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Localization of constitutive hsp70 in eggs and early
mbryos of sea urchin Paracentrotus lividus is shown
y means of in situ immunostaining. An accumulation
f this protein is shown in the mitotic structures (as-
ers, spindles and centrosomes). Microinjection of
nti-hsp70 antibodies into eggs causes impairment of
ormation of mitotic structures and of cell division.
his impairment goes from a complete mitotic block,

o irregular mitotic apparatus formation with irregu-
ar cleavage, depending upon the antibody concen-
ration. The localization of hsp70 after antibody
icroinjection is also described. Blockage of mitotic

pparatus formation by nocodazole also blocks the
oncentration of hsp70 molecules observed in non-
reated eggs. That the constitutive hsp70 plays a role
n sea urchin mitosis is indicated. © 1999 Academic Press

Key Words: constitutive hsp70; mitosis; sea urchin
mbryos.

Constitutive hsp70 proteins are one of the major
omponents of the molecular chaperone system in pro-
aryotic and eukaryotic cells (1, 2, 3). They belong to a
arger family generally referred to as 70 kD ‘heat
hock’ or ‘stress’ proteins, hsps70, which are synthe-
ized under a wide variety of environmental stress
onditions (4, 5). The hsps70, synthesized as a wave
nder cellular stress, are essential for cell survival (6,
, 8) and are found in the cytosol and in the nucleus
nd, as ascertained in some cases, in the nucleolus of
ukaryotic cells (9, 10). They protect some proteins and
ome proteic complexes, probably in molten globule
tate, from denaturation and disassembly (11–14) due
o heat stress. In addition, the constitutive hsps70

1 Corresponding author. Dipartimento di Biologia Cellulare e dello
viluppo ‘Alberto Monroy,’ Università di Palermo, Viale delle Sci-
nze, 90128 Palermo, Italy. Fax: (39) 91-420897. E-mail: gabriella.
conzo@unipa.it.
143
ork in non stressed cells carrying out physiological
unctions (15, 16). They have been found to be active in
eeping polypeptides in an unfolded state and carrying
hem towards and across mitochondrial or endoplasmic
eticulum membranes (17–20). Other members local-
zed within these organelles bind the translocating
olypeptides to prevent improper aggregation before
he folding (21, 22). A constitutive hsp70 member is
lso able to disassemble clatrin cages by binding the
latrin light chains (23), while another hsp70 form
amed prp73 is involved in the lysosomal degradation
f intracellular proteins (24). Besides, a constitutive
sp70 binds nascent polypeptide chains by holding
hem in the unfolded conformation until chain termi-
ation (25, 26). The ability to bind exposed hydrophobic
arts of other proteins by the COOH-terminal domain
as proposed as common to both constitutive and

tress induced hsps70 (27). The amino-acid sequence of
his family members are phylogenetically conserved
nd their three-dimensional structure of hsp70 has two
ifferent parts, an ATPase core-domain in the amino-
erminal region (28) and a peptide-binding domain in
he COOH-terminal region followed by an a-helical
ubdomain functioning as a lid (29), as determined by
rystal structure analysis. The ATP-containing hsp70
n the deep cleft of N-terminal domain in closed con-
ormation is able to bind the polypeptide substrate but
lso to loose it quickly, because the affinity is low. It
as suggested that ATP-binding produces conforma-

ional changes in the protein binding domain opening
he lid and causing substrate release; therefore, a
odel was proposed by Rudiger (30). ATP hydrolysis

timulated by a regulatory motif in the terminal part of
he molecule (31) or by the hsp40 co-chaperone (32)
atalyses in turn a more stable substrate binding clos-
ng the lid.

Constitutive hsp70 expression has also been studied
uring embryogenesis of some embryos as Drosophila,
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
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ea urchin, Xenopus and mouse (33–36). In Paracen-
rotus lividus sea urchin embryos, one of the Mediter-
anean species, a constitutive hsp70 mRNA is basally
resent at a very low level (37). Constitutive hsps70
ave been localized in the cytoplasms much more than

n the nuclei by immunofluorescences on sections of
mbryos, and appear more concentrated in some em-
ryonic territories as in the portion facing the lumen of

FIG. 1. Immunolocalization of constitutive hsp70 in whole mou
taining was performed on Bouin-fixed whole embryos using anti-h
inutes fertilized egg; (D) 20 minutes; (E) 30 minutes; (F) 40 min

ertilization (2 cells); (J) 1 h and 20 minutes after fertilization (towa
rovides evidence of the mitotic apparatus in which there is the
nti-hsp70 mAb was omitted in the primary antibody reaction step
hrough the other cells of the figure is not due to background.
144
he cells which invaginate at gastrulation (34). In the
resent study we focalized our attention on constitu-
ive hsp70 localization soon after fertilization and dur-
ng early cleavage. Whole mount embryos have been
sed to observe constitutive hsp70 distribution inside
heir cells. We found the basally expressed hsp70 lo-
ated in mitotic apparatus and proposed a new role by
locking its function. These results represent the first

sea urchin oocytes, eggs and early embryos. Immunophosphatase
70 mAb. (A) Oocyte; (B) unfertilized egg; (C) fertilized eggs at 10
es; (G) 50 minutes; (H) 60 minutes; (I) 1 h and 10 minutes after
4 cells); (K) 2 h (8 cells); (L) 2 h and 30 minutes (16 cells). Staining

stitutive hsp70. (M) An example of control embryos in which the
e embryo is not stained. This shows that the diffused color spread
nt
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vidence for a role of hsp70 in cell division in sea
rchin, and and the second in a developmental system.

ATERIALS AND METHODS

Embryo culture. Paracentrotus lividus embryos were reared from
ertilization on at 10,000/ml in thermostatic chamber at the physio-
ogical temperature of 20°C by stirring with a rotating propeller (25
pm) in millipore filtered sea water (mfsw) containing 10 mM Tris
H 8.0, 50 mg/ml streptomycin sulfate (Sigma) and 30 mg/ml penicil-
in G potassium salt (Merck). Fertilization was carried out in mfsw
ontaining 3 mM of p-aminobenzoic acid, PABA, (Sigma) which is
sed to avoid fertilization envelop hardening. Fertilized eggs were
oon passed through a 80 mm mesh to remove fertilization envelopes
nd then reared as described above.

Embryo fixation at different developmental stages. Embryos, col-
ected at the desired developmental stages from fertilization on, were
xed for 12-16 h by dropping them in Bouin fixative (15:5:1 of picric
cid solution, 37% formaldehyde, glacial acetic acid respectively).
hey were kept at 4°C in 70% ethanol after serial dehydration.

Immunocytochemistry. Samples of about one-two thousand em-
ryos of each considered stage were analyzed for each assay. After
ashings with slow waving in 100% ethanol and then in 100%
ethanol containing 2 mM EDTA, the embryos were rehydrated
ith serial ethanol, washed 3 times with PBST (phosphate-buffered

aline containing 0.1% Tween 20) and allowed to incubate overnight
ith PBST containing 3% BSA containing monoclonal anti-hsp70
ntibodies (1:3000 dilution; Sigma). In control embryos anti-hsp70
ntibodies were omitted. The secondary antibody, an anti-mouse
nti-IgG alkaline phosphatase (AP) conjugated (1:1000 dilution; Pro-
ega), was added to the samples for 1 h after 3 washes with PBST.
he secondary antibody surplus was eliminated by washing 3 times
ith PBST and last with TBS. Staining was developed for 1-3 h by
BT/BICP (Boehringer Mannheim) in a buffer, containing 100 mM
aCl, 100 mM Tris-HCl, pH 9.5, 50 mM MgCl2. The staining reac-

ion was stopped by two washes with 50% ethanol. The whole em-

FIG. 2. Immunolocalization of constitutive hsp70 in dissociated s
n Bouin-fixed partially dissociated embryos (A) or dissociated ce
issociated cells show: staining of mitotic spindle (A) or staining of tw
ith a higher concentration close to the nucleus (D) or outside the n
145
ryos resuspended in 80% glycerol were finally mounted on cover-
lips, observed by an Axioskop MC80 microscope (Zeiss) and
hotographed with 100 Asa Kodak Gold film.

Embryonic cell dissociation. Embryos at 8-cell and 16-cell stages
ere rapidly washed with Ca21 free sea water and then with glycine
DTA solution only for few minutes by gently pipetting. After mi-
roscopic observation partial or total dissociation was stopped and
he cells were fixed as done for whole embryos.

Microinjections into unfertilized eggs. Unfertilized eggs were mi-
roinjected with 50 pl PBS containing different monoclonal anti-
sp70 antibody concentrations (Sigma) following the procedures in-
icated by Palla et al. (38) and Berg et al. (39). The antibody
oncentrations used in the assays were 4 mg/ml, 3 mg/ml, 2 mg/ml and
.2 mg/ml. A monoclonal anti-mouse anti-IgG (Promega) was injected
t the same time in serial concentrations from 4 mg/ml to 0.2 mg/ml in
he control embryos. Before microinjections the eggs were dejelled
nd stuck on protamine sulfate treated Petri dishes. At least 10
atches of 50 eggs were microinjected for each antibody concentra-
ion, fertilized in the presence of 3 mM PABA and allowed to develop
t 18°C in MFSW. In the hsp70 localization experiments 4 batches of
0 eggs were injected with 0.2 mg/ml of anti-hsp70 antibodies, fertil-
zed and when the established time was reached the sea water was
ently removed and 2 ml of Bouin solution were immediately added
n order to completely cover the embryos. After 5 minutes the em-
ryos were gently removed by a siliconized pulled pipette and left in
ml of Bouin solution for fixation. The immunodetection assays were
s previously described omitting only the anti-hsp70 step.

ESULTS

sp70 Localization Soon after Fertilization
on and during Early Cleavage

Transparency of sea urchin P. lividus embryos
akes them suitable for immunocytochemistry assays

nd their sizes allow the observation of up to one thou-

urchin early embryos. Immunophosphatase staining was performed
(B-F). Cells of a partial decompacted embryo (A) and completely
poles corresponding to asters (B and C) or staining of the cytoplasm
eus (E and F).
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and whole mounts of embryos synchronously devel-
ped at the same time. We studied the hsp70 localiza-
ion by an antibody staining reaction in whole eggs and
arly embryos from soon after fertilization on. Unfer-
ilized eggs were compared with 10 min-fertilized eggs
o individuate constitutive hsp70 by anti-hsp70 anti-
odies (Fig. 1, B and C, respectively). Diffused staining
ppears either in unfertilized or fertilized eggs indicat-
ng the presence of hsp70 in the whole egg cell, never-
heless, a slight difference between the unfertilized egg
nd the 10 min-fertilized egg can be observed. In the
atter the hsp70 is indeed slightly less concentrated in
he cell periphery and more concentrated in the cell
enter where the pronuclei are coming across. The
ocytes contain a storage of constitutive hsp70 (Fig.
A) which is clearly present in unfertilized eggs con-
rming a previous result obtained on oocyte sections by

mmunofluorescence (Sconzo et al., 1997). Twenty min-
tes after fertilization most of the hsp70 is always
iffused in the whole egg cell, but some of it can be
bserved condensed outside the nucleus at two oppo-
ite sides (Fig. 1D). The same localization is more
learly observed 30 min after fertilization (Fig. 1E)
uggesting that hsp70 is located in the same sites of
he arising mitotic apparatus. Forty minutes after fer-
ilization, when the nuclear envelope disappears, the
sp70 localization appears to stain the astral microtu-
ules of the spindle poles (Fig. 1F) achieving on this
ide the highest concentration from 50 minutes after
ertilization (Fig. 1G) till 60 minutes when the egg cell
s dividing in the two daughter cells (Fig. 1H). Consti-
utive hsp70 is again located outside the nucleus more
oncentrated at opposite sides of the first division
lane (Fig. 1I). In the following developmental stages,
t 4-cells just before the division, at 8-cells and at
6-cells the hsp70 is localized near the nucleus in the
sters (Fig. 1J, K and L respectively). The control em-
ryos, lacking anti-hsp70 antibody in the primary an-
ibody reaction step, never showed staining, as shown,
or example, in the 4-cell embryo of Fig. 1M.

As the cleavage goes on some cells become superim-
osed with each other and the hsp70 localization can be
ess clear. To confirm hsp70 localization in mitotic ap-
aratus during cleavage we dissociated embryos at
-cell stage and 16-cell stage then fixed the dissociated
ells. A view of partially dissociated embryos or com-
letely dissociated cells is shown in Fig. 2. The figure
hows a partially dissociated embryo in which the mi-
otic spindles of two blastomeres are made clear by
mmunostaining (A); a dividing cell dissociated from
-cell embryos in which the asters begin to move away
rom each other (B) and another cell in which part of
he mitotic spindle is still visible when the furrow is
orming (C); and also some cells from 16-cell embryo in
hich hsp70 is clearly located outside the nucleus and
lso spread throughout the cell (D); centered in two
oles (E); and at last a micromere in which the hsp70 is
146
ocalized in a pole outside the nucleus. These images
learly indicate a specific localization of constitutive
sp70 in the mitotic apparatus during early cleavage,
nd that the constitutive hsp70 appears to move inside
he cell depending upon the cell cycle.

mpairment of Cell Cycle Following Anti-hsp70
Antibody Microinjections

The localization of constitutive hsp70 in the mitotic
pparatus raises the question about its function. It can
e hypothesized that hsp70 is in the spindle poles and
ear the nucleus because it has a specific chaperone
unction in this structure.

To verify this possibility, experiments of loss of
sp70 function were carried out by microinjecting anti-
sp70 antibodies in living unfertilized eggs and by
ollowing the embryonic development from fertilization
n. We reasoned that if the hsp70 had not a role in the
itotic spindle, cellular divisions would proceed nor-
ally; otherwise, its block would cause defects in cel-

ular divisions. Different amounts, corresponding to 4
g, 3 mg, 2 mg and 0.2 mg/ml of monoclonal anti-hsp70
ntibodies were microinjected in the unfertilized eggs
nd the effects on development of these eggs were
bserved and summarized in Table I. Only 5.4% of the
mbryos developed normally if antibodies from 4 mg to
mg/ml were microinjected, while the remainder, 18.6%

f the embryos were irregularly segmented and most of
he embryos, 76%, did not divide (see figures within
able I as examples). If the microinjected amount was
.2 mg/ml, i.e., 10-20 times lower, the percentage of
ormal embryos increased to 17.5%, nevertheless,
ost of the embryos, 78.2%, cleaved irregularly, while

.3% embryos remained unsegmented. The highest
mount of unrelated antibodies, for example anti-
ouse IgG microinjected in embryos as control assays,

id not produce any adverse effect, and only 1% of the
mbryos developed irregularly. The embryonic devel-
pment was followed until the control non microin-

Embryos

Anti-hsp70
Anti-mouse
IgG (4 mg-
0.2 mg/ml)

4 mg, 3 mg,
2 mg/ml

0.2
mg/ml

o cleavage 76% 4.3% 0

rregular cleavage 18.6% 78.2% 1%

egular cleavage 5.4% 17.5% 99%
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ected embryos developed up to pluteus. Embryos mi-
roinjected with anti-hsp70 antibodies were stopped or
elayed and irregular in their development, while
hose microinjected with anti-mouse IgG antibodies
ere not and developed normally up to pluteus These
ata suggest that constitutive hsp70 is involved and
as a role in mitosis during cleavage.

onstitutive hsp70 Localization after Anti-hsp70
Microinjections

With the aim to understand which is the role of the
onstitutive hsp70 in mitosis we located constitutive
sp70 in embryos which had been microinjected at the
nfertilized egg stage with anti-hsp70 or with anti-
ouse anti-IgG as control. The lowest amount of anti-

ody concentration, 0.2 mg/ml, was used to obtain the
ighest number of irregular embryos and some regular
nes. The microinjected eggs were fertilized in pres-
nce of PABA, observed during their development for
00 min, then fixed and analyzed by immunostaining.
igure 3 shows three eggs as examples of different con-
equences on cleavage following anti-hsp70 microinjec-
ion. In some cases part of hsp70 is more concentrated
n an eccentric zone and there is not a specific localiza-
ion (Fig. 3A); in some other cases hsp70 is localized in
he asters, which are irregularly situated (one of the
wo has a regular shape and the other is incomplete)
Fig. 3B); in other cases hsp70 is localized in the spin-
le asters (Fig. 3C). The percentage of each cell type is
he same reported in Table I for 0.2 mg/ml, correspond-
ng to: (A) ‘no cleavage’; (B) ‘irregular cleavage’; (C)
regular cleavage’. Embryos microinjected with anti-

ouse IgG antibodies as controls developed normally,
nd reached the 4-cell stage (not shown) at the time
hen the mAb injected eggs were fixed for the immu-
ostaining. These data indicate that spindle and asters

FIG. 3. Constitutive hsp70 localization after anti-hsp70 mAb m
nti-hsp70 mAb and after fertilization were allowed to develop unt
mmunolocalization assay the primary antibody reaction step was om
he living eggs. (A) First type of hsp70 localization: immunostaining
f hsp70 localization: immunostaining is condensed around and in t
mmunostaining is faintly condensed in the asters of zygote. The mi
he amount of antibody used.
147
rowth is impaired when in living eggs constitutive
sp70 is blocked by anti-hsp70 and that anti-hsp70
ntibodies partially or entirely block the constitutive
sp70 movement inside the cell, depending upon the
oncentration.

sp70 Localization after Nocodazole Treatment

The question can then be asked whether constitutive
sp70 is able to move through the cell to the mitotic
pparatus when spindle growth is prevented by some
rug. To verify this possibility fertilized eggs were cul-
ured in sea water containing 20 mg/ml nocodazole, which
s known to be a spindle growth inhibitor. The develop-

ent of the treated eggs stopped at the one cell stage,
hile 2 h after fertilization the control embryos cultured
ithout nocodazole reached the 8-cell stage (not shown).

n the treated eggs the constitutive hsp70 visualized by
ntibody staining reaction is spread throughout the cell
ithout any particular localization (Fig. 4), but it seemed

lightly more concentrated in the cell center around the
ucleus. This result shows a correlation between the lack
f hsp70 movement inside the cell and impairment of
itotic apparatus formation.

ISCUSSION

We studied constitutive hsp70 localization in whole
ea urchin embryos from fertilization throughout early
leavage to identify a possible role as molecular chap-
rone during cell division. Indeed, some other studies
ave localized constitutive hsp70 in mammalian cen-
rosomes (40, 42) or showed its association with the
entrin in Xenopus oocyte centrosomes (43) but its role
as not essential to cell division and its function not
nown. The cell division length is different among dif-
erent cell types and above all in embryonic cells. In P.

oinjection. Unfertilized eggs were microinjected with 0.2 mg/ml of
ontrol embryos (not shown) reached two- or four-cell stage. In the
ed because the anti-hsp70 mAb had already been microinjected into

part condensed in eccentric zone of the zygote egg. (B) Second type
irregular asters of the zygote. (C) Third type of hsp70 localization:
injected anti-hsp70 mAb block the constitutive hsp70 depending on
icr
il c
itt

is in
he
cro
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ividus embryos the cellular divisions proceed at a very
ast rate, every 30 minutes during cleavage except for
he first division which takes 1 h. Soon after fertiliza-
ion constitutive hsp70 appears spread in the whole
ertilized egg. Immunostaining by monoclonal antibody
gainst the most conserved part of hsp70 indeed is able
o detect the hsp70 present within the cells, while by
ontrast control embryos appear unstained when the
ame antibody was omitted in the immuno-reaction
tep. From 20 minutes on it can be seen that a sensible
ortion of the hsp70 appears concentrated around the
ucleus, then in two poles coinciding later with the
stral spindle poles. This is highlighted by hsp70 im-
unostaining, that indicates that some amount of con-

titutive hsp70 is associated with the mitotic appara-
us during mitosis or is near the nucleus when it is
gain reassembled. It may be inferred that centro-
omes collect an amount of hsp70 which is localized
hrough the cell according to the cell cycle. Also, during
arly cleavage, a part of hsp70 is again clearly concen-
rated either in the mitotic structure or near the nu-
leus, while the remaining hsp70 is spread in the whole
ell. To better visualize hsp70 localization when the
mbryonic cells become superimposed in a optical ob-
ervation, we show figures of partially or totally disso-
iated embryonic cells. The results indicate that hsp70
ay have a function in sea urchin embryo mitosis

lthough in other species this has not been shown yet.
To test the hypothesis of such a function in sea

rchins we have in vivo blocked constitutive hsp70
unction by microinjecting anti-hsp70 antibody into the
ggs. After fertilization we obtained either a block of
ellular divisions or irregular segmentations of most of
he microinjected eggs depending on the antibody con-
entration used. The block of hsp70 by anti-hsp70 an-
ibodies interferes with mitosis and with a correct em-
ryonic development too. This result is in contrast with

FIG. 4. Immunolocalization of constitutive hsp70 in nocodazole-
reated embryos from 30 min fertilization on. Immunophosphatase
taining is spread through the cell and is slightly condensed around the
ucleus. Nocodazole blocks cell division and the embryos do not develop.
148
hat reported for cultured mammalian cells in which
urvival is not impaired for at least 36 h after anti-
sp70 antibody microinjections (6). One explanation of
his different behavior may reside in the fact that a
evelopmental system is a special cell system, assem-
ling and disassembling mitotic apparatus in a very
hort time compared to that of most cell systems.
The hsp70 localization in developing sea urchin eggs

ontaining microinjected in vivo anti-hsp70 is altered
espect to that observed in normal developing fertilized
ggs. Three images of hsp70 localization patterns are
ound which show the possible developmental conse-
uences of microinjected antibodies. The percentage of
ach image has been found to be the same as those
resented in Table I. In the first case hsp70 is diffused
hroughout the egg with some of it concentrated in
ariable peripheral regions, the percentage of this lo-
alization corresponds to those for ‘no cleavage’ of Ta-
le I, when the consequences of antibody microinjec-
ion was a complete block of cell division. In a second
ase hsp70 is concentrated in incomplete asters irreg-
larly positioned; the percentage corresponds to ‘irreg-
lar cleavage’ of Table I. In the third case hsp70 was
gain found throughout the cell but with a light con-
entration in correspondence of the asters; the percent-
ge corresponds to ‘regular cleavage’ of Table I in
hich cell divisions appeared normal. These figures

uggest a function of hsp70 in the mitotic structure. It
ay be supposed that the hsp70 stabilizes some pro-

eins constitutive of the mitotic apparatus. The results
ndicate that if hsp70 is blocked, there is some difficult
or the mitotic apparatus to achieve its regular struc-
ure and the right position in the cell, probably because
ost of hsp70 cannot exert its chaperone function in

tabilizing the arising mitotic structures. When we
revented microtubule nucleation and mitotic appara-
us formation, arresting the cell cycle and cleavage by
ocodazole administration, the hsp70 localization ap-
eared dispersed in the cell with some of it concen-
rated around the nucleus. In this case the hsp70 is not
locked, nevertheless, that part of constitutive hsp70
hich follows in the cell cycle mitotic apparatus forma-

ion during cell cycle does not move within the cell. The
ppropriate hsp70 localization therefore depends on
he presence and formation of the mitotic apparatus.
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