Fig. 6) or affinity-
purified antibodies to the 62-kD protein (Fig. 7). HOECHST
33342 was included in the fixation step to identify the DNA.
As seen in Fig. 6, ¢, ¢, and g, and Fig. 7, q, c, e, and g,
HOECHST 33342 can be used to determine the stage of the
cell cycle of the developing embryo as indicated by chroma-
tin condensation and chromosome position. The immunoflu-
orescence patterns in Figs. 6 (tubulin) and 7 (62-kD protein)
allow a comparison of the localization of the MTs and the 62-
kD protein in the developing embryo. As previously reported
(Schatten and Schatten, 1981), no MTs can be detected in the
unfertilized egg (Fig. 6 b). At pronuclear fusion, the tubulin
has begun to polymerize (Fig. 6 d), and the fully formed mi-
totic apparatus microtubules are clearly visible at metaphase
(Fig. 6 ).

In contrast to the lack of MT staining in the unfertilized
egg, the 62-kD protein can be seen to localize to the female
pronucleus (Fig. 7, a and b). At pronuclear fusion/early
prophase, even though the tubulin has begun to polymerize

Johnston and Sloboda Subcellular Localization of a 62-kD Protein

Figure 6. Immunolocalization of S-tubulin in Strongylocentrotus
purpuratus. Eggs and embryos of S. purpuratus were processed for
indirect immunofluorescence at a variety of time points during the
first cell cycle. The extent of chromatin condensation is visible in
¢, e, and g with HOECHST 33342. The distribution of microtu-
bules throughout the first cell cycle is revealed by monoclonal anti-
bodies to S-tubulin in b, d, f; and h. Stages shown are (a and b)
unfertilized egg; (c and d) pronuclear fusion; (e and f) metaphase;
(g and h) late anaphase. Bar, 20 um.

(Fig. 6 d), the 62-kD protein remains localized to the nu-
cleus (Fig. 7 d). However, by metaphase, the localization of
the 62-kD protein is now coincident with the MA and in the
same region as the MTs (compare Fig. 6 f with Fig. 7 f).
From this data it can be emphasized once again that the pro-
tein is present not only in the unfertilized egg but also
throughout the cell cycle. As seen in Fig. 7 h, at mid-
anaphase the 62-kD protein is still present in the embryo and
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Figure 7. Immunolocalization of the 62-kD protein a Strongylo-
centrotus purpuratus. Eggs and embryos of S. purpuratus were pro-
cessed for immunofluorescence at a variety of time points during
the first cell cycle. The extent of chromatin condensation is visible
in a, ¢, e, and g with HOECHST 33342. The distribution of the
62-kD protein throughout the first cell cycle is shown using affinity-
purified antibodies to the 62-kD protein in b, d, f, and h. Stages
shown are the same as for Fig. 6. The background fluorescence
along the right edge of the cell shown in d is due to secondary anti-
bodies trapped by a portion of the fertilization envelope that was
not removed completely from the embryo shown here. The fluores-
cent signal at roughly 11 oclock in the embryo shown in e is from
an out-of-focus sperm head attached to a remaining portion of the
fertilization envelope. Bar, 20 um.
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has not undergone an apparent specific degradation or
change in localization. Moreover, the protein is again present
in the nuclei that form in the daughter cells at telophase (see
Fig. 8 and next section). These experiments show that the 62-
kD protein is associated with the nucleus or with microtu-
bules in a stage-specific manner.

62-kD Protein Returns to the Nucleus after Anaphase

The 62-kD protein is located in the female pronucleus in un-
fertilized eggs and in the nucleus of embryos before nuclear
envelope breakdown of the first cell division (Fig. 7, b and
d). To determine if the 62-kD protein returns to the nucleus
after the first cleavage division, indirect immunofluores-
cence experiments of embryos at telophase were performed
to determine the localization of the 62-kD protein after mito-
sis (Fig. 8). Such experiments show that antibodies to the 62-
kD protein distinctly label the newly formed nuclei (Fig. 8
d). The possibility that the fluorescence seen in Fig. 8 d is
due to bleed through of fluorescence from the HOECHST
33342 can be eliminated, as the embryo shown in Fig. 8 b
stained for tubulin does not show a fluorescent signal in the
fluorescein channel emanating from the region of the nu-
cleus. Both embryos have been labeled with fluorescein-
conjugated secondary antibodies, and thus any fluorescence
in the fluorescein channel due to the HOECHST 33342
would be visible independently of the primary antibody
used. Therefore, it is clear from these data that the 62-kD
protein is partitioned to the forming daughter nuclei during
telophase.

Cell Fractionation Confirms the Nuclear Localization
of the 62-kD Protein

Because fixation of sea urchin embryos for immunofluores-
cence experiments can be susceptible to artifacts because of
the type of fixation used (K. Swenson, personal communica-
tion), cell fractionation was performed as an independent
test of the subcellular localization of the 62-kD protein. To
determine if the 62-kD protein was indeed in the nucleus be-
fore fertilization, nuclei were isolated from unfertilized eggs
using two different approaches. The first approach was to
prepare nuclei and nuclear supernatant in which the nuclear
envelope remained intact. The second approach was to pre-
pare nuclei and nuclear supernatant in which the nuclei had
been permeabilized by treatment with the detergent NP-40.
Immunoblotting of the intact and permeabilized nuclear
preparations confirmed the nuclear localization of the pro-
tein. The 62-kD protein was found in the nuclei whether the
nuclear membrane was intact or permeabilized (Fig. 9, lef,
compare I with D).

In addition to the microscopic examination of subcellular
fractions for the presence of nuclei, the distribution of the
67-kD nuclear lamina protein was determined as yet another
independent assessment of the fractionation. Immunoblots
confirm the presence of the 67-kD lamina protein in only the
nuclear fractions (Fig. 9, right, compare Sup with Nuc). This
indicates a complete fractionation of cellular components
and purification of nuclei. It is also worthwhile to note the
obvious difference in molecular mass between the 67-kD nu-
clear lamina protein and the 62-kD MA phosphoprotein.
This difference indicates that the lamins, which are also
phosphorylated in a stage-specific manner during the cell cy-
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cle (Dessev et al., 1989), are not related to the 62-kD pro-
tein. In addition, as seen in Figs. 7 b and 8 d, the im-
munofluorescence pattern of the 62-kD protein does not
appear as a ring around the periphery of the nucleus, as has
been observed for the lamins (Gallant and Nigg, 1992) be-
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w

62kD — <67kD

Figure 9. Subcellular fractionation confirms the nuclear location of
the 62-kD protein. Spisula solidissima nuclei were prepared intact
(@) or with the nuclear membranes disrupted with detergent (D).
The resulting preparations were resolved by SDS-PAGE and the lo-
cation of the 62-kD protein was revealed by affinity-purified anti-
bodies in the blot shown on the left. An identical blot probed with
antibodies to a 67-kD nuclear lamina protein is shown on the right.
The nuclear lamina is not solubilized by the permeabilization, and
this is demonstrated by the presence of the 67-kD lamina protein
in only the nuclear fractions. This same result is true for the 62-kD
protein. Sup, supernatant; Nuc, nuclei.
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Figure 8. Immunolocalization
of o-tubulin and the 62-kD
protein after telophase in Ly-
techinus pictus embryos. The
extent of chromatin condensa-
tion is visible with HOECHST
33342 (a and c) and thus iden-
tifies the daughter nuclei re-
sulting from the first mitosis.
The embryos were processed
for indirect immunofluores-
cence with antibodies to a-tu-
bulin or antibodies to the 62-kD
protein, followed by incuba-
tion in the appropriate fluo-
rescein-conjugated secondary
antibodies. (@) HOECHST
33342 and (b) antitubulin
indirect fluorescence; (c)
HOECHST 33342 and (d)
anti-62 kD indirect fluores-
cence. Bar, 20 um.

cause of their location subjacent to the nuclear envelope.
Rather, the 62-kD protein can be found throughout the nu-
cleus. The results shown in Figs. 7-9 indicate the 62-kD pro-
tein is a bona fide resident of the nucleus before nuclear enve-
lope breakdown and that the 62-kDa protein returns to the
daughter nuclei during or soon after they reform at
telophase.

Discussion

Previously, using in vivo radiolabeling experiments, Dins-
more and Sloboda (1988) identified a 62-kD protein that in-
corporated labeled phosphate from the time of nuclear enve-
lope breakdown until the start of anaphase. After anaphase,
radiolabeled phosphate was not visible in the 62-kD region
of the gel until mitosis of the next cell cycle, when the protein
again incorporated phosphate. This phenomenon could have
been due to cyclic phosphorylation/dephosphorylation of the
62-kD protein, or to synthesis and degradation of the pro-
tein, perhaps in combination with phosphorylation. In the
data reported here, various approaches have been used to de-

termine the relative amount of the 62-kD protein throughout -

the first two cell cycles of the sea urchin embryo to distin-
guish between these possibilities. To do this, autoradio-
graphs of [**S]methionine-labeled proteins (Fig. 2) and im-
munoblots (Fig. 3 a) specific for the 62-kD protein were
compared. Cyclin clearly oscillates in abundance (Fig. 2).
In contrast, the 62-kD protein does not oscillate in abun-
dance (Fig. 3); instead it increases in abundance as the em-
bryos develop from one cell to four cells. Most likely, newly
synthesized 62-kD protein is required to maintain appropri-
ate levels of the protein in each of the resulting daughter
cells. The constant presence of the 62-kD protein is in con-
trast to the mitotic cyclins which are characterized by their
destruction specifically at metaphase (Draetta and Beach,
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1988; Evans et al., 1983; Solomon et al., 1988; Standart et
al., 1987). From the immunoblotting (Figs. 3 a and 4) and
densitometry (Fig. 3 b) experiments reported here, it is clear
the 62-kD protein does not represent a previously undetected
member of the cyclin family of proteins.

The presence of the 62-kD protein during anaphase was
confirmed with immunofluorescence microscopy. As de-
scribed in Fig. 7, the 62-kD protein is visible in the region
of the MA with immunofluorescence at anaphase, and in Fig.
8 can be seen to be present in the forming nuclei at telophase.
Immunofluorescence experiments with antibody to clam cy-
clin (Westendorf et al., 1989), Drosophila cyclin (Lehner
and O’Farrell, 1989), human cyclin (Pines and Hunter,
1991), and most recently chicken cyclin (Gallant and Nigg,
1992) reported diffuse cytoplasmic immunofluorescence of
cyclin before metaphase, but by anaphase cyclin was not de-
tected in these cells. The ability to detect the 62-kD protein
in sea urchin embryos at times after metaphase confirms the
persistent presence of the protein. Furthermore, compara-
tive immunoblots of Spisula embryos at anaphase (Fig. 4)
demonstrate the presence of the 62-kD protein when cyclin
A has been degraded. Therefore, the decrease in phosphor-
ylated 62-kD protein that has been reported to occur at the
end of anaphase (Dinsmore and Sloboda, 1988) is not due
to a specific destruction of the protein, but rather most likely
to the action of a specific phosphatase. In fact, recent studies
have shown that protein phosphatase type 1 is essential for
mitosis in Drosophila (Axton et al., 1990) and is required
for the exit from mitosis in Aspergillis nidulans (Doonan and
Morris, 1989) and Schizosaccharomyces pombe (Booher and
Beach, 1989; Ohkura et al., 1989; Ohkura and Yanagida,
1991). The dephosphorylation of the 62-kD protein by a
phosphatase of this type may be involved in the regulation
of the function of the 62-kD protein in mitosis, but this has
not yet been determined.

Subcellular fractionation experiments (Fig. 9) demon-
strate that the 62-kD protein is located in the nucleus during
interphase. This data confirms the nuclear localization of the
protein at interphase (Fig. 7), and again at telophase (Fig.
8), as revealed by indirect immunofluorescence. By contrast,
the cyclins are located in the cytoplasm, at least until
prometaphase (Pines and Hunter, 1991; Gallant and Nigg,
1992). This difference in immunofluorescent localization is
further evidence that the 62-kD protein is not a member of
the cyclin family of proteins.

The nuclear localization of the 62-kD protein reported
here (Figs. 7-9) emphasizes the specific function of the pro-
tein. Using microinjection experiments, Dinsmore and
Sloboda (1989) demonstrated that functional 62-kD protein
is required at the metaphase-to-anaphase transition..In these
studies it was shown that microinjection of affinity-purified
antibodies to the 62-kD protein resulted in an arrest of the
cell cycle at metaphase. Injection of antibodies after the on-
set of anaphase resulted in the completion of mitosis and the
normal assembly of the MA in preparation for the second
cell division. At this time the cell arrested at metaphase of
the second cell cycle and developed no further. This data
defines a specific requirement for the protein at the meta-
phase-to-anaphase transition. Thus, the sequestration of the
62-kD protein to the nucleus before metaphase (Fig. 7, b and
d) and again after telophase (Fig. 8 d) may be necessary to
prevent the protein from inappropriate interaction with MTs
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during interphase, and supports the conclusion that the pro-
tein is required at the metaphase-to-anaphase transition. The
localization of proteins to the MA during mitosis, and to the
nucleus during interphase, has been reported previously
(Izant et al., 1982; Lydersen and Pettijohn, 1980); however,
no functions for these proteins (either nuclear or MA) have
been defined. The 62-kD protein described in this report has
been shown to induce MT disassembly when phosphorylated
in vitro (Dinsmore and Sloboda, 1988) and to change its sub-
cellular location during each cell cycle.

Cam kinase II, an enzyme with broad substrate specificity
(MAP-2, tau, vimentin, synapsin I, for review see Schul-
man, 1988), has been implicated as a mediator of the effects
of elevated calcium (Baitinger et al., 1990) in many cell
types (Schulman, 1988). Cam kinase II from rat brain has
been localized to the nucleus in interphase and to the MA
at metaphase (Ohta et al., 1990). It has also been shown that
an MA-associated kinase will phosphorylate synapsin I
(Dinsmore and Sloboda, 1990); presumably this is the same
kinase that phosphorylates the 62-kD protein. In these ex-
periments, purified synapsin I was added to purified MAs
and the action of the MA-associated kinase was stimulated
by the addition of calcium, calmodulin, and ATP. Phos-
phorylation of synapsin I in addition to phosphorylation of
the 62-kD protein was observed under these conditions. Sub-
sequent digestion of synapsin I with V8 protease and analysis
of the resulting peptides revealed that synapsin I was phos-
phorylated on a 30-kD fragment (Dinsmore and Sloboda,
1990), which is characteristic of Cam kinase type II activity
(Kennedy and Greengard, 1981). Therefore, the similar cell
cycle pattern of localization of Cam kinase type II and the
62-kD Ca/Cam-dependent protein kinase may be more than
coincidence, and this question is currently being examined.

A 46-kD component of the calcium transport system of
the sea urchin has been localized throughout the cell cycle
(Petzelt and Hafner, 1986) and in isolated MAs (Petzelt et
al., 1987). Because the function of the 62-kD protein is de-
pendent on calcium, it is interesting to compare the localiza-
tion of the 62-kD protein with a protein involved in calcium
transport. During interphase the 46-kD protein is located in
the cytoplasm surrounding the nucleus, whereas the 62-kD
protein is distinctly nuclear. However, by metaphase, both
proteins display a diffuse fluorescence in the region of the
MA,; the patterns are almost identical. In isolated MAs, how-
ever, the proteins are not localized in identical regions. The
46-kD component is concentrated around the poles, whereas
the 62-kD protein is co-linear with all of the MTs of the MA
(Dinsmore and Sloboda, 1989).

The phosphorylation of the 62-kD protein only occurs in
the presence of calcium and calmodulin (Dinsmore and
Sloboda, 1988), and calmodulin is localized only to the
kinetochore MTs (kMTs) of the MA (Welsh et al., 1979;
Vantard et al., 1985; Stemple et al., 1988). These immu-
nofluorescence data suggest that when calcium is released
from MA membranes (Silver et al., 1980) that are concen-
trated around the spindle poles (Petzelt et al., 1987), calcium
can bind to calmodulin on the kMTs and activate the cal-
modulin-dependent kinase. The 62-kD protein that is as-
sociated with the kMTs of the MA (Dinsomore and Sloboda,
1989) can then be specifically phosphorylated to destabilize
the kMTs at the metaphase-to-anaphase transition, allowing
the events of anaphase to proceed.
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The mechanism that provides the motive force for the
movements of the chromosomes to the poles along the kMTs
during anaphase A remains elusive. Although there is a slow
flux of subunits of KMT subunits toward the poles because
of disassembly of these MTs at their minus (i.e., pole) ends
(Mitchison, 1989), it is generally accepted that chromosome
movement occurs through active kMT depolymerization
from the kinetochore (plus) end (Gorbsky et al., 1988;
Nicklas, 1989; Coue et al., 1991). This movement may be
facilitated by a dynein-like, minus end-directed mechanoen-
zyme at the kinetochore which serves to couple the chromo-
somes to the MTs while at the same time translocating the
chromosomes along the kMTs to the poles (Gorbsky et al.,
1987, 1988; Mitchison, 1989; Nicklas, 1989; Pfarr et al.,
1990; Steuer et al., 1990; Hyman and Mitchison, 1991;
Wordeman et al., 1991; Zinkowski et al., 1991). Presumably,
at the start of anaphase, the kinetochore mechanoenzyme is
activated and the MTs are destabilized via the phosphoryla-
tion of the 62-kD protein (Dinsmore and Sloboda, 1988),
thus allowing movement of the chromosomes to the poles
along the now destabilized and thus depolymerizing kMTs.

From the results of Dinsmore and Sloboda (1988, 1989)
itis clear a protein of 62 kD is involved in MT depolymeriza-
tion at the metaphase-to-anaphase transition. This 62-kD
protein is located close to the MTs of the MA (Dinsmore and
Sloboda, 1989; compare also Figs. 5 ¢ and d, 6, and 7).
However, it will only act to destabilize MTs in the region of
the MA where the 62-kD protein has been phosphorylated
because of its interaction with a calcium/calmodulin-depen-
dent kinase. Therefore, the 62-kD protein may function to
destabilize the kinetochore MTs of the MA at the onset of
anaphase A, a time when an increase in the intracellular con-
centration of calcium is presumed to occur, and at a location
where calcium-sequestering membranes (Silver et al., 1980;
Petzelt and Hafner, 1986; Petzelt et al., 1987) and calmodu-
lin (Welsh et al., 1979; Vantard et al., 1985; Stemple et al.,
1988) are located. The destabilization of the kMTs may then
allow a motor localized at the kinetochore to translocate the
chromosomes to the poles. After telophase, the 62-kD pro-
tein does not undergo specific degradation, but rather is se-
questered to the forming daughter nuclei until nuclear enve-
lope breakdown of the next cell cycle.

We are grateful to Kathryn Swensen (Duke) for her collaboration on Fig.
4 and for her many helpful suggestions. Thanks also to Anne and Bob Gold-
man (Northwestern) for the antibody to the 67-kDD nuclear lamina protein,
for all of their suggestions, and for their Spisula protocols. Many thanks
also to Charlotte Williams for superb technical assistance. Finally, thanks
to the Bob Factor; he knows who he is, and should receive a Silver medal.

This work was supported by a Dartmouth College Cramer Fellowship
to J. A. Johnston and NIH grant GM43982 to R. D. Sloboda.

Received for publication 19 June 1992 and in revised form 18 August 1992,

References

Amos, L. A., and T. S. Baker. 1979, The three-dimensional structure of tubulin
protofilaments. Nature (Lond.). 279:607-612.

Axton, J. M., V. Dombradi, P. T. W. Cohen, and D. M. Glover, 1990. One
of the protein phosphatase 1 isoenzymes in Drosophila is essential for mito-
sis. Cell, 63:33-46.

Baitinger, C., J. Alderton, M. Peonie, H. Schulman, and R. A. Steinhardt.
1990, Multifunctional Ca®*/calmodulin-dependent protein kinase is neces-
sary for nuclear envelope breakdown. J. Cell Biol. 111:1763-1773.

Booher, R., and D. Beach. 1989. Involvement of a type 1 protein phosphatase
encoded by bwsl+ in fission yeast mitotic control. Cell. 57:1009-1016.

Bradford, M. M. 1976. A rapid and sensitive method for the guantitation of

Johnston and Sloboda Subcellular Localization of a 62-kD Protein

microgram quantities of protein utilizing the principle of protein-dye bind-
ing. Anal. Biochem. 72:248-254.

Bre, M. H., and E. Karsenti. 1990. Effects of brain microtubule-associated pro-
teins on microtubule dynamics and the nucleating activity of centrosomes.
Cell Motil. Cytoskeleton. 15:88-98.

Cavenaugh, G. H. 1956. Formulae and Methods. Vol 5. Marine Biological
Laboratory, Woods Hole, MA. 55 pp.

Coue, M., V. A. Lombillo, and J. R. McIntosh. 1991. Microtubule depolymer-
ization promotes particle and chromosome movement in vitro. J. Cell Biol.
112:1165-1175.

Dessev, G., C. Ioucheva, B. Tasheva, and R. Goldman. 1988. Protein kinase
activity associated with the nuclear lamina. Proc. Natl, Acad. Sci. USA.
85:2994-2998.

Dessev, G., R. Palazzo, L. Rebhun, and R. Goldman. 1989. Disassembly of
the nuclear envelope of Spisula oocytes in a cell-free system. Dev. Biol.
131:496-504.

Dinsmore, J. H., and R. D, Sloboda. 1988, Calcium and calmodulin-dependent
phosphorylation of a 62kDa protein induces microtubule depolymerization
in sea urchin mitotic apparatuses. Cell. 53:769-780.

Dinsmore, I. H., and R. D. Sloboda. 1989. Microinjection of antibodies to a
62kDa mitotic apparatus protein arrests mitosis in dividing sea urchin em-
bryos. Cell. 57:127-134.

Dinsmore, J. H., and R. D. Sloboda. 1990, Identification of a 62kDa mitotic
apparatus associated protein from sea urchin that is important for the proper
progression of mitosis. Ann. NY Acad. Sci. 582:301-303.

Doonan, J. H., and R. Morris. 1989. The bimG gene of Aspergitlus nidulans,
which is required for completion of anaphase, encodes a homolog of mam-
malian phosphoprotein phosphatase 1. Cell. 57:987-996.

Draetta, G., and D. Beach. 1988. Activation of cdc2 protein kinase during mito-
sis in human cells: cell cycle-dependent phosphorylation and subunit rear-
rangement. Cell. 54:17-26.

Evans, T., E. T. Rosenthal, 1. Youngbloom, D. Distel, and T. Hunt. 1983, Cy-
clin: a protein specified by maternal mRNA in sea urchin eggs that is de-
stroyed at each cleavage division. Cell. 33:389-396.

Gallant, P., and E. A. Nigg. 1992. Cyclin B2 undergoes cell cycle-dependent
nuclear translocation and, when expressed as a non-destructible mutant,
causes mitotic arrest in HeLa cells. J. Cell Biol. 117:213-224.

Girard, F., U. Strausfeld, A. Fernandez, and N. J. C. Lamb. 1991 Cyclin A
is required for the onset of DNA replication in mammalian fibroblasts. Cell.
67:1169-1179.

Gorbsky, G. J., P. J. Sammak, and G. G. Borisy. 1987. Chromosomes move
poleward in anaphase along stationary microtubules that coordinately disas-
semble from their kinetochore ends. J. Cell Biol. 104:9-18.

Gorbsky, G. 1., P. J. Sammak, and G. G. Borisy. 1988. Microtubule dynamics
and chromosome motion visualized in living anaphase cells. J. Cell Biol.
106:1185-1192.

Hadwinger, J. A., C. Wittenburg, H. E. Richardson, M. de Barros Lopes, and
S. 1. Reed. 1989. A novel family of cyclin homologs that control G1 in yeast.
Proc. Natl. Acad. Sci. USA. 86:6255-6259.

Harris, P. 1986. Echinoderm embryos and gametes: cytology and immunocyto-
chemistry. Methods Cell Biol. 14:251-257.

Hartwell, L. H., and T. A. Weinert. 1989. Checkpoints: controls that ensure
the order of cell cycle events. Science (Wash. DC). 246:629-634.

Hepler, P. 1989. Calcium transients during mitosis: observations in flux. J. Cell
Biol. 109:2567-2573.

Hutchinson, C., J. Cox, and C. C. Ford. 1988. The control of DNA replication
in a cell-free extract that recapitulates a basic cell cycle in vitro. Develop-
ment. 103:553-556.

Hyman, A. A., and T. J. Mitchison. 1991. Two different microtubule-based
motor activities with opposite polarities in kinetochores. Nature (Lond.).
351:206-211.

Izant, J. G., J. A. Weatherbee, and J. R. McIntosh. 1982. A microtubule-
associated protein in the mitotic spindle and the interphase nucleus. Narure
(Lond.). 295:248-250.

Johnson, D. G., and G. M. de C. Nogiera Araujo. 1981. A simple method of
reducing the fading of immunofluorescence during microscopy. J. Immunol.
Methods. 43:349-350.

Keith, C. H. 1987. Effect of microinjected calcium-calmodulin on mitosis in
PtK2 celis. Cell Motil. Cytoskeleton. 7:1-9.

Kennedy, M. P., and P. Greengard. 1981. Two calcium/calmodulin-dependent
protein kinases, which are highly concentrated in brain, phosphorylate pro-
tein I at distinct sites. Proc. Natl. Acad. Sci. USA. 78:1293-1297.

Kim, H. L., L. I. Binder, and J. L. Rosenbaum. 1979. The periodic association
of MAP2 with brain microtubules in vitro. J. Cell Biol. 80:266-276.

Kobayashi, H., J. Minshull, C. Ford, R. Goldstyn, R. Poon, and T. Hunt.
1991. On the synthesis and destruction of A-B-type cyclins during oogenesis
and meiotic maturation in Xenopus laevis. J. Cell Biol. 114:755-765.

Laemmli, U. K. 1970. Cleavage of structural proteins during the assembly of
the head of bacteriophage T4. Nature (Lond.). 227:680-685.

Laskey, R. A., M. P. Fairman, and J. J. Blow. 1989. S phase of the cell cycle.
Science (Wash. DC). 246:609-614.

Lehner, C. F., and P. H. O'Farrell. 1989. Expression and function of drosoph-
ila cyclin A during embryonic cell cycle progression. Cell. 56:957-968.

Lohka, M. J. 1989. Mitatic control by metaphase-promoting factor and cdc pro-
teins. J. Cell Sci. 92:131-135.

853

9002 ‘Tz 1snbny uo 610’ qol"mmm woly papeojumoq


http://www.jcb.org

Lydersen, B. K., and D. E. Pettijohn. 1980. Human-specific nuclear protein
that associates with the polar region of the mitotic apparatus: distribution in
a human/hamster hybrid cell. Cell. 22:489-499.

Marcum, . M., J. R. Dedman, B. R. Brinkley, and A. R. Means. 1978. Control
of microtubule assembly-disassembly by calcium-dependent regulator pro-
tein. Proc. Natl. Acad. Sci. USA. 75:3771-3775.

Masui, Y. 1991. The role of “cytostatic factor (CSF)” in the control of oocyte
cell cycles: a summary of 20 years of study. Dev. Growth & Differ. 33:
543-551.

Mcintosh, J. R., and M. P. Koonce. 1989. Mitosis. Science (Wash. DC). 246:
622-628.

Minshull, J., J. Blow, and T. Hunt. 1989. Translation of cyclin mRNA is neces-
sary for extracts of activated Xenopus eggs to enter mitosis. Cell. 56:947-
956.

Mitchison, T. J. 1989. Polewards microtubule flux in the mitotic spindle. J. Cell
Biol. 109:637-652.

Murray, A. W., and M. W. Kirschner. 1989a. Dominoes and clocks: the union
of two views of the cell cycle. Science (Wash. DC). 246:614-621,

Murray, A. W., and M. W Kirschner. 1989b. Cyclin synthesis drives the early
embryonic cell cycle. Nature (Lond.). 339:275-280.

Murray, A. W., M. ]. Solomon, and M. W, Kirshner. 1989. The role of cyclin
synthesis and degradation in the control of maturation promoting factor ac-
tivity. Nature (Lond.). 339:280-286.

Nicklas, R. B. 1989, The motor for poleward chromosome movement is in or
near the kinetochore, J. Ceil Biol. 109:2245-2255.

Nislow, C., C. Sellito, R. Kuriyama, and J. R. McIntosh. 1990. A monoclonal
antibody to a mitotic microtubule-associated protein blocks mitotic progres-
sion. J. Cell Biol. 111:511-522.

Nurse, P. 1990. Universal control mechanism regulating onset of M-phase. Na-
ture (Lond.). 344:503-508,

O’Farrell, P. H. 1975, High-resolution two-dimensional electrophoresis of pro-
teins. J. Biol. Chem. 250:4007-4021.

O'Farrell, P. H., B. A. Edgar, D. Lakich, and C. F. Lehner. 1989, Directing
cell division during development. Science (Wash. DC). 246:635-640.
O'Guin, W. H., A. Shermer, M, Lynch, and T. T. Sun. 1990. Differentiation-
specific expression of keratin pairs. In Cellular and Molecular Biology of In-
termediate Filaments. R. D. Goldman and P. A. Steinert, editors, Plenum

Press, New York. 301-334.

Ohkura, H., and M. Yanagida. 1991. S. pombe gene sds22+ essential for a
midmitotic transition encodes a leucine-rich repeat that positively modulates
protein phosphatase-1. Cell. 64:149-157.

Ohkura, H., N. Kinoshita, S. Miyatani, T. Toda, and M. Yanagida. 1989, The
fission yeast dis2+ gene required for chromosome disjoining encodes one
of two putative type 1 protein phosphatases. Cell. 57:997-1007.

Ohta, Y., T. Ohba, and E. Miyamoto. 1990. Ca®*/calmodulin-dependent pro-
tein kinase II: localization in the interphase nucleus and the mitotic apparatus
of mammalian cells. Proc. Natl, Acad. Sci. USA. 87:5341-5345.

Pardee, A. B. 1989. G1 events and regulation of cell proliferation. Science
(Wash. DC). 246:603-608.

Peonie, M., J. Alderton, R. Y. Tsien, and R. Steinhardt. 1985. Changes of free
calcium levels with stages of the cell division cycle. Nature (Lond.). 315:
147-149.

Peonie, M., J. Alderton, R. Steinhardt, and R. Tsien. 1986. Calcium rises
abruptly and briefly throughout the cell at the onset of anaphase. Science
(Wash. DC). 233:886-889.

Pettijohn, D. E., M. Henzl, and C. Price. 1984. Nuclear proteins that become
part of the mitotic apparatus: a role in nuclear assembly? J. Cell Sci. Suppl.
1:187-201.

Petzelt, C., and M. Hafner. 1986. Visualization of the Ca™* transport system
of the mitotic apparatus of sea urchin eggs with a monoclonal antibody. Proc.
Nati. Acad. Sci. USA. 83:1719-1722.

Petzelt, C., M. Hafner, D. Mazia, and K. W. Sawin. 1987. Microtubules and
Ca® sequestering membranes in the mitotic apparatus, isolated by a new
method. E. J. Cell Biol, 45:268-273.

Pfarr, C. M., M. Coue, P. M. Grissom, T. S. Hays, M. E. Porter, and J. R.
McIntosh. 1990. Cytoplasmic dynein is localized to kinetochores during mi-
tosis. Nature (Lond.). 345:263-265.

Pines, J, and T. Hunt. 1987. Molecular cloning and characterization of the
mRNA for cyclin from sea urchin eggs. EMBO (Eur. Mol. Biol. Organ.} J.
6:2987-2995.

Pines, J., and T. Hunter. 1991. Human Cyclins A and B1 are differentially lo-
cated in the cell and undergo cell cycle-dependent nuclear transport. J. Cell
Biol. 115:1-17.

Richardson, H. E., C. Wittenburg, F. Cross, and S. L. Reed. 1989. An essential
G1 function for cyclin-like proteins in yeast. Cell. 59:1127-1133.

The Journal of Cell Biology, Volume 119, 1992

Saxton, W. M., D. L. Stemple, R. J. Leslie, E. D. Salmon, M. Zavortink, and
J. R. Mcintosh. 1984. Tubulin dynamics in cultured mammalian cells. J.
Cell Biol. 99:2175-2186.

Schatten, G., and H. Schatten. 1981. Effects of motility inhibitors during sea
urchin fertilization. Exp. Cell Res. 135:311-330.

Schliwa, M., U. Euteneuer, J. C. Bulinski, and 1. G. Izant. 1981. Calcium la-
bility of cytoplasmic microtubules and its modulation by microtubule-
associated proteins. Proc. Natl. Acad. Sci. USA. 78:1037-1041.

Schulman, H. 1988. The multifunctional Ca*/calmodulin-dependent protein
kinase. Adv. Second Messenger Phosphoprotein Res. 22:39-112.

Silver, R. B. 1986. Mitosis in sand dollar embryos is inhibited by antibodies
directed against the calcium transport enzyme of muscle. Proc. Natl. Acad.
Sci. USA. 83:4302-4306.

Silver, R. B. 1989. Nuclear envelope breakdown and mitosis in sand dollar em-
bryos is inhibited by microinjection of calcium buffers in a calcium reversible
fashion, and by antagonists of intracellular Ca®* channels. Dev. Biol. 131:
11-26.

Silver, R. B., R. D. Cole, and W, Z. Cande. 1980. Isolation of mitotic appara-
tus containing vesicles with calcium sequestration activity. Cell. 19:505-
516.

Sloboda, R. D., and J. L. Rosenbaum. 1979. Decoration and stabilization of
intact, smooth-walled microtubules with microtubule-associated proteins.
Biochemistry. 18:48-55.

Sloboda, R. D., W. L. Dentler, and J. L. Rosenbaum. 1975. Microtubule-
associated proteins and the stimulation of tubulin assembly in vitro, Bio-
chemistry. 15:4497-4505.

Solomon, M., R. Booher, M, Kirschner, and D. Beach. 1988. Cyclin in fission
yeast. Cell. 54:738-739.

Standart, N., J. Minshull, J. Pines, and T. Hunt. 1987. Cyclin synthesis,
modification and destruction during meiotic maturation of the starfish oo-
cyte. Dev. Biol. 124:248-258.

Stemple, D. L., S. C. Sweet, M. J. Welsh, and I. R. McIntosh. 1988. Dynamics
of a fluorescent calmodulin analog in the mammalian mitotic spindle at
metaphase. Cell Motil. Cytoskeleton. 9:231-242.

Steuer, E. R., L. Wordeman, T. A. Schroer, and M. P. Sheetz. 1990. Localiza-
tion of cytoplasmic dynein to mitotic spindles and kinetochores. Nature
{Lond.). 345:266-268.

Swenson, K. 1., K. M, Farrell, and I. V. Ruderman. 1986. The clam embryo
protein cyclin A induces entry into M phase and the resumption of meiosis
in Xenopus oocytes. Ceil. 47:861-870.

Talian, J. C., J. B. Olmstead, and R. D. Goldman. 1983. A rapid procedure
for preparing fluorescein-labeled specific antibodies from whole antiserum:
its use in analyzing cytoskeletal architecture. J. Ceil Biol. 97:1277-1282.

Teo, S. T., and J. H. Wang. 1973. Mechanism of activation of a cyclic adeno-
sine 3',5"-monophosphate phosphodiesterase from bovine heart by calcium
ions. J. Biol. Chem. 248:5950-5955.

Towbin, H., T. Stachlin, and J. Gordon. 1979. Electrophoretic transfer of pro-
teins from polyacrylamide gels to nitrocellulose sheets: procedure and some
applications. Proc. Natl. Acad. Sci. USA. 76:4350-4354.

Vantard, M., A. M. Lambert, J. DeMay, P. Picquot, and L. J. Van Eldik. 1985.
Characterization and immunocytochemical distribution of calmodulin in
higher plant endosperm cells: localization in the mitotic apparatus. J. Cell
Biol. 101:488-499.

Verde, F., J. C. Labbe, M. Doree, and E. Karsenti. 1990. Regulation of
microtubule dynamics by cdc2 protein kinase in cell-free extracts of Xenopus
eggs. Nature (Lond.). 343:233-238.

Weisenberg, R. C. 1972. Microtubule formation in vitro in solutions containing
low calcium concentrations, Science (Wash. DC). 177:1104-1105.

Welsh, M. 1., J. R. Dedman, B. R. Brinkley, and A. R. Means. 1979, Tubulin
and calmodulin: effects of microtubule and microfilament inhibitors on local-
ization in the mitotic apparatus. J. Cell Biol. 81:624-634.

Westendorf, J. M., K. I. Swensen, and J. V. Ruderman. 1989. The role of cy-
clin B in meiosis 1. J. Cell Biol. 108:1431-1444,

Wittenburg, C., K. Sugimoto, and S. 1. Reed. 1990. G1-specific cyclins of S.
cerevisae: cell cycle periodicity, regulation by mating pheromone, and as-
sociation with the p34CDC28 protein kinase. Cell. 62:225-237.

Wordeman, L., E. R. Steuer, M. P. Sheetz, and T. Mitichison. 1991. Chemical
subdomains within the kinetochore domain of isolated CHO mitotic chromo-
somes. J. Cell Biol. 114:285-294.

Wright, B. D., J. H. Henson, K. P, Wedaman, P. J. Willy, J. N. Morand, and
J. M. Scholey. 1991. Subcellular localization and sequence of sea urchin
kinesin heavy chain: evidence for its association with membranes in the mi-
totic apparatus and interphase cytoplasm. J. Cell Biol. 113:817-834.

Zinkowski, R. P., J. Meyne, and B. R. Brinkley. 1991. The centromere-
kinetochore complex: a repeat subunit model. J. Cell Biol. 113:1091-1110.

854

9002 ‘Tz 1snbny uo 610’ qol"mmm woly papeojumoq


http://www.jcb.org

