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The study of Discoglossus pictus fertilization

Cecilia was looking at Discoglossus pic-
tus egg insemination through the stereomi-
croscope. Eventually she was able to see the 
sperm bundle opening in the jelly plug and 
exclaimed: “Gosh, I can’t believe it! It’s the 
most beautiful thing I’ve ever seen”.

 
I was moved by her enthusiasm because 

that was really how I felt too. What she was 
describing, and the fertilization of D. pictus 
in general, had inspired more than 40 years 
of research, involving many students and re-
searchers in Italy, Switzerland, the USA and 
in Japan. The egg of D. pictus has a restricted 
site where fertilization may occur in contrast to the egg of most animals. It is 
therefore ideal for investigating the characteristics that underlie sperm entry 
and the activation of development using complementary approaches, thus 
contributing to the understanding of the fertilization process.

The story of this research started in the USA. I was sitting in the laborato-
ry room next to Dr. George Nace’s office at the Department of Zoology of the 
University of Michigan. It was a chilly winter day in 1967. Pryambada (Mini) 
Hejmadi was working with her protein electrophoresis apparatus in a corner 
of the laboratory. Jack Hegenauer was coming and going, engaged in myste-
rious activities. I was doing my experiments which involved pre-treatment 
of Rana pipiens eggs with nicotine. My determination to find the ultrastruc-
ture of sperm penetration in amphibian eggs had suggested that I induced 
polyspermy through the use of nicotine to increase the chance of finding the 
1µm-thick sperm head on the surface of the 1.8-mm large egg. I had prom-
ised to achieve this goal both to myself and to Carlo Taddei, during my de-
gree thesis while working at the Hitachi microscope at the University of Na-
ples in 1965. Chiaki Katagiri was sitting in front of my bench watching me in 
silence. Suddenly, Chiaki told me that he had read about a strange European 
frog, Discoglossus pictus. In the thirties, according to two French researchers, 
namely Wintrebert and Hibbard,  its egg has, at the animal hemisphere cen-

Fig 1.
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tre, a site predetermined for sperm penetration. “If I’ve understood correctly 
the French of the authors, this species should be available in Mediterranean 
countries and should offer a really convenient model for your study” contin-
ued Chiaki. I still remember his smiling face while he was saying that to me. 
Chiaki died in 2010. His input has been inspirational for my research. 

Back in Naples in 1968 to the Institute of Histology and Embriology (later 
called Department of Comparative and Evolutionary Biology) of the Univer-
sity of Naples Federico II, I found out that Gianfranco Ghiara, the head of the 
Institute, had indeed worked on the D. pictus egg. He had studied the unu-
sual jelly investment of this species. I paid a visit to Reverberi’s laboratory at 
the University of  Palermo, where D. pictus was normally used after capture 
in the countryside. I was given help to organize frog shipments to Naples. 

There was so much to study and learn about D. pictus gametes and ferti-
lization that I had serious difficulties programming a single experiment be-

Fig. 2. Circa 1975. At the front door of the Centre for the study of electron Microscopy, im-
mersed in the Botanical Garden of Naples, most of the Institute of Histology and Embryology 
components and many guests. On my right Ettore Olmo, Silvana Filosa, Carlo Taddei, on 
my left Piero Andreuccetti, behind, among others, Mario de Vincentiis, Giuseppina Barsac-
chi, Linda Limatola and Elio Parisi. In the front line Franca Andronico, Gianfranco Ghiara, 
Giovanni Chieffi, Aldo Merola, Sandro Morescalchi. Also, Giovanni Giudice, Vittorio D’Uva, 
Virgilio Botte, Rakesh Rastogi and on the opposite side Alberto Monroy and Franco Giorgi.
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cause I could not perform at the same time many other experiments I had in 
mind. I used to spend a long time getting ultrathin sections of D. pictus eggs 
and sperm bundles. A student with boundless enthusiasm, Umberto Atripal-
di, was working with me at that time and we spent many days observing the 
samples under the electron microscope of the Centre for the study of Electron 
Microscopy. The Centre was founded by Gianfranco Ghiara in the late six-
ties and was one of the first in Italy, equipped with excellent instruments and 
taken care by expert techniciens. With skill and patience, Gennaro Cafiero, 
Giuseppe Orsello and Enzo Esposito taught us how to use the microscope. By 
1975, most of the ultrastructural study of acrosome reaction and sperm pen-
etration had been completed. I presented the data at the La Jolla meeting on 
fertilization (1975), yet they were only published 15-22 years later! 

The first paper on D. pictus egg described the morphology of the dim-
ple, the site of fertilization, also using a scanning microscope belonging to 
the palaeontologists in our faculty and used for the first time by a biologist 
in Italy (1974-75). Later Piero Andreuccetti (Institute of Histology and Em-
bryology) joined these ultrastructural studies and together we wrote papers 
dealing with the formation and localization of cortical granules in the germi-
native area, and with vitellogenesis, which was to play a key role in the D. 
pictus story later on. Meanwhile the world of embryologists was shaken by 
the simple, yet little explored, idea contained in the papers by Tom Shroed-

Fig. 3. 1977. Christine Chaponnier with Jean 
Claude Rumbeli at the Département de 
Pathologie General, Université de Genève.
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er and Lewis Tilney that eggs (and spermatozoa) could have features quite 
similar to those of other cells, in particular the cytoskeleton. I was awarded 
a two-year EMBO fellowship, to be spent in Giulio Gabbiani’s laboratory in 
Geneva University, Institute of Pathology, for studying the cytoskeleton of 
gametes. In that laboratory I met Christine Chaponnier and thanks to her and 
Giulio I learnt immunofluorescence techniques in addition to basic biochem-
istry. We published several papers on the cytoskeleton of the egg before and 
after fertilization and on the sperm cytoskeleton. Indeed several cytoskele-
tal features we described explained some interesting motile properties of D. 
pictus spermatozoa. This line of research was the source of several other pa-
pers in the following years. I worked in collaboration with researchers such 
as Baccio Baccetti and Anna Burrini (University of Siena), Roberto Gualtieri 
(University of Naples), Carla Tatone, Rosella Colonna and Gianna Rossi (Uni-
versity of L’Aquila), Rosa Carotenuto, who developed this line of research at 
the University of Naples and Loredana Chierchia in her PhD thesis.

We found that during the transition from the disk-shaped germinative 
area to the funnel-shaped dimple, the actin microfilaments of the bundles em-
bedded in the oocyte microvilli acquire new physical characteristics and are 
associated to different actin-binding proteins. Spectrin appears in the cortex 

Fig. 4. 2001. This picture collected several researchers who had visited Gabbiani laboratory in 
the 70th -90th. The occasion was the Cytoskeleton Club meeting held in Nyon (Switzerland), 
chairman Cristine Chaponnier, at the centre of picture. Behind her, with dark dress, Giulio 
Gabbiani. In the front line, third on the left, his wife and researcher Francoise Gabbiani. 
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Fig. 5. 1987. The University of L’Aquila. In my lab, on my left Carla Tatone, Gianna Rossi and 
a student of mine.

Fig. 6. 1987. With Carla Tatone, Gianna Rossi and a student of mine.
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when the oocyte segregates the animal and the vegetal hemisphere during 
oogenesis and may be associated to the new arrangement of Cl- channels (the 
fertilization channels) occurring during the formation of the dimple. Evident-
ly, the cytoskeleton is associated to cell shape and functional roles in prep-
aration to fertilization. Overlapping with these studies, a new branch of re-
search attracted my attention. Indeed, in studying the changes occurring in 
the dimple at activation, a student of mine, Riccardo Talevi, and I were aston-
ished by the complexity of the phenomena we were observing and predict-
ed that a physical approach such as electrophysiology could unravel many 
uncertainties about the timing of the observed events with respect to the on-
set of activation. At the Anton Dohrn Marine Biology Station in Naples, we 
met Brian Dale a scientist who broadened our scientific horizons. With great 
generosity Brian and Amedeo De Santis trained us in electrophysiology until 
we could show that the activation response occurred practically only in the 
dimple. Indeed, activation by pricking at different angles to the dimple pro-
duces a contraction wave (of activation). When the wave arrives in the dim-
ple an activation potential (AP) is produced together with cortical granule 
exocytosis. Moreover, Riccardo promptly took advantage of the fact that the 
jelly plug that makes sperm converging into the dimple may dislocate later-
ally with respect to the dimple centre, following imbibitions in Ringer saline. 
In this condition, spermatozoa converge into different portions of the dimple 
where they do not elicit normal FP, but small steps of depolarization. In these 
regions, the sperm start penetration, but they are stopped and undergo cyto-
logical changes similar to blebbing caused by apoptosis. The dimple appears 
to be a highly regionalized egg territory, being able to respond to sperm pen-
etration only at its centre D1. It has many features that appear to distribute 
as a gradient starting from D1. Roberto Gualtieri, Gennaro and Piero showed 
that D1 has intramembrane particles with higher concentration and opposite 
repartition in the two leaflets with respect to the rest of the egg membrane. 
We wondered whether these particle were molecules involved in sperm re-
ception or chloride channels, the ionic channels typically involved in amphib-
ian fertilization potential. At about that time Rosa Carotenuto stepped into 
my laboratory. Since then, she has been party to all the activity in my labora-
tory where she graduated and then became a researcher. 

In 1983, at the Gordon Conference, Rich Nuccitelli, impressed by the Cal-
cium release-connected events occurring in the dimple at activation and in 
particular by the changes in the endoplasmic reticulum (ER), invited us to 
the Department of Zoology of the University of California, Davis, with the 
project of detecting the activation current in the dimple. At the same time 
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Fig. 7. 1984. With Rich Nuccitelli. Together with Bill Busa we had just written at the black-
board a funny story about D. pictus in California.

Jerry Hedrick invited me to give talk at a meeting he organized in Davis. I 
worked there in 1984 together with Riccardo Talevi who was working on his 
PhD thesis.  It was wonderful to stay in Davis because there was a concentra-
tion of persons interested in Amphibian fertilization: Jerry Hedrick and his 
group, Nick Cross, Doug Kline, Bill Busa, Bob Grey, John Savage and others. 
We were talking the same ‘language’. I worked a lot there and it was a real 
pleasure. I came back in 1985 to conclude the project. Together with Rich and 
Doug Kline we found a Cl--transported inward current only in D1: we were 
able to precisely measure D1 as a disk of about 200 µm. Because of these ex-
periments and the fact that only D1 was stained by the Cl- channel-binding 
DIDS, we were able to conclude that there are only channels in D1. There-
fore, the intra-membrane particles detected in the over-mentioned paper, are 
most probably Cl- channels. Moreover, we found that the endoplasmic retic-
ulum changes were driven by a combination of the current crossing the dim-
ple and the release of calcium at activation. Thanks to Bill Busa we were able 
to measure an eight-fold calcium increase at activation, which was crossing 
the egg from the IP3 injection site to the antipode. When the wave arrives in 
D1, calcium is able to activate the Cl- channels, the cortical granules are exo-
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Fig. 8. 1986. Mini in my house with me and Elisabetta, my daughter.

Fig. 9. … and with my son Paolo.
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Fig. 10. 1986. Mini gave a seminal Class on Sex Determination at the University of Naples. 
Here, the Department member were at party in her honour. Behind Riccardo Talevi (first row, 
light blue shirt) from far left: Roberto Gualtieri, Gaetano Odierna, Piero Andreuccetti, Rakesh 
Rastogi, Teresa Capriglione, Mini next to me and Gianfranco Ghiara

Fig. 11. 1993. I reciprocated Mini’s visit in Naples and I visited her in Bhubaneswar. Here at 
the main door of her Department of Zoology, Utkal University, Orissa.
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Fig. 12. 1987. At the Gordon Conference. From the left Jerry Hedrick, Richard Elinson, next to 
me N. Yoshizaki, and Yasuhiro Iwao. The picture was taken by Chiaki.

cytosed, and whorls of endoplasmic reticulum open and invade the periph-
eral cytoplasm of D1.

I was invited in 1987 at the Gordon Conference on Fertilization and Ac-
tivation of Development. I showed these experiments  and the audience wel-
comed the D. pictus data with enthusiasm. 

There are still many questions that would deserve more attention. Indeed, 
in particular, we were unable to understand whether IP3/Calcium were the 
only molecules involved in activation. We suspected that an unknown sig-
nal induced by pricking precedes the calcium wave, because we observed 
that if the egg is pricked simultaneously at opposite sides, two equal con-
traction waves are generated. However, when pricking is first conducted at 
one side and about 20 sec later at the opposite side, the second wave never 
develops. 

In the 1980s and 1990s an important theory about sperm-egg interaction 
suggested that sperm activates a membrane receptor transducing the signal 
through IP3/calcium. In the same period integrins were found in the egg and 
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dis-integrins in the sperm. However, a few years later the integrin model was 
proved to be not necessary for sperm binding and egg activation, with some 
exceptions. We thought that the egg of D. pictus, where successful fertilization 
occurs only in the small D1, was a convenient model for the study of mole-
cules involved in sperm binding. When we started this work, no molecule at 
the egg membrane had yet been identified as the first sperm binder. A long 
period of research then started involving the patience of many students, such 
as Enzo Infante, Mariangela Caputo, Loredana Tretola and young researchers 
such as Rosa Carotenuto, Vania Maturi, Maria Grazia De Santo and Carmen 
Vaccaro. Part of this topic was covered by Vania’s PhD thesis and later by that 
of Enzo. Thousands of gel stripes had to be cut from SDS-PAGE gels. 

Finally, also thanks to suggestions made by Floriana Rosati and Riccar-
do Focarelli (Department of Evolutionary Biology, University of Siena) about 
technical approaches on large glycoconjugates, we were able to identify high-
Mr glycoproteins exposed only at the dimple and able to bind sperm in in vit-
ro assays. This was also possible because much earlier, in 1977, together with 

Fig. 13. 1993. A meeting in the ‘Auletta’ of the Department of Biologia Evolutiva e Comparata. 
In this crowded smiling group I can recognize rom left , first row, Roberto Gualtieri and Gina 
Santella; second row, Gianna Rossi, Paolo Abrescia (hiding Rosa Carotenuto), Rosaria De 
Sanctis, Carla Tatone, Rosaria Pinto, Sandra Cecconi. In the back, next to me, Brian Dale. Ric-
cardo was the photographer.
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Fig 14. 1994. At the University of Naples 
in the lab with Enzo Infante and Vania 
Maturi.

Fig 15. 1994. Enzo Infante party in occasion of his Laurea degree. With Vania, Anna Savarese 
Roberta Poulet and Enzo.
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Suzanne Denis (L.E.M., CNR, Naples), I found that the D1 external membrane 
has a natural marker, terminal fucose, evidently characterizing specific gly-
coconjugates. The next step was even more difficult and took a long time to 
be carried through. I remember that at the end of his smart PhD thesis, Enzo 
and I were guessing that the glyconjugates at the D1 surface had to be mol-
ecules closely related to lipovitellin. This finding was quite unexpected and 
had to be carefully demonstrated to persuade a sceptical scientific commu-
nity. Surely the identified D1 glycoconjugates were not contamination from 
yolk platelets! Enzo and I visited Laura Camardella’s laboratory at CNR IB-
PE to have the N-terminus of D1 glycoconjugates measured. In doing so, we 
followed some suggestions Vic Vacquier gave us with his usual friendly ap-
titude of an elder brother. Laura’s analyses showed the N-terminus highly 
similar to that of vitellogenin and lipovitellin 1! Next, Maldi/MS analyses car-
ried out at CEINGE by Angela Flagiello and fluorescent/ultrastructural data 
fully demonstrated that D1 glycoconjugates are glycoforms of a lipovitellin 
1 (DpLIV) located at the egg surface only in D1. Thanks to Carmen Vacca-
ro’s expertise in molecular biology acquired in Teresa Capriglione’s labora-
tory, these data were correctly adopted in our research. The work that Su-
zanne and I had carried out in 1977 also meant that we could figure out that 
DpLIV is oocyte-synthesized and becomes external to the dimple during its 
formation.  In fact, the ovarian germinative area undergoes a 10-fold increase 
in surface area during its post-ovulatory transformation into a dimple. This 
is due to active exocytosis and surface re-shaping. 

At the time these results were published, it was commonly accepted that 
the egg is activated not because of a receptor in the egg membrane, but be-
cause of introduction into the egg of an enzyme able to start development. In 
D. pictus, at the egg membrane (in the glycocalyx)  DpLIVs appear to be nec-
essary for sperm adhesion and fusion and not for signal transduction. When 
spermatozoa reach the egg plasma membrane they have attained the final 
stages of  acrosome reaction and acrosome enzymes (trypsin, chymotrypsin 
and plasminogen activator activity, as determined by Enzo) are released in 
close proximity of the membrane. Our ultrastructural data and timing be-
tween insemination-AP arousal (electrophysiologically recorded), strongly 
suggest that the sperm first bind the glycocalyx at the egg membrane and 
then the acrosome enzymes digest the glycocalyx. Probably  enzyme diges-
tion uncovers the molecule able to start egg activation.

The old dream of understanding the morphology of sperm penetration 
and the more recent hope to understand the molecules involved in sperm-
egg interaction were finally largely fulfilled!
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Further research on D. pictus fertilization was not possible for several rea-
sons. Most importantly, the animals have suffered from urbanization of rural 
areas and are now listed as protected species. Overall, the study of D. pictus 
fertilization has lent insights into the mechanism of egg activation and the 
poorly represented number of molecules involved in sperm-egg adhesion at 
the membrane surface. 

I remember the many discussions conducted by Alberto Monroy and his 
group in the 1980s dealing with the understanding of the fertilization proc-
ess, in particular in Ascidians. At that time the in vitro techniques for assist-
ed reproduction had not been developed and understanding this complex 
and difficult process was top priority. He often wondered whether the many 
sperm do not enter the egg only because they are inhibited by polyspermy 
blocks. He supposed that this inhibition occurs also because sperm from one 
or many individuals in one species could be more or less compatible with in-
dividual eggs. His curiosity and questions were a guideline for many of us. 
In 2008, in the Vic Vacquier laboratory, important data were found to sup-
port his predictions. Indeed several molecular mechanisms (i.e. positive se-
lection, alternative splicing, recombination) can create thousands of variants 
in the sperm molecule that binds the egg in oyster and sea urchin fertilisa-
tion. Alberto would have been immensely happy to know about the current 
state of the field.







































































































































































































































































































































































Takamune et al., 1986). Sperm extracts of the urodele
Cynops pyrrhogaster and the anuran Xenopus have a
similar proteolytic activity (Iwao et al., 1994, 1995;
Mizote et al., 1999). Cynops sperm enzyme was putri-
fied as a 100 and a 65 kDa protein with tryptic as well
as chymotryptic properties and the ability to activate
both Cynops and Xenopus eggs. Also Bufo arenarum
sperm lysin is able to activate the corresponding egg
(Cabada et al., 1989). Therefore sperm-released
enzymes appear to have a role both in the digestion of
egg investments and in the process of sperm–egg
fusion. However, in particular in the case of Xenopus, it
is obscure how sperm interact with the VE and the egg
plasma membrane, and sperm extracts are unable to
activate either heterologous or homologous eggs
(Mizote et al., 1999). In this species, a receptor-ligand
system is thought to be active at the time of fusion
between egg and sperm, involving disintegrin at the
sperm plasma membrane and integrins at the
oolemma (Iawao & Fujimura, 1996; Shilling et al., 1997,
1998), as for mammals (Blobel et al., 1992; Almeida et
al., 1995; Chen & Sampson, 1999).

Sperm enzyme activity is thought to reside in the
acrosome, both because of indirect evidence (for

Introduction

Several experimental approaches have shown that
amphibian sperm contains enzymes with proteolytic
activity (Raissman & Barbieri, 1969; Elinson, 1974;
Raissman & Cabada, 1977; Iwao et al., 1994; Mizoke et
al., 1999), similar to mammalian sperm (for a review
see Barros et al., 1996). The vitelline envelope (VE) lysin
of the toad Bufo bufo japonicus is a trypsin-like protease
(Yoshizaki & Katagiri, 1982; Yamasaki et al., 1988). In
this toad, as well as in Bufo arenarum, the VE lysin is
able to digest the VE of uterine eggs and appear to be
implicated in fertilisation, according to inhibition
assays utilising protease inhibitors (Cabada et al., 1978;
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Summary

At the time of sperm–egg fusion in Discoglossus pictus, a large amount of electron-dense material of an
unknown nature is liberated from the sperm. In the present work we studied this material in D. pictus
sperm, using an assay utilising strips of autoradiographic film as a gelatin substrate for proteolytic
enzymes. Upon treatment with A23187, D. pictus sperm produced a large halo on the gelatin substrate,
indicating the presence of enzymes released by the sperm at the time of the acrosome reaction. In con-
trast, Xenopus laevis sperm did not produce halos upon treatment with A23187. The use of protease
inhibitors such as TLCK, leupeptin, chymostatin, SBTI and EACA strongly suggests that the D. pictus
whole acrosome contains trypsin and chymotrypsin activity while an SBTI-sensitive activity is absent in
a small portion of the acrosome, possibly the anteriormost region. Furthermore, the material released at
the acrosome reaction also contains an EACA-inhibited activity, indicating the presence of plasminogen
activator. We conclude that D. pictus sperm release proteolytic enzyme(s) that may act at the egg surface
at the time of gamete fusion.

Keywords: Anurans, Fertilisation, Protease inhibitors, Proteolytic enzymes, Sperm acrosomes



Cynops: Iwao et al., 1994; for Rana: Penn & Gledhill,
1972) and because in other sperm, such as mammalian
sperm, a tryptic protease, acrosin, is associated with
the acrosome matrix (Hardy et al., 1991).

In Discoglossus pictus fertilisation, ultrastructural
observations indicated that a large amount of electron-
dense material is liberated from sperm in the process of
penetrating into the egg (Campanella et al., 1997). It
was hypothesised that enzymes released from the
sperm acrosome are able to digest the egg glycocalyx
and to uncover the sperm receptor in the egg plasma
membrane (Maturi et al., 1998). However, nothing is
known about the enzymic nature of the material
released from sperm as a consequence of the acrosome
reaction (AR) in this species except for an early report
that suggests the presence of an enzyme ‘similar to
pancreas enzymes’ in the acrosome (Parat, 1933), and
indirect evidence (Campanella et al., 1997).

Discoglossus pictus sperm are 2.33 mm long, the head
itself being about 900 µm long. Its anteriormost portion
is constituted by the apical rod, a short specialisation of
the acrosome, and posteriorly covered by the acrosome
cap. The acrosome contains at least two ultrastruc-
turally distinguishable constituents. The nucleus is
located behind the apical rod; the acrosome cap covers
it throughout its surface except its posterior edge. The
acrosome cap is very thin at the sperm anteriormost
region (0.02 µm) covering a 0.2 µm thick nucleus, while
posteriorly, where the nucleus is about 1 µm thick, it
doubles its size (Campanella et al., 1979). Sperm are
associated in register, entwined in bundles of 20 or
more. When in contact with the egg jelly, sperm are
freed from the bundles and enter the jelly coat, where
the AR is triggered (Campanella & Gabbiana, 1979;
Campanella et al., 1997).

In this work we studied the material released upon
induction of the acrosome reaction in D. pictus sperm,
using an assay first developed in Rana pipiens sperm
(Penn & Gledhill, 1972) whose acrosomal granule is
quite inconspicuous (Poirer & Spink, 1971; Cam-
panella, unpublished data). The assay is sensitive to
small amounts of enzymes released by single sperm
(Penn & Gledhill, 1972). Furthermore it allows the
examination of a direct relationship between release
of acrosome content and digestion of a substrate (see
also Iwao et al., 1994). The assay was also applied to
X. laevis sperm.

Materials and methods

Adult D. pictus males were injected into the dorsal
lymphatic sac with 200–250 IU of Profasi HP (Serono,
Italy) diluted in amphibian Ringer’s solution 100% (111
mM NaCl, 1.3 mM CaCl2, 2 mM KCl, 0.8 mM Mg2SO4,
in 25 mM HEPES-NaOH pH 7.4). Sperm bundles were
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obtained by squeezing the animals 24–48 h after hor-
mone injection. Adult X. laevis males (Rettili, Varese,
Italy) were decapitated under anaesthesia. Their testes
were rinsed in 100% De Boer’s solution (110 mM NaCl,
1.3 mM CaCl2, 1.3 mM KCl, 5.3 mM tris-HCl pH 7.4)
and minced in small pieces in 10% De Boer’s solution
to obtain motile sperm. Strips of autoradiographic film
were used as gelatin substrate for proteolytic enzymes,
according to Penn & Gledhill (1972). Briefly, the exper-
imental procedure involved a 10 min exposure of
Kodak A-25 autoradiographic films to light, followed
by a 4 min treatment with Kodak D-19 developer and a
2 min fixation in sodium hyposulphite (1.98 M) and
sodium bisulphite (1.64 M). Small strips of exposed
film were then spread, emulsion side up, onto micro-
scope slides.

For D. pictus, as it was previously shown that, in
diluted saline release of sperm from their bundle is
activated, drops of semen were added to 10% Ringer
(for more details see Campanella et al., 1997). Sperm
suspensions were gently brushed onto the strips and
then 50 µM calcium ionophore A23187 added (final
concentration 25 µM) to trigger the AR (Gualtieri &
Andreuccetti, 1996). The whole slide was covered with
a coverslip, kept in a moisture chamber at 37 °C and
viewed at regular intervals in a compound microscope.

Enzyme inhibitors were mixed with sperm suspen-
sion together with A23187 to obtain the following con-
centrations: 1 mM N-tosyl-lys-chloromethyl-ketone
hydrochloride (TLCK; inhibitor of serine proteases), 1
mM leupeptin (inhibitor of trypsin-like and cystine
proteases), 1 mM chymostatin (inhibitor of chy-
motrypsin-like serine proteases), 1 mg/ml soybean
trypsin inhibitor (SBTI; inhibitor of trypsin, chy-
motrypsin, kallikrein and plasmin), 1 mM ε-amino-n-
caproic acid (EACA; inhibitor of carboxypeptidase B
and of the activator of plasminogen) and 1 mM E64
(inhibitor of cysteine proteases) (Sigma Biochemical, St
Louis, MO). Table 1 summarises the enzyme inhibitors
utilized and their inhibitory activities.

The inhibitory concentrations were calibrated by
exposing film strips to increasing concentrations of
commercial enzymes (i.e. trypsin, Sigma) and by
adding to the enzyme the corresponding inhibitors (i.e.
TLCK or SBTI). Neither the Ringer nor calcium
ionophore produce alteration of the gelatin substrate of
the Kodak autoradiographic film.

Results

To test the effect of the acrosome reaction on the
gelatin-coated strips, D. pictus sperm were exposed to
25 µm calcium ionophore A23187. Upon incubation for
10 min at 37 °C, a large halo was observed on the strip
where sperm were located (Fig. 1a), indicating diges-



tion and degradation of the gelatin substrate. By utilis-
ing a small aliquot of spermatozoa, we observed that
the extension of the halo produced on the gelatin strip
is not as long as the sperm (about 200 µm in contrast to
the 2.33 mm of the whole sperm length), indicating that
the release of the enzyme occurs in a discrete region of
sperm, such as the region where the acrosome is more
conspicuous (Fig. 2b). For untreated sperm, similarly
incubated on strips, halos were absent (Fig. 1b). On the
contrary, X. laevis sperm, whether treated with A23187
or not, did not undergo the formation of a halo, even
after several hours of incubation.

In experiments utilising enzyme inhibitors, incuba-
tion of sperm with TLCK or leupeptin on the gelatin-
coated strips resulted in major inhibition of halo for-
mation after AR induction (Fig. 2c, d; and compare
with Fig. 2b). In contrast, incubation with SBTI caused
partial inhibition of halo formation, as several circular
spots of gelatin digestion were observed next to the
reacted sperm (Fig. 2f). These data suggest that a par-
tial inhibition of sperm AR enzymes occurs with SBTI
and that a discrete segment of sperm is insensitive to
this inhibitor.

While the thiol-protease inhibitor E64 is not able to
inhibit sperm enzyme action on gelatin (Fig. 2h), chy-
mostatin has a good inhibitory activity (Fig. 2e). Simi-
larly, by using EACA, an inhibitor of plasminogen acti-
vator (Huarte et al., 1993), the gelatin was affected by
the sperm-released enzymes except in tiny regions vis-
ible within or around spermatozoa (Fig. 2g).
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Discussion

Our data indicate that substances released by D. pictus
sperm upon the induction of the AR are enzymes, as
they are able to digest a gelatin matrix and enzyme
inhibitors impair this ability. Given that TLCK, leu-
peptin, SBTI and chymostatin are capable of inhibiting
halo formation of the gelatin matrix, it can be con-
cluded that the enzymes have tryptic and chymotryp-
tic activity. This is in agreement with data on Bufu bufo
japonicus (Yamasaki et al., 1988), Bufo arenarum (Raiss-
man & Cabada, 1977), Cynops and Xenopus (Mizote et
al., 1999) showing that a serine protease with tryptic
activity is present in sperm extracts. Moreover, the
chymotryptic activity we found in D. pictus sperm can
be compared with a similar activity found in Cynops
sperm (Mizote et al., 1999). D. pictus shares several
properties with urodele species (Campanella et al.,
1991). Although the experimental approach we used
allowed the observation of sperm at a low resolution,
the morphology of the halo developed by sperm and
the location along the sperm strongly suggest that the
enzymes are located in the acrosome cap. By compar-
ing the halos produced upon exposure to SBTI with the
complete inhibitory activity obtained with the other
inhibitors, it can be further hypothesised that the
whole acrosome contains trypsin and chymotrypsin
activity while the SBTI-sensitive activity is absent in a
small portion of the acrosome. The apical rod at the tip
of the acrosome is a good candidate for such SBTI-
resistant release. This is in agreement with the complex
morphology of the acrosome cap, which has two types
of granular content, and of the apical rod, which has a
fine granular content and several sheets of membranes
(Campanella & Gabbiani, 1979). Furthermore, our
experimental approach allows us to conclude that D.
pictus sperm contain EACA-sensitive enzymes, such as
the plasminogen inhibitor. Interestingly urokinase can
be involved in sperm–egg interaction in a co-operative
action with integrin (Huarte et al., 1993; Chapman,
1977) and integrins are thought to be the sperm recep-
tors in vertebrate eggs (Almeida et al., 1995; Shilling et
al., 1997, 1998).

The complexity of the enzyme content of D. pictus
spermatozoa deserves more study. However, the pre-
sent data suggest that the enzymes packed in the acro-
some may have functions directly linked to specific
substrates that the sperm interact with during egg
investment penetration and egg membrane interaction
(see also Hardy et al., 1991). Ultrastructural evidence
found that component B, the inner acrosome matrix
component, is released before compound A, in close
proximity to the egg surface (Campanella et al., 1997).
Our results support the hypothesis that the material
released by D. pictus sperm at the time of fusion with
the egg (Campanella et al., 1997) is constituted by

Table 1 The inhibitors used and their inhibitory action

Inhibitor Inhibitory action

TLCK Irreversible inhibitor of serine-trypsin
proteases. Also inhibits bromelain,
endoproteinase Arg-C, endoproteinase
Lys-C, papain, plasmin, thrombin and
trypsin

Leupeptin Reversible inhibitor of serine-trypsin
proteases. Inhibits some cystein-like
proteases including endoproteinase Lys-C,
kallikrein, papain, thrombin and cathepsin B

SBTI Reversible inhibitor of serine-proteases. Also
inhibits trypsin and factor X

Chymostatin Reversible inhibitor of chymotrypsin-like
serine proteases including α-, β-, γ-, δ-
chymotrypsin

E64 Irreversible inhibitor of cystein-proteases

ε-amino-n- Inhibitor of carboxypeptidase B. Inhibitor of 
caproic acid the activator of plasminogen
(EACA)
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Figure 1 (a) Effect of material released from A23187-treated-sperm on gelatin-coated strips. A large area where gelatin was
digested is seen, corresponding to the sperm. ×60. The inset a2 is a magnification of the detail a1, showing sperm (asterisk) in
the region where gelatin was digested. ×160. (b) Control strip treated with Ringer-diluted sperm ×220.
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Figure 2 A23187-treated sperm on the gelatin-coated strips. (a) As seen in Nomarski DIC optics. ×450. (b) As seen with normal
optics. A halo is seen along part of the sperm length (arrows). ×220. (c) Sperm exposed to TLCK: no halo formation occurred,
as in (d) where sperm were incubated with leupeptin, and (e) where the inhibitory action of chymostatin is seen. ×220. (f) SBTI-
exposed sperm. The inhibitory action is exerted on sperm but there are small regions where halos are present (arrows). ×220.
(g) EACA-exposed sperm. Inhibition occurred except for tiny spots of gelatin digestion along sperm bundles (small arrows).
×850. (h) Sperm exposed to E64: no inhibition occurred and large halos of digested gelatin are seen on the strip. ×220.



trypsin and chymotrypsin-like enzyme(s) with further
urokinase activity, that have a role in membrane inter-
action.

In contrast, Xenopus sperm do not release chemicals
able to digest gelatin upon treatment with calcium
ionophore that is able to provoke the AR in general and
in amphibians in particular (Gualtieri & Andreuccetti,
1996; Martinez & Cabada, 1996). This finding may indi-
cate, however, that sperm are not responsive to
A23187, or that the assay we used is not sensitive
enough to the relatively small amounts of proteolytic
enzymes found in Xenopus sperm extracts (Mizoke et
al., 1999). Alternatively, it may show that the enzymes
are not located in the acrosome cap of this species.
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Lipovitellin Constitutes the Protein Backbone of
Glycoproteins Involved in Sperm–Egg Interaction in
the Amphibian Discoglossus pictus
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SUMMARY

Our knowledge of the molecules that interact with sperm at the egg membrane is
restricted to a short list. In the eggs ofDiscoglossus pictus, fusion with sperm is limited
to a differentiated structure, the dimple, offering several advantages for detecting
molecules involved in fertilization. Previous studies have identified fucosylated
glycoproteins of 200, 260, and 270 kDa located at the surface of the dimple that are
able to bind sperm in vitro. Here, we show that dimple glycoproteins and a protein
represented by a 120-kDa band released following gel-into-gel SDS–PAGE of both
glycoproteins share the same N-terminal amino acid sequence, which itself is similar
to the N-termini of Xenopus liver-synthesized vitellogenin (VTG) and the lipovitellin 1.
MALDI/MS mass spectrometry indicated that the 120-kDa band is part of both gps 200
and 270/260. A 117-kDa major protein of the egg lysate exhibits the same MALDI/MS
spectrum, and LC-MSMS indicates that this is a lipovitellin 1 (DpLIV) that coincides
with the 120-kDa band and is responsible for the formation of the 200–270-kDa
dimers. Therefore, lipovitellin 1 constitutes the protein backbone of the dimple
glycoconjugates. In vitro assays using polystyrene beads coated with DpLIV or with
its dimers indicate that significant sperm binding occurs only with DpLIV dimers. In
amphibians, VTG is taken up by the oocyte, where it releases lipovitellins destined to
form yolk. InDiscoglossus, our data suggest that yolk proteins are also synthesized by
the oocyte. The dimple forms in the ovulated oocyte following the exocytosis of
vesicles that likely expose DpLIVs at their membrane. Indeed, in whole mounts of
immunostained eggs, anti-vitellogenin antibodies label only the surface of the dimple.
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INTRODUCTION

Fertilization is a multi-phase process involving a
number of molecules in a coordinated program of step-wise

Abbreviations: anti-TcVTG, antiserum directed against Triturus vitellogenin;
D1, center of the dimple; gps, glycoproteins; GA, germinative area; MALDI/MS,
matrix-assisted laser desorption ionization mass spectrometry; LC-MSMS, liquid
chromatography tandem mass spectrometry; LIV, lipovitellins (also DpLIV,
Discoglossus pictus lipovitellin 1); UEA-I, Ulex europaeus agglutinin I; VTG,
vitellogenin; ZP, zona pellucida.
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interactions. In mammals, sperm bind first to the oviductal
and then to the granulosa cells, and finally to the zona
pellucida (ZP) of the egg. Different sperm membranes and
several interacting molecules (i.e., ZP3, ZP2) are involved
in gamete binding. Binding to ZP3 occurs through so-called
primary binding and to ZP2 through secondary binding (for
reviews, see Shur et al., 2004; Wassarman et al., 2004).

When acrosome-reacted sperm interact with the egg
membrane (tertiary binding), adhesion molecules and mo-
lecules promoting fusion are called into action. The critical
problem in understanding this process is that no surface
protein that mediates sperm–egg binding and fusion has
been shown to have a link with intracellular signaling; that is,
the mode of stimulation of the egg by sperm remains largely
unknown (for review, see Miyazaki, 2006).

Data on molecules involved in sperm interactions with
the egg membrane focus on the proteins necessary for
fusion, that is, members of the tetraspanin family such as
CD9 (Ellerman et al., 2003; Zhou et al., 2009), which does
not possess receptor properties. However, they interact
laterally with other molecules, such as integrin receptors,
forming complexes in cis referred to as tetraspanin webs
(Levy and Shoham, 2005). Integrins are not required for
fertilization to occur (Cho et al., 1998; Miller et al., 2000;
Stein et al., 2004), though they may contribute to sperm
adhesion to the egg through disintegrins located in the
sperm membrane. A member of the immunoglobulin super
family, Izumo, located in the sperm membrane is necessary
for sperm–egg fusion, though it does not interact with
tetraspanins or integrins (Inoue et al., 2005). Xenopus egg
activation involves a tyrosine kinase c-Src that interacts with
PLC-g , which is required for calcium release (Sato et al.,
1999, 2000, 2003). Uroplakin III (xUPIII; Mahbub Hasan
et al., 2007), an egg membrane microdomain-associated
protein, is phosphorylated upon fertilization (Sakakibara et
al., 2005). Furthermore, sperm peptides containing disin-
tegrins are able to activate the egg (Iwao and Fujimura,
1996; Shilling et al., 1998). In the sea urchin, bindin, an
acrosome protein with adhesion properties (Glabe et al.,
1982) interacts with EBR1, a 350-kDa protein in which an
ADAMTS-like N-terminus is followed by EBR repeats with
alternating CUB and thrombospondin type 1 modules
(Kamei and Glabe, 2003). Taken together, these data
support the concept that the fertilization process is based
on the existence of multimeric complexes on both egg and
sperm membranes (for a review, see Evans, 2002).

The egg ofDiscoglossuspictus represents an interesting
alter ego of the main models used for the study of fertiliza-
tion in vertebrates. This 2-mm diameter egg has a specific
site for sperm fusion (the dimple) that is naturally labeled by
the presence of terminal fucose (Denis-Donini and Campa-
nella, 1977; Talevi et al., 1985; Gualtieri and Andreuccetti,
1996). The dimple is funnel-shaped, and its membrane is
considerably separated from the vitelline envelope, making
this site quite suitable for studying the molecules responsi-
ble for sperm adhesion and fusion at the egg plasma
membrane. The egg surface is endowed with microvilli
decorated by a long and ramified glycocalyx. In the center
of the dimple (D1), highly concentrated ionic channels exist

that generate a calcium-dependent chloride current upon
activation (Talevi et al., 1985; Nuccitelli et al., 1988). Upon
insemination, fertilization potentials are elicited in D1, fol-
lowed by the onset of development (Talevi and Campanella,
1988). Labeling of the egg surface proteins with membrane-
impermeable sulfo-NHS-biotin identified four main bands of
200, 230, 260, and 270 kDa exclusive to the dimple surface.
They are glycoproteins (gps) containing terminal fucose.
Specificity for lectins indicates that glycosylation/fucosyla-
tion is more extensive in gps 230, 260, and 270 than in gp
200. In in vitro assays, sperm adhered to beads coated with
gp 200 before the acrosome reaction occurred whereas
only acrosome-reacted sperm bind beads coated with
gps 270/260 (Campanella et al., 1997; Maturi et al.,
1998). Whether these glycoconjugates have a different
protein backbone or are glycoforms of the same polypeptide
has yet to be ascertained.

In the present study, we analyzed the protein backbone
of gps 200, 260, and 270. Unexpectedly, we found that they
are polymers of a molecule of the lipovitellin 1 family that is a
homologue of human apolipoprotein B (reviewed in Howell
and Herz, 2001). In amphibians, lipovitellins (LIV) are part of
vitellogenin (VTG), a high molecular weight lipoglycopho-
sphoprotein synthesized in the liver. In Xenopus laevis,
lipovitellin 1 (Mr of about 120 kDa) is located at the N-
terminus of VTG, and lipovitellin 2 (Mr of about 30 kDa) is
at the C-terminus of VTG. Native VTG has a Mr of approxi-
mately 400 kDa and, in SDS–PAGE, yields monomers of
197–182 kDa. When endocytosed by the oocyte, VTG splits
essentially into fosvitin and lipovitellins, which are later
incorporated into yolk platelets (Wiley and Wallace, 1981;
Gerber-Huber et al., 1987). Several cases of oocyte-
derived VTG components have also been reported
(Wallace and Selman, 1990; Yoshitome et al., 2003). Four
VTG genes have been found, forming two families (A and
B). The Xenopus VTGA2 gene has been fully sequenced
(Gerber-Huber et al., 1987), whereas the sequence of D.
pictus VTG is unknown.

RESULTS

N-Terminal, MALDI, and LC-MSMS Analyses
Indicate Homology of gps 200, 260, and 270 With
Lipovitellin 1

D. pictus egg lysates separated by SDS–PAGE exhib-
ited an electrophoretic pattern with a prominent band in the
range of approximately 117 kDa, previously described as
the main yolk component lipovitellin, and high Mr bands of
gps 200, 230, 260, and 270 (Fig. 1), which are the fucosy-
lated glycoconjugates identified at the dimple surface
(Maturi et al., 1998). Here, we characterized the protein
portions of gps 200, 260, and 270. N-terminal sequencing of
gps 200, 270, and 260 identified the same 11 amino acid
residues: EKSNLVPNFSD. The sequencing did not go
beyond the 11th residue because of the low sequencing
yield, which was attributed to the large size of these mole-
cules. To improve the N-terminal analysis, gps 200 and 270/
260 were excised from the SDS–PAGE gels and several
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bands of each of these gps were loaded onto a new gel (gel-
into-gel experiments). As a result, the original bands and
a main band of approximately 120 kDa were obtained for
both the 200 and 270/260 gps (see also Maturi et al., 1998)
(Fig. 1). N-terminal sequencing of the 120-kDa polypeptide
yielded a sequence of 19 amino acid residues:
EKSNLVPNFSDKKTYVYNY. This result demonstrated
that the 120-kDa band contained the same N-terminus as
gps 200 and 270/260 (first 11 residues identical), and
extended the sequence. The 19 amino acid residue se-
quence shows 68% identity with the N-terminus of mature
X. laevis VTG B2 (accession no.: P19011), 63% identity
with the N-terminus of X. laevis VTG1 (accession no.:
P19010) and 47% with the lipovitellin 1 situated at the
N-terminus of VTG A2 (accession no.: P18709). We then
performed MALDI/MS analyses of trypsin digests of D.
pictus gps 270/260, 200 and of the 120-kDa band. The
results of these analyses are all super-imposable (Fig.
2a–c), indicating that the 120-kDa band is part of gps
200 and 270/260. Additionally, the MALDI spectrum of the
117-kDa lipovitellin, as separated by SDS–PAGE from the
egg extracts, was identical to the spectra for the120-kDa
band and gps 200 and 270/260 (Fig. 2d). A trypsin digest of
the 117-kDa polypeptide was further analyzed through LC-
MSMS. Five peptides were identified as part of the X. laevis
VTG A2 precursor sequence (Fig. 3). The amino acid
residues identified by the N-terminus analysis were
contained in one of the trypsin digest sequences at the
N-terminus of Xenopus VTG A2, whereas the other
sequences corresponded to the amino acid sequences
analyzed by LC-MSMS.

Finally, as Xenopus phosvitin as well as lipovitellins
originates in the oocyte during VTG cleavage, we extracted
phosvitin from egg lysates to investigate whether or not it is
contained in the MALDI/MS spectra shared by the 117-kDa
polypeptide, the 120-kDa band and gps 200–270/260.
Separation of the sample by SDS–PAGE identified a mole-
cule of approximately 50 kDa that was heat-stable and
typically stained by stains-all due to the high content of
phosphorylated amino acids (see Romano et al., 2004). The

analysis by MALDI/MS showed that the D. pictus phosvitin
spectrum does not share similarities with the previously
identified spectra (Fig. 2e). Overall, we concluded that the
sequence we analyzed shared by the 120-kDa polypeptide
deriving from gps 200 and 270/260 and the 117-kDa lipo-
vitellin represents a single protein of the lipovitellin family,
namely a lipovitellin 1 (DpLIV), because of its Mr and its
position at the N-terminus, as compared to X. laevis
VTGA2. Because gps 200–270/260 have spectra super-
imposable on DpLIV spectrum, where the phosvitin se-
quence was not found, the overall data indicate that they
are dimers of DpLIV. At present, it cannot be concluded

Figure 1. Electrophoresis pattern ofD. pictus total egg lysate and gel-
into-gel results. a: SDS–PAGE of total egg supernatant. A prominent
band is present of about 117 kDa. Bands of 200, 230, 260, 270 kDa
are indicated. b: As a result of gel-into-gel experiments, the bands of
200 or 270/260 kDa release a polypeptide of about 120 kDa during
electrophoresis. Mr standards are indicated.

Figure 2. Spectra obtained by MALDI/MS analysis of trypsin digests
of gp 270/260 (a), gp 200 (b), gp 120 (c), 117 band (d), and
phosvitin (e). Samples of proteins utilized for the analyses are indi-
cated in the corresponding gels on the right side of each diagram,
where Mr standards of 66, 116, and 200 kDa are also indicated.
Spectra in a, b, c, d are characterized by the same peaks. Some of
these peaks are encircled. The spectra are shown from 700 (m/z) to
2,200 (m/z) because typical peaks are found in this range of values.
The phosvitin spectrum in (e) does not show the same peaks as
spectra a–d.
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whether the dimers are present in natural conditions or
are formed during sample preparation. Interestingly, in
SDS–PAGE in reducing conditions, the 200, 230, 260, and
270 bands are barely detectable (Maturi et al., 1998). Their
different Mr are likely due to the fact that these gps are
glycosylated differently, as it has been previously shown
(Maturi et al., 1998). Hereafter, the complex of the DpLIV
glycoforms will be referred to as DpLIVs.

Sperm Binding Assays
Previous data showed that sperm bind beads coated

with the 117-kDa band electroeluted from SDS–PAGE of
the egg lysate at a percentage similar to BSA-coated beads
(Maturi et al., 1998). This prompted us to compare the
sperm-binding ability of beads coated with the 117-kDa
band electroeluted from gels of egg lysate, with that of
beads coated with the 120-kDa band, gp 200 or gp 270/
260 after electroelution from gel-into-gel experiments. We
know from earlier work utilizing glycoproteins electroeluted
directly from gels of egg lysates, that significant sperm
binding to gp200 beads occurs before the acrosome reac-
tion (76�5% and 25�2% for sperm binding after the
acrosome reaction), while the opposite is true for gp270/
260 beads (73�1% for sperm binding after and 23� 4% for
sperm binding before the acrosome reaction) (Maturi et al.,
1998). Similarly here, for the gp 200 beads, the percentage
of beads with untreated sperm was significantly higher than
with spermatozoa treated with A23187 Ca-ionophore
(64� 2%, vs. 33� 1% for sperm binding after the acrosome
reaction) (Fig. 4). For gps 270/260, the percentage of beads
with sperm was higher for A23187-treated spermatozoa
with respect to the trial with untreated sperm (respectively,
49�5% and 33�5%) (Fig. 4). However, the percentage of
beads with sperm treated with A23187 was evidently lower
(about 24%) than in the above-mentioned data from Maturi
et al. Therefore we performed experiments where the gps
270/260 were electroeluted directly from the first gel, utiliz-
ing the same samples we used for gel-into-gel experiments.
The resulting percentage of beads with sperm treated with

A23187 was then 70� 4% versus 31� 3% for untreated
sperm (Fig. 4). These data indicate that the sperm-binding
ability of the highly glycosylated gps 270/260 is partially
impaired following the second gel run, whereas the sperm-
binding ability is less affected for the minorly glycosylated
gp 200. Overall, this suggests that the glucidic portion of the
glycoconjugates may be affected by the second gel run. In
the case of the 120-kDa band and of the 117-kDa lipovitellin,
the percentage of beads with sperm was barely higher than
for BSA-coated beads (Fig. 4). Interestingly, the 120-kDa
band is mildly reactive with Ulex europaeus agglutinin I

Figure 3. CLUSTAL W alignment of X. laevis VTG B1 and VTG A2 amino acid sequences compared with the partial sequence of the D. pictus
117kDaprotein obtained by LC-MSMSanalysis of the trypsin digest. The19-aa sequence ofD. pictus gp120,200, and260/270 obtained byN-
terminal sequencing is boxed. The amino acid short sequences detected by LC-MSMS analysis are shaded gray. Amino acids identical in all
compared sequences are indicated by asterisks.

Figure4. Quantification of themean percentage of beadswith sperm,
as counted in sperm-binding assays. A23187-exposed and unex-
posed sperm were utilized. Beads were coated with gp 270/260, gp
200 or the 120-kDa band electroeluted from gels. Columns without
stripes indicate samples obtained by gel-into-gel experiments. Col-
umns with stripes indicate samples obtained from only one gel run. In
particular, data concerning the 120-kDa bands deriving from gp 200
and gps 270/260 were pooled together as they were practically
undistinguishable. Beads were also coated with the 117-kDa band
electroeluted from gels of egg lysates or with commercial BSA. Bars
represent standard deviation with n¼4.
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(UEA-I), while the 117-kDa band is strongly reactive to the
same lectin (data not shown and see Fig. 3, Maturi et al.,
1998). The data suggest that DpLIVs are active in
sperm binding only in dimers and that fucosylation of these
molecules is not sufficient for significant sperm binding
to occur.

VTG in Blood Serum and Yolk Proteins in Oocytes
To further understand the relationship between DpLIVs

and liver-derived VTG, vitellogenin was extracted from
serum ofD. pictus adults following injection with b-estradiol,
and analyzed by SDS–PAGE and Western blots with anti-
serum directed against Triturus VTG (anti-TcVTG). Only
two bands of 200/210 kDa cross-reacted with anti-TcVTG
(Fig. 5a) and have Mr values in the range of those reported
for X. laevis VTGs (Gerber-Huber et al., 1987; Yoshitome
et al., 2003). Therefore, the highly glycosylated 270- and
260-kDa glycoproteins present in D. pictus eggs by
SDS–PAGE gels were not found in blood. We then ana-
lyzed the oocytes to determine when the latter bands
become detectable during oogenesis but prior to their final
exposure at the membrane surface, where glycosylation
may occur as well (Kohler and Bertozzi, 2003). In lysates of
pre-vitellogenic oocytes, that is, oocytes not yet able to
incorporate VTG from the bloodstream, bands of 117 and
200 kDa were observed, both of which were cross-reactive
with anti-TcVTG in Western blots (Fig. 5b,c). In lysates of
fully grown oocytes, that is, oocytes where VTG uptake and
splicing into lipovitellins and phosvitins had occurred, the
pattern of anti-TcVTG-reactive bands found is identical to
that found in uterine eggs, comprising bands of 117, 200,
230, 260, and 270 kDa (Fig. 5b,c). These observations
suggest that in addition to the typically liver-derived lipovi-
tellin (Andreuccetti and Campanella, 1982), in D. pictus,
lipovitellin is also synthesized by the early oocytes and that
its dimers are detectable in the oocyte later in oogenesis.

Therefore, the fully grown oocyte appears to contain
DpLIVs of different origin.

Immunofluorescence and Immuno-Gold
Localization of DpLIVs

The Western blots presented in Figure 5 show that anti-
TcVTG specifically binds to the SDS–PAGE-separated
bands that were identified in this study as DpLIVs by N-
terminal sequencing and MALDI/MS. Frozen sections of D.
pictus eggs stained with the same antibody show, as ex-
pected, strong fluorescence in the yolk platelets (Fig. 6a).
Importantly, in Figure 5a, the dimple border is also immu-
nostained by the antiserum. The staining is specific, as
shown by comparison to negative controls (Fig. 6b). Ac-
cording to sulfo-NHS-biotin assays (Maturi et al., 1998), gps
200, 260, and 270 are exposed at the dimple surface, and
our present data indicate that these gps are DpLIV dimers.
Therefore, it appeared of fundamental importance to per-
form whole-mount immunofluorescence to determine if the
gps cross-reacting with the antiserum are located at the
surface of the dimple. Upon removal of the external coats,
which is necessary for correct preparation of the samples,
the dimple becomes superficial and assumes variable con-
figurations. At the egg surface, the antiserum reactive site
was D1 (Fig. 6c,d), which is the dimple center, with a
diameter of approximately 200mm. When samples were
tilted to achieve a full upper view of the dimple, strong
immunofluorescence was observed in D1, in particular at
a spot at its center (see Nuccitelli et al., 1988) (Fig. 6e). This
staining was specific (Fig. 6f) and showed a pattern com-
parable to that obtained following exposure to a terminal
fucose-specific lectin (Denis-Donini and Campanella,
1977). Early studies showed that, following ovulation, the
dimple forms from the oocyte region at the animal pole
(germinative area, GA) because of the insertion of periph-
eral vesicle membranes. As a result, the oocyte membrane

Figure 5. SDS–PAGE and immunoblots of VTG, pre-vitellogenic, vitellogenic oocytes and uterine eggs exposed to anti-TcVTG. a: liver-
synthesized VTG, as extracted from the serum of estrogen-injectedD. pictus adults and run in SDS–PAGE (1) shows two bands of 200–210 that
are reactive with anti-TcVTG in Western blots, indicating the specificity of the antiserum (2). In Western blot controls exposed to pre-immune
serum, the bands are absent (3). b: SDS–PAGE of stage I (1), stage II (2), stage VI (3), and uterine eggs (4), indicating that in stage I–II, two bands
are present of 200 and 117 kDa, while in stage V and in uterine eggs, gps 230, 260, 270 are also present. c: CorrespondingWestern blots of gels
shown in (b). In (1) control blot exposed to pre-immune serum: bands are absent. In (2; stage I oocytes) and (3; stage II oocytes) the 200- and
117-kDa bands cross-react with anti-TcVTG. In stage V oocytes and uterine eggs (respectively 4–5), the 230–260–270 bands cross-react with
anti-TcVTG, in addition to bands 117 and 200. Mr standards are indicated.

Mol Reprod Dev 78:161–171 (2011) 165

LIPOVITELLIN PROTEIN IS PART OF GPS AT THE EGG SURFACE



acquires a new glycocalyx and the ability to bind the
lectin specific for terminal fucose (Denis-Donini and
Campanella, 1977). Here, we showed that in the GA, there
was no immunofluorescence upon staining with anti-
TcVTG (Fig. 6g). Moreover, following fertilization and vesi-

cle trafficking (Talevi et al., 1985), most of the dimple region
lost the ability to bind anti-TcVTG (Fig. 6h). It was
earlier shown that after fertilization, the dimple region
loses the affinity for the lectin specific for terminal
fucose (Denis-Donini and Campanella, 1977). Therefore

Figure 6. Immunofluorescence in sections or inwholemounts using anti-TcVTG. a: In frozen sections of
the dimple, immunofluorescence is present in the yolk platelets (asterisk) and in the dimple periphery
(arrow). b: Control section incubated with pre-immune serum: immunostaining is absent. Bars in b and
c¼40mm. c: Whole mount of uterine eggs. The dimple region is the immunofluorescent area (arrow).
Bar¼400mm. d,e: Higher magnifications of the immunoreactive dimple region in a view showing the
walls of the dimple (d) and an upper view (e), where a strongly fluorescent spot is centrally located
(arrow). Bars in d, e¼125mm. f: Control whole mount where the uterine egg was exposed to pre-
immune serum. Immunostaining is absent. g: Ovarian oocyte area germinativa (arrowheads), which is a
disc of approximately 900mm at the animal pole that is extruded following removal of the vitelline
envelope. Immunostaining is practically absent. Bars in f and g¼160mm. h: Here, the dimple has
regressed as a result of fertilization and an inconspicuous immunofluorescence using anti-TcVTG is
observed. Bar in h¼110mm.
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the anti-TcVTG reacting molecules and terminal fucose are
transiently present at the surface of the dimple region only in
the unfertilized egg.

In ultrathin sections of the dimple processed with an
immuno-gold staining procedure, the anti-TcVTG immu-
nostaining was specific, though not abundant (Fig. 7a–c).
Interestingly, the 10-nm gold particles were observed in the
dimple glycocalyx branching at the plasma membrane, as
shown in Figure 7a, where the particles decorate two such
branches in a single file arrangement. Significantly, immu-
nostaining was also found in the peripheral vesicles, where
previous reports also showed the presence of UEA-I-bind-
ing glycoproteins (Gualtieri and Andreuccetti, 1996; Maturi
et al., 1998).

DISCUSSION

In D. pictus, the 200, 270, and 260 gps are candidate
molecules for mediating sperm/egg binding in natural con-
ditions because they specifically bind spermatozoa in in
vitro assays (Maturi et al., 1998). Here, we characterized
the protein backbone of these glycoconjugates. Various
molecular approaches lead us to conclude that gps 200
and 270/260 contain the same molecule, a lipovitellin 1.
First, N-terminal sequencing of gps 200 and 270/260,
as well as the 120-kDa polypeptide derived from our gel-
into-gel experiments, indicated that they all contain the
same N-terminus. Moreover, the amino acid residue se-
quence shows identity to that of X. laevis VTG B2 and
VTGB1, as well as to the lipovitellin 1 located at the N-
terminus of VTG A2 (Gerber-Huber et al., 1987). Second,

MALDI/MS analyses of D. pictus gps 270/260, gp 200, the
120-kDa band and the 117-kDa lipovitellin derived from egg
extracts all presented super-imposable MALDI spectra.
Third, a trypsin digest of the 117-kDa lipovitellin analyzed
through LC-MSMS resulted in five sequences that were
identified as part of the X. laevis VTG A2 precursor se-
quence. The amino acid residues identified by N-terminal
analysis align with the N-terminus of Xenopus VTG A2.
Importantly, the D. pictus phosvitin spectrum was not in-
cluded in the MALDI/MS spectra of all of the analyzed
proteins. We concluded that the 120-kDa polypeptides
deriving from gp 200 and gps 270/260 and the 117-kDa
lipovitellin are the same molecule, DpLIV. This molecule
belongs to the lipovitellin 1 family and is able to form
variously glycosylated dimers. DpLIV forms the dimers of
200, 260, 270 and, likely, of 230 kDa either in natural
conditions or during sample preparation. The following
considerations argue against the possibility that lipovitellin 1
is a contaminant of the PAGE-separated bands that we
studied: N-terminal sequencing of the 200-, 260-, and 270-
kDa bands after the release of the 120-kDa band identified a
single amino-acid sequence showing identity with that of
lipovitellin 1, which was further analyzed by MALDI/MS and
LC-MSMS; the 200-, 260-, and 270-kDa bands were found
in samples of the yolk-poor cortices but not in the yolk-rich
bulk of the cytoplasm (Maturi et al., 1998).

As shown through anti-TcVTG Western blots of pre-
vitellogenic and vitellogenic oocytes, DpLIVs derive
not only from canonical VTG cleavage but also from
synthesis occurring in the oocyte before VTG uptake by
micropinocytosis. Although present in the cortex of the

Figure 7. Immunogold labeling of ultrathin sections utilizing anti-TcVTG. a,b: Microvilli of the dimple with long branched glycocalyx. Some gold
particles are present in the glycocalyx, exhibiting a single file pattern associated with some glycocalyx filaments (circles in a and in b). The arrows
indicate gold particles located in cortical vesicles. Bar¼120nm. c: Control section incubated with pre-immune serum. Few gold particles are
seen. Bar¼250nm.
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whole egg, gps 200–270 are exposed extracellularly, spe-
cifically on the plasma membrane of the dimple (Maturi
et al., 1998). It is not clear at present if the ability to form
dimers is specific to DpLIVs destined to be exposed at the
dimple surface. It was previously shown inD. pictusoocytes
that the germinitive area concentrates numerous actively
secreting Golgi apparatuses (Andreuccetti and Campanel-
la, 1980). The dimple forms from this region, exhibiting
specifically glycosylated DpLIV dimers: gp 270 rich in ter-
minal mannose (Maturi et al., 1998) and gp 230 rich in sialic
acid linked to galactose, as indicated by cross-reactivity to
Maackia amurensis agglutinin (Campanella, unpublished
results). It is important to stress here that the four main
bands of 200, 230, 260, and 270 kDa labeled by sulfo-NHS-
biotin in our previous studies were derived from the dimple
surface of eggs in which the plasma membrane remained in
excellent condition during manual operations and, there-
fore, was not leaking yolk lipovitellins (see Maturi et al.,
1998).

The immunostaining data presented in this paper appear
to be of particular significance. Experiments using anti-
TcVTG in whole-mount samples clearly indicated that the
only site where the staining was found was D1, the central
portion of the dimple; this staining is absent before the
dimple forms, decreases following fertilization and coin-
cides with the cross-reactivity of a lectin specific for terminal
fucose and similar to UEA-I (Denis-Donini and Campanella,
1977). In particular, immunogold labeling indicated that the
glycocalyx of the dimple microvilli may cross-react with anti-
TcVTG. A similar ultrastructural approach showed that the
dimple glycocalyx is rich in UEA-I-reactive glycoproteins
(Gualtieri and Andreuccetti, 1996). The dimple microvilli
form following exocytosis of vesicles labeled with the lectin
specific for terminal fucose (Denis-Donini and Campanella,
1977), and our data show that similar vesicles are still
present in the dimple and are labeled by anti-TcVTG-gold.

Do DpLIVs originate from the liver, similar to the typical
yolk-component lipovitellin 1? In oocytes taking up VTG by
receptor-mediated micropinocytosis, yolk proteins are re-
leased into multi-vesicular bodies that later coalesce to form
primordial yolk platelets in D. pictus, as in other amphibian
species (Andreuccetti and Campanella, 1982; Opresko and
Wiley, 1987). Our data indicate that before incorporation of
the 200–210-kDa VTGs, the oocyte lysates already contain
anti-TcVTG-reactive bands of 120 and 200 kDa. Therefore,
oocyte-synthesized lipovitellin 1 is present in the oocyte
together with liver-synthesized lipovitellin 1 (see also Wal-
lace and Selman, 1990). As specific labeling of lipovitellins
cannot be performed during the long-lasting amphibian
oogenesis, we cannot conclude whether the DpLIVs ex-
posed at the plasma membrane during dimple formation
derive from the liver or from the oocyte. However, we reason
that liver-synthesized lipovitellin, which is targeted specifi-
cally to an intracellular route for yolk formation, should
escape the yolk pathway and go back to the Golgi apparatus
for further glycosylation to be exposed again to the plasma
membrane. The oocyte-synthesized DpLIVs would be ex-
pected to follow a more direct pathway of glycosylation and
exocytosis.

In conclusion, DpLIVs may have a different origin during
oogenesis and a different location in the egg, probably
because of specific glycosylation. DpLIV constitutes the
protein backbone of the terminal fucose-containing glyco-
conjugates exposed at the dimple surface. We previously
reported that gp 200-coated beads specifically bind
acrosome-unreacted sperm, whereas gp 270/260-coated
beads bind acrosome-reacted sperm. In these assays, gps
200 and 270/260 competitively inhibited sperm binding to
the beads coated with the corresponding glycoprotein.
These data suggested that binding to the sperm plasma
membrane or inner acrosome membrane may depend upon
the types of oligosaccharide exposed by gps 200 and 270/
260 (Maturi et al., 1998). Our in vitro sperm-binding assays
indicate that DpLIV is not active or sufficient for sperm
binding in its monomeric form, nor is the presence of the
sugar moiety recognized by UEA-I. New experimentation is
needed to ascertain which sugars are necessary for binding
reacted or unreacted sperm. Interestingly, we previously
observed that terminal fucose of gp 200 cannot be detected
by lectin blots but can be by affinity chromatography, in
contrast to gps 270/260, suggesting that these glycopro-
teins might have reactive sites for UEA-I differently avail-
able or affected according to the method used (Maturi et al.,
1998).

The fact that lipovitellin 1 appears to constitute the
backbone of the dimple glycoproteins is certainly surprising.
It is similarly surprising that in Xenopus oocytes, phosphor-
ylated lipovitellin 1 associates with Grb2 in the cytosol
during the G2/M transition and constitutes the starting point
for a recently discovered pathway in which PLC-g1 binds
Grb2 and recruits Sos (Browaeys-Poly et al., 2007). More-
over, for more than two decades, lipovitellin 1 has been
known as an efficient binder of ions such as Zn2þ and Cd2þ

(Sunderman et al., 1995) and a natural linker of follistatin
(Okabayashi et al., 1996), BMP-4, activin-A (Iemura et al.,
1999), and calmodulin (Molla et al., 1983).

MATERIALS AND METHODS

Animals
Adult D. pictus were maintained and utilized at the

University of Naples Federico II, according to the guidelines
of the University Animal Welfare Office and in agreement
with international rules. Oocytes were excised from the
ovaries of females anaesthetized with MS222 (Sigma
Chemical Co, St. Louis, MO). Uterine eggs were obtained
about 18 hr following the injection of females with 250 units
of Profase HP (Serono, Rome, Italy) in Ringer’s solution
(111 mM NaCl, 1.3 mM CaCl2, 2 mM KCl, 0.8 mM MgSO4,
25 mM HEPES, pH 7.8). Spermatozoa were collected from
the male seminal vesicles (see Maturi et al., 1998).

Sample Preparation for SDS–PAGE and
Western Blot

We used oocytes in early vitellogenesis, fully grown
oocytes, coelomic oocytes and uterine eggs. Somatic tis-
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sue (ovarian epithelia, theca and follicle cells) was removed
from the oocytes by exposure to 0.04% collagenase Type XI
(Sigma Chemical Co), 20 UI/ml hyaluronidase and 10mg/ml
proteinase K (Sigma Chemical Co) in Ringer’s solution. The
oocytes were homogenized in 25 mM HEPES buffer pH 7.5
containing 900 mM glycerol, 0.02 mM NaN3, 1 mM ATP,
1 mM DTT, 5 mM EGTA 1% SDS and protease inhibitors
(2 mM TAME, 5 mg/ml SBTI, 5mg/ml aprotinin and 10mM
E64, Sigma Chemical Co). Uterine eggs were homogenized
following removal of the jelly coats. After centrifugation at
15,000g for 40 min, the supernatant protein concentration of
the eggs or oocytes was determined using the BCA protein
assay reagent (Pierce, Rockford, IL). Following mixing of
the protein with sample buffer and heating at 90�C, aliquots
of 40–80mg were analyzed on a SDS–PAGE 5–10% poly-
acrylamide gels under non-reducing conditions using stan-
dard Tris–glycine buffer and utilizing molecular mass
standards (200, 116, 97, 45, 31, 21,14 kDa; Bio-Rad, Her-
cules, CA). Proteins were detected by Coomassie or silver
staining.

Western blotting on a nitrocellulose membrane was
performed as in Maturi et al. (1998). The nitrocellulose
membrane was incubated with an antiserum directed
against Triturus carnifex VTG (anti-TcVTG, 1:500 dilution,
v/v; Mosconi et al., 1998) pre-absorbed with D. pictus
serum, followed by incubation with alkaline phosphatase-
conjugated anti-rabbit IgGs. In control experiments, incu-
bation with the primary antibody was omitted or substituted
with pre-immune rabbit serum incubation.

N-Terminal Analysis
Following SDS–PAGE in non-reducing conditions, sam-

ples of gps 200, 260, and 270 were blotted onto a PVDF
membrane (Millipore, Bedford, MA). The transfer buffer
contained CAPS 3-(cyclohexylamino)-1-propanesulfonic
acid 10 mM pH 11 and 10% methanol in MilliQ water. The
PVDF membranes were stained with Coomassie blue, de-
stained with methanol and washed extensively in MilliQ
water. The bands of interest were directly loaded onto a
Procise 492 automated protein sequencer (Applied Biosys-
tems, Foster City, CA). Additionally, 7–8 bands of gp 200 or
gps 270/260 were excised from the gels and charged onto
a new gel under non-reducing conditions (gel-into-gel
experiments). A 120-kDa polypeptide band was recovered
and blotted, and the N-terminal analysis was performed as
described.

Matrix-Assisted Laser Desorption Ionization Mass
Spectrometry (MALDI/MS) and Liquid
Chromatography Tandem Mass Spectrometry
(LC-MSMS) Analyses

Selected protein bands stained with Coomassie were
excised from the gels of egg lysates or of gel-into-gel
samples. The bands were digested and analyzed as de-
scribed in the supplementary data of Zito et al. (2007).
MALDI mass spectra were recorded on an Applied Biosys-
tem Voyager DE-PRO mass spectrometer equipped with a
reflectron analyzer used in delayed extraction mode. The

peptide mixture of the 117-kDa band was also analyzed by
LC-MSMS using the LC/MSD Trap XCT Ultra (Agilent
Technologies, Palo Alto, CA) equipped with an 1100 HPLC
system and a chip cube (Agilent Technologies) (for more
details see Zito et al., 2007).

In Vitro Sperm-Binding Assay
The eluted proteins were adsorbed on 300–400mm

polystyrene beads according to the supplier’s instructions
(Polysciences, Warrington, PA), utilizing 0.1 M borate buff-
er, pH 8.5. About 800 beads were used for each adsorption
experiment. Equimolar amounts of electroeluted glycopro-
teins or BSA were used. Glycoproteins eluted in five
separate sets of elution were utilized for adsorption. We
used a specific assay developed to estimate sperm–egg
binding, as thoroughly described in Maturi et al. (1998).

VTG Extraction
VTG was recovered from the blood of ovariectomized

females or from males upon injection with b-estradiol (40mg
for 1 g body weight). For extraction of VTG from serum, the
method of Wiley and Wallace (1978) was used. For phos-
vitin extraction from egg lysates, the procedure of Burley
and Cook (1961) was applied following lysis of yolk plate-
lets. Precipitation by (NH4)2SO4, followed by centrifugation
at 12 500 g and pellet suspension in Tris–HCl 0.05 M was
used for separation and recovery of lipovitellin and phosvitin
(Limatola et al., 2001).

Immunofluorescence and Electron Microscopy
For whole-mount staining, D. pictus coelomic oocytes

and dejellied unfertilized and fertilized eggs were fixed for
1 hr in 4% formaldehyde at 4�C and stored in 100% MeOH at
�20�C. For immunofluorescence experiments, 8-mm-thick
frozen sections of samples embedded in Killik (Bio Optica,
Milan, Italy) were obtained. Non-specific background stain-
ing was blocked by incubating the samples in PBS contain-
ing 3% normal goat serum, 0.5% BSA, and 0.1% Triton. The
samples were then exposed overnight at 4�C to anti-TcVTG
antiserum (1/300, v/v) pre-absorbed with D. pictus serum,
followed by anti-rabbit goat IgG conjugated with BODIPY FL
(Invitrogen Molecular Probes, Carlsbad, CA); 0.5% BSA
and 0.1% Tween were added to both primary and second-
ary antibodies. For whole-mount samples, UEA-I conjugat-
ed to fluorescein was also used together with specificity
controls (Maturi et al., 1998). The samples were then
observed and photographed under a Leica MZ 16F UV
stereomicroscope. After mounting in PBS/glycerol (9:1, v/v)
the sections were photographed under a Zeiss UV Axioskop
microscope equipped with a Progress 3800 color video
camera and KS300 image analysis software. For electron
microscopy, samples were fixed and embedded in Epon
812 as in Talevi et al. (1985) with omission of OsO4. Thin
sections were collected onto copper grids and deplasticized
(Jeffrey and Goodsir, 1996) to optimize antibody penetra-
tion into the tissue. Anti-TcVTG antibodies pre-absorbed
with D. pictus serum were used for incubating the sections
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at the dilution of 1:300 (v/v) in 0.1% BSA containing TBS.
The secondary antibody was anti-rabbit IgG conjugated
with 10-nm colloidal gold.
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The calcium and ER story

This story also started in the Department of Zoology, Ann Arbor, Mich-
igan, between 1966 and 1968. I was following a class in Physiology of the Cell 
and became quite interested in ionic exchange occurring in the cells, when 
activated. While working on nicotine-induced-polyspermy in Rana pipiens 
eggs, I started to suspect that nicotine was altering the fertilization potential 
of the egg, thus making the egg polyspermic. About ten years later Laurinda 
Jaffe demonstrated that in sea urchins the change in the fertilization poten-
tial caused by the penetrating sperm impedes the penetration of other sper-
matozoa. However, my main ‘love’ was Ca2+. In the University Library I 
found some publications by L.V. Heilbrunn who, before the Second War, pi-
oneered theories about the role of the calcium increase in many cell events, 
including fertilization. His fervour in describing or making conjectures led 
me even to dream about this event at fertilization. Sometimes  I had the im-
pression to be… within the cell and see the dramatic changes in the gel/sol 
status caused by this ion.

Much of the following story is linked to Alberto Monroy. Together with 
Albert Tyler, Alberto was one of the first to explore fertilization potential. 
Through this paper and Alberto’s book: “Chemistry and Physiology of fer-
tilization”, that was lying on George Nace’s desk, I got to know this Italian 
scientist who was considered one of the foremost scholars in the field of ferti-
lization. I met Alberto and Anna Monroy, as well as Giovanni and Anna Giu-
dice, in Woods Hole, in 1967. I have very pleasant memories about that stay, 
as Alberto and Anna, Giovanni and Anna were quite informal and friendly 
to me in a way I had never experienced with senior professors in Italy. 

I returned to Naples in 1968. About one or two years later Alberto found-
ed the L.E.M. in Naples and together with Suzanne became interested in the 
Xenopus egg activation reaction. He asked me to do some ultrastructural stud-
ies on the Xenopus egg before and after fertilization. Piero and I performed 
that work. I used to watch the micrographs very carefully and I kept on think-
ing: “how can the cortical granules be extruded following the command of 
sperm entry?” Suddenly, the penny dropped: the cortical granules were sur-
rounded by an endoplasmic reticulum that was forming an interconnected 
cisternae system in the cortex and in the deeper peripheral cytoplasm where 
whorls of cisternae are located. Following fertilization, the granules are exo-
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cytozed and, interestingly, the cisternae change their arrangement drastical-
ly. It was clear to me that the ER was a reservoir of calcium, as the sarcoplas-
mic reticulum, and that sperm activation was producing calcium release from 
the ER, thus making CG exocytosis occur. I ran immediately to Piero and to 
Gianfranco Ghiara to tell them about this hypothesis. 

Months later, while sitting at his desk at the A. Dohrn Marine Biology Sta-
tion, Alberto informed me of a coming meeting on fertilization organised by 
David Epel at La Jolla, California. I believe my face turned almost apoplectic 
with enthusiasm when he told me. To my delight, Gianfranco Ghiara, Alber-
to, and David suggested I went to the conference! It was one of the most im-
portant and exciting events in my scientific life. 

At La Jolla, I met all the scientists whose papers I was familiar with. I 
could not believe that they were all there! Garth L. Nicholson (who had re-
cently authored with S. J. Singer the plasma membrane fluid mosaic model) 
was chairing the final session. He made several concluding remarks and chal-
lenged the audience with important questions. He asked whether anybody 
guessed what made the cortical granules exocytoze at fertilization. I stood up. 
He invited me to talk, while Alberto, who was sitting next to me, was star-
ing at me both puzzled and concerned. I drew on the blackboard the model I 
had in mind, while the audience fell completely silent. When I finished, they 
were all enthusiastic and full of questions. 

 
The paper on the endoplasmic reticulum as source of calcium was pub-

lished in 1977. At that time I was working in Giulio Gabbiani’s lab in Geneva. 
Alberto told me that at that year’s Gordon Conference the topic of the ER as a 
source of calcium in the eggs was the most popular subject of discussion and 
people were asking him why Piero and I were not there. Later in the years 
Piero and I showed that in the oocytes the cortical granules become able to re-
spond to activation by pricking when the ER starts to surround them. Histo-
chemistry quite clearly indicated that calcium is gradually released from the 
ER on the arrival of the activation stimulus. I showed these data at a meeting 
in the gorgeous medieval town of Gargonza organized by Émile Baulieu and 
the Gotha of the calcium-reticulum story (1981). In the concluding remarks 
Baulieu mentioned our work as one of the most important paper presented 
in that meeting.

Similar results were obtained for D. pictus ER at activation in the work 
performed by Roberto Gualtieri and Piero. Next, I had the idea to replicate 
Masui’s classical experiment in producing layered Xenopus eggs by mild cen-
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Fig. 16. 1981. Gargonza meeting on Calcium. Yoshio Masui, Michael Whitaker, David Epel, 
Marc Moreau, Paul Guerrier, K.S.R. Cutbertson, Gregorio Siracusa, Michael Berridge, Emile 
Baulieu, Sabine Shorderet-Slatkin, Drs. Allende, Massimo De Felici, Franco Mangia, Jim 
Maller and many others.

Fig. 17. 1984. Participants of the meeting organized by Jerry Hedrick at Davis. Among them, 
from left Chiaki Katagiri, Dora Miceli, Alberto Monroy, Jerry. I was the photographer.
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Fig. 18. During my presentation at the Davis 
meeting. I was talking about endoplasmic 
reticulum in Xenopus and in Discoglossus 
eggs.

trifugation. Riccardo and I found the layer full of ER. Measures of calcium re-
lease were started in that layer by Bill Busa. This work was later reproduced 
and published by Rich Nuccitelli and co-workers. 

All in all, a tremendous amount of research on the relationship between 
calcium and the ER took place at the end of the 1970s.
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Our work on oocytes

Gianfranco Ghiara’s group in Naples was working on the relationship 
between follicle cells and oocytes. My degree thesis, tutored by Carlo Taddei, 
was on cortical granules in the oocytes of Mediterranean amphibians. Much 
later in the years, several papers of my research group started with analyses 
related to the oocyte, to be then compared to unfertilized and fertilized eggs. 
However, we also worked on issues related to oogenesis per se. The study of 
the cytoskeleton and of the electrical properties of the D. pictus egg brought 
our attention to spectrin, because of its properties in retaining ionic channels 
and/or receptors in the plasma membrane. 

In a paper closely related to her PhD thesis in 1997, and keen to discover 
where spectrin is located in the oocytes of X. laevis, Rosa Carotenuto found 
that its localization is not only cytoplasmic, but nuclear as it surrounds the 
numerous nucleoli of the growing oocytes. The study was then extended to 
the expression of spectrin mRNA during Xenopus oogenesis, and showed that 
the mRNA and the protein have a stage-specific asymmetric localisation in the 
oocyte and in the egg where it is found at the animal half, the region where 
sperm may penetrate the Xenopus egg. A significant contribution to this work 
was made by Carmen Vaccaro. 

These results suggested that, in our system, spectrin is strongly related to 
cell polarization. At that time, because of my lectures in Developmental Bi-
ology, I studied the fascinating role that gurken has in eliciting microtubule 
polarization in Drosophila. Xenopus at stage III of oogenesis has a comparable 
microtubule reorganization, hence I supposed that a gurken–like molecule 
was similarly present in Xenopus. Trudy Schüpbach kindly sent us anti-gurk-
en antibodies. Guided by Franco Graziani and Carla Malva in their IGB lab-
oratory, Carmen screened a Xenopus library using that antibody and found 
colonies positive to it. However, the molecule reactive with anti-gurken was 
indeed XNOA 36 that does not share sequences longer than 5aa with gurk-
en. When Carmen presented her interesting thesis, I was overwhelmed by 
deep-seated emotion. It was the first time that in our lab a research into mo-
lecular biology has been carried out. Much of Carmen’s PhD thesis and later 
her post-doc work aimed to throw more light on Xenopus oocyte polarization 
and to understand whether XNOA 36 is involved in oocyte polarization. In-
deed, its RNA distribution coincides with that of spectrin protein and bisects 
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X. laevis stage I oocytes along the future A/V axis. XNOA 36 is also located 
in the METRO region of the mitochondrial cloud. Therefore it is released in 
the cortex of the vegetal pole, upon the arrival of the mitochondrial cloud, 
where it potentially interacts with γ-tubulin. Although not proved, it may be 
hypothesized that XNOA 36, which interacts with centromeres in mamma-
lian cells, is part of the mechanism that provides microtubule reorganisation 
in Xenopus oocytes.

Fig. 19. 2001. Capri, at the ABCD meeting Regolazione dello sviluppo conducted by G. Tocco 
and myself and organized by Carmen. From left: Irma Nardi, Roberto Perris, Michela Ori, 
Nadia De Marco, Riccardo Focarelli, Carmen, Mariangela Caputo. 



INTRODUCTION

Spectrin has a strategic position and role related to plasma
membrane structural organisation in erythrocytes, as well as in
other cells. It is made of two distinct α and β subunits which
are cross-linked by filamentous actin and other proteins to form
an extensive filamentous meshwork. On the other hand, they
are associated with membrane proteins, thus maintaining
membrane structural integrity and generating distinct
membrane protein domains (for a review, see Bennet, 1990).
Moreover, spectrin is also associated with the membrane of
organelles such as exocytotic vesicles (Hirowaka et al., 1983;
Fishkind et al., 1990) or with electron-dense cytoplasmic islets
(Black et al., 1988). More recently, a β spectrin homologue
(βIΣ*) has been found to be associated with the Golgi
apparatus (Beck et al., 1994; Devarajan et al., 1996). The
family of spectrin-like molecules appears to be composed of
complex and articulated isoforms, each bearing a specific
location and function in the cell (see Morrow et al., 1991). In
amphibian eggs, a spectrin-like dimer of 254/239 kDa is
localised in the cortex, whereas another spectrin-like dimer of

254/225 kDa is present in the subcortical cytoplasm (Tatone et
al., 1993; Carotenuto et al., 1994, and unpublished results). 

Little is known of the occurrence of spectrin in the nucleus.
The large germinal vesicle (GV) of amphibian oocytes is a
suitable system for studying nuclear components because of
ease in manipulation and abundance of some of its constituents.
In a previous study, we showed that the GV of Discoglossus
pictus oocytes was immunologically stained by antibodies
against brain spectrin. The fluorescence depicted in frozen his-
tological sections was spot-like and appeared to be randomly
distributed in the nuclear matrix (Campanella et al., 1990; for
similar results in Xenopus GV see Ryabova et al., 1994). The
data were preliminary, since immunolocalisation could not be
ascribed to any precise structure and, furthermore, biochemi-
cal studies to identify cross-reactive molecules were not carried
out. To date, the presence of spectrin in the nucleus of other
systems, although suggested, has not yet been fully investi-
gated. Contrary to spectrin, other cytoskeletal proteins such as
actin and myosin have been described in the nuclei of germinal
and somatic cells (for a review, see De Boni, 1994) where they
may constitute aggregates, as it has recently been demonstrated
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Cytoskeletal proteins such as actin and myosin are
important constituents of the nucleoplasm. Spectrin is an
actin binding protein typically related to plasma
membrane; recently, it has been found that it is widespread
and forms distinct membrane protein domains in such
organelles as the Golgi. In this paper, the large germinal
vesicle of amphibian oocytes was chosen as a particularly
suitable system to investigate the presence and location of
spectrin in the nucleus. We manually isolated the germinal
vesicles of both Discoglossus pictus and Xenopus laevis
oocytes, and processed them for SDS-PAGE, immunoblot-
ting and immunoprecipitation. By the use of an antibody
against the general form of brain β spectrin (βIIΣ1) and of
an anti-α brain spectrin (αIIΣ*), a band of 230 kDa was
identified as a nuclear spectrin-like molecule. Moreover the
230 kDa protein was extracted from the nuclei by 1 M KCl,
similarly to spectrin in other systems. In oocyte sections
and nuclear spreads incubated with anti-αIIΣ* and/or anti-

βIIΣ1 antibodies, the immunostain was localised in the
nucleoplasm and in the outer shell of the round bodies
abundantly present in the germinal vesicle. Sections of the
same oocytes, stained with a monoclonal antibody against
nucleolar fibrillarin and anti-αIIΣ*, showed co-localisation
of the two antibodies. It was concluded that, in the germinal
vesicle of amphibian oocytes, a spectrin-like molecule is a
part of the outer shell of nucleoli. It is hypothesised that
spectrin, together with actin, might be instrumental in
keeping nucleoli attached to the inner nuclear membrane,
as nucleoli migrate during oogenesis to the inner aspect of
the nuclear envelope, where they are stably kept until the
end of their growth. Furthermore, these results strongly
suggest that the 230 kDa band might comprise both an α
and a β chain of the same apparent molecular mass, thus
constituting a novel form of a spectrin-like molecule. 

Key words: Spectrin, Germinal vesicle, Nucleolus
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by confocal immunocytochemistry and ultrastructural
immunolocalisation (Milankov et al., 1991). Furthermore,
protein 4.1, that in erythrocytes stabilises the complex between
spectrin and actin and anchors them to the plasma membrane
through interactions with integral membrane proteins, has been
detected in the nucleus of human cells (Wald Krauss et al.,
1997). Despite the numerous biochemical and immunological
studies of cytoskeletal proteins, much work is still needed for
understanding their role in the nucleus.

The aim of the present study was to determine which GV
constituent of amphibian oocytes is labelled by anti-brain
spectrin antibodies and to identify the cross-reacting protein.
We depicted a spectrin-like molecule in nuclear preparations,
by utilising antibodies against α or β isoforms (αIIΣ* and
βIIΣ1, respectively, according to recent nomenclature, see
Malchiodi Albedi et al., 1993; Winkelman and Forget, 1993;
Devarajan et al., 1996). The immunostain was localised in the
GV and in particular in the multiple nucleoli, typically present
in growing amphibian oocytes. In this regard, a novel protein
of about 230 kDa was identified by immunoblotting and
immunoprecipitation in the GV of both Discoglossus pictus
and Xenopus laevis oocytes.

MATERIALS AND METHODS

Animals and samples
Adult Discoglossus pictus (painted frog) females were captured in the
neighbourhood of Palermo (Italy). Adult Xenopus laevis specimens
were obtained from ‘Rettili’ (Varese, Italy). 

Groups of oocytes at various stages of oogenesis were excised from
the ovaries of females anaesthetised with MS222 and processed for
immunocytochemistry or biochemistry.

Antibodies
Rabbit polyclonal antibody against the general form of brain β
spectrin (βIIΣ1) was a gift from Dr J. Morrow (Department of
Pathology, Yale University School of Medicine, New Haven CT,
USA) (see also Malchiodi-Albedi et al., 1993). The IgG fraction of

the antiserum was purified by a Protein A-Tris-acryl (Sigma Chemical
Co.) column. Following dialysis in PBS, the purified antibodies were
used at varying concentrations (100 µg/ml for immunofluorescence;
1 µg/ml for electrophoresis, immunoblotting and immunoprecipita-
tion).

Rabbit polyclonal antibody against bovine brain α spectrin (αIIΣ*)
was similarly affinity purified (Di Stasi et al., 1991) and utilised. This
antibody recognises both erythroid and non-erythroid α spectrin and,
to a lesser extent, erythroid β spectrin.

A mouse monoclonal antibody against fibrillarin (17C12; Hultman
et al., 1994) was a gift from Dr K. M. Pollard (Department of
Molecular and Experimental Medicine, the Scripps Research Institute,
La Jolla, CA, USA). Fibrillarin is a protein typical of nucleoli (Ochs
et al., 1985). 17C12 specifically stains somatic and oocyte nucleoli of
Xenopus laevis, whereas it fails to stain spheres (Wu et al., 1993; Gall
et al., 1995).

Electrophoresis and immunoblotting
GVs of D. pictus or X. laevis were obtained by gently squeezing the
oocyte with watchmaker’s forceps and collected in 20 mM Tris-HCl,
pH 7.5, containing 2 mM MgCl2, 75 mM KCl, 0.05 mM PVP, 1 mM
DTT at 4°C (see Clark and Merriam, 1977). After several rinses in
the same buffer without PVP, a cocktail of protease inhibitors (0.5
mM PMSF, 2 mMTAME, 5 µg/ml SBTI, 5 µg/ml aprotinin, 25 µg/ml
leupeptin) was added to the last rinse. The nuclei were homogenised
and boiled for 3 minutes in sample buffer containing 50 mM Tris-
HCl, pH 6.8, 69 mM SDS, 0.028 mM Bromphenol Blue, 1 mM DTT.
Aliquots of 50 GVs were submitted to SDS 7.5% or 5% polyacryl-
amide gel electrophoresis (Laemmli, 1970), using human erythrocyte
ghost preparations and high molecular mass proteins (Sigma
Chemical Co.) as molecular mass standards. In some experiments, 100
Gvs were homogenised in homogenisation buffer containing 1 M KCl
and centrifuged at 14,000 g. The supernatant was lyophilised after
dialysis against 2 mM Tris-HCl, pH 7.4. Equal volumes of the high
salt soluble and insoluble extracts were analysed by SDS-PAGE.

The gels were stained with 0.1% Coomassie Brilliant Blue or silver.
Part of the samples was transferred electrophoretically to nitrocellu-
lose paper (NC) (Towbin et al., 1979) overnight at 400 mA in a cooling
chamber. The efficiency of the transfer was evaluated by staining the
NC with Ponceau S and the corresponding gel with Coomassie
Brilliant Blue. The NC sheets were then incubated with 5% fat-free

R. Carotenuto and others

Fig. 1. Samples of oocyte
GVs and human erythrocyte
ghosts were analysed on 5%
SDS-PAGE and stained with
Coomassie Blue or
transferred to nitrocellulose
membrane. (A) Gels stained
with 1% Coomassie Blue.
Molecular mass standards are
indicated on the left. Lane a,
total GV preparation. The
arrow points to a faint
molecule of about 230 kDa.
Lane b, 240 and 220 kDa
bands are indicated,
corresponding to α and β
erythroid spectrin subunits in
human erythrocyte ghosts.
(B) GV extracted in 1 M KCl
containing buffer. Lane a, soluble extract. The 230 kDa band is indicated. Lane b, pellet; the band is undetectable. Lane c, erythrocyte ghosts.
(C) Western blot with anti-βIIΣ1 spectrin antibodies showing the immunoreactivity of the GV 230 kDa band and of the spectrin β chain (arrow
in a), as control. Lane a, erythrocyte ghosts. Lane b, GV. (D) Western blot with anti-αIIΣ* incubation. Lane a, the 230 kDa band is
immunoreactive. Lane b, in human erythrocyte ghosts the spectrin α chain is reactive, while the β spectrin subunit is only slightly positive
(arrowhead).
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milk (Milupa, Verona, Italy) to saturate additional protein binding sites,
rinsed in saline and incubated with antibodies or antisera. Human ery-
throcyte ghosts were used as controls; the erythroid β chain and
partially the erythroid β chain were recognised by anti-αIIΣ*, while
with anti-βIIΣ1 only the β-chain was clearly cross-reacting (see Fig.
1). Antibody binding was detected by anti-rabbit IgG, raised in goat
and conjugated to alkaline phosphatase, using the Protoblot Immuno-
screening system (Promega, Madison, USA).

Immunoprecipitation 
Aliquots of 50 GVs, prepared as for SDS-PAGE, were homogenised in
buffers containing the cocktail of protease inhibitors previously
described. Buffer A (40 mM Tris-HCl, pH 8.8, containing 1 M NaCl,
20 mM Na-pyrophosphate, 40 mM NaF, Triton X-100, 2 mM MgCl2, 5
mM EGTA and 4 mM EDTA) was mixed with buffer B (20 mM Hepes-
NaOH Buffer, pH 6.8, containing 0.5 M NaCl, 10 mM Na-pyrophos-
phate, 20 mM NaF, 1% Triton X-100, 1 mM MgCl2 2.5 mM EGTA, 2
mM EDTA), as previously described (Malchiodi-Albedi et al., 1993)
under nondenaturating conditions. Following homogenisation and cen-
trifugation at 13,000 g the supernatant was: (1) incubated with 20 µl of
rabbit IgG (1 mg/ml) in order to precipitate possible aspecifically binding
proteins; (2) incubated with 20 µl of Protein A-Tris-acryl (Sigma
Chemical, Co.) for a minimum of 1 hour at 4°C; (3) centrifuged; (4)
incubated overnight at 4°C with 20 µl of anti-βIIΣ1 spectrin (1 mg/ml);
then (5) centrifuged. The pellet was first washed several times in PBS,
then treated with 50 mM Tris-HCl, pH 7.4, and eventually boiled in
sample buffer. After centrifugation, the supernatant was submitted to
SDS-PAGE and immunoblotting with anti-βIIΣ1 spectrin antibody. 

Immunofluorescence
Preparation of samples
D. pictus GVs, obtained as previously indicated, were cleaned from
residual cytoplasm in 20 mM KCl and 20 mM NaCl at 4°C (medium
A) and transferred into a small chamber glued on a histological slide.
The GVs were then deprived of the nuclear envelope in 2% formalin
in medium A and stored at 4°C. Nucleoli and lampbrush chromo-
somes settled on the bottom of the chamber in the following two or
three days. The samples were allowed to dry before processing them
for immunofluorescence.

X. laevis and D. pictus oocytes (stages I to VI) were fixed in 2%
formaldehyde, prepared from paraformaldehyde and diluted in PBS,
for 1 hour at 4°C. Following rinses in PBS, the oocytes were
embedded in Tissue-tek O.C.T. compound (Miles Inc. Elkart Ind.
USA), frozen in liquid nitrogen and sectioned with a Jung Frigocut
2800 N cryostat at the thickness of 6 µm. The sections were dried
before incubation with antibodies.

Immunofluorescent staining 
Following several rinses in 10 mM Tris-HCl, pH 7.4, the contents of
D. pictus GVs was exposed in sequence to: (1) 10 mM Tris-HCl, pH
7.4, containing 1% BSA, 0.3% Triton X-100, 1% gelatin, 0.02 M
glycine, 5% NaCl; (2) antibody or rabbit IgG as controls (Sigma
Chemical Co.); (3) rinses in Tris-HCl; (4) fluorescein-conjugated IgG
fraction to rabbit IgG (Sigma Chemical Co.) containing 10% D. pictus
serum; (5) rinses in Tris-HCl. The chamber was sealed with a
coverslip.

Frozen sections from D. pictus or X. laevis oocytes were similarly
incubated through steps 1, 2 and 3 and exposed to anti-αIIΣ* or anti-
βIIΣ1 antibody, then to fluorescein-conjugated IgG fraction to rabbit
IgG. Frozen sections exposed to anti-fibrillarin were incubated with
fluorescein-conjugated IgG fraction to mouse IgG (Sigma Chemical
Co.). Double incubation with anti-brain spectrin antibodies and anti-
fibrillarin followed by FITC anti-rabbit and TRITC anti-mouse IgG
was assayed but not utilised, because it resulted in a strong attenua-
tion of fluorescence.

To check the specificity of antibody staining, frozen sections were
incubated with anti-αIIΣ* antibody preabsorbed with human erythro-

cyte α and β spectrin. Human erythrocyte ghost extracts were
separated on 5% SDS-PAGE and transferred onto NC. The area of
nitrocellulose containing the α and β spectrin bands was cut and the
NC strips were used to inhibit antibody reactivity. 

The sections were eventually mounted in 90% glycerol in PBS con-
taining 0.1% p-phenylenediamine. The level of fluorescence derived
from incubation with polyclonal antibodies was compared with that
in control nuclei or sections treated in parallel with rabbit γ globulins
(Sigma Chemical, Co). For the sections exposed to the preabsorbed
antibodies, the level of fluorescence was compared with that of
sections treated in parallel with unabsorbed anti-αIIΣ* antibodies.
The immunofluorescence was specific in all the examined samples.

The samples were observed using a Leitz photomicroscope
equipped for epifluorescence. Photographs were taken using an
Ektachrome 800-1600.

RESULTS

Electrophoresis, immunoblotting and
immunoprecipitation
A band of 230 kDa cross-reacting with anti-brain
spectrin antibody is depicted in the GV
Fig. 1 shows the electrophoretic fractionation of Discoglossus
GV total proteins. A faint band was present with an apparent
molecular mass of about 230 kDa (Fig. 1A, arrow) when
compared to α and β subunits of human erythrocyte spectrin
(220 and 240 kDa) (Fig. 1A). Following extraction in 1 M KCl,
the 230 kDa band was highly enriched in the supernatant (Fig.
1B,a) and barely detectable in the pellet (Fig. 1B,b).

After transfer of the separated proteins onto NC, the 230 kDa
band was stained by both anti-βIIΣ1 (Fig. 1C,b) and anti-αIIΣ*
antibodies (Fig. 1D,a).

Aliquots of 50 D. pictus GVs were used to precipitate the
230 kDa protein with antibodies against β spectrin subunit. The
experimental conditions used have previously been shown to
preserve the association between α and β subunits (Malchiodi-
Albedi et al., 1993). The immunoprecipitate pellet was loaded
into two wells of a 5% SDS-PAGE gel and, following elec-
trophoresis, one of the two lanes was transferred onto NC and
incubated with anti-βIIΣ1 antibody (Fig. 2). The second lane

Fig. 2. GV immunoprecipitation with anti-βIIΣ1 antibody. Lane a,
immunoblots of the immunoprecipitate transferred onto NC and
exposed to anti-βIIΣ1 antibody. The 230 kDa protein is indicated by
the arrow. Lane b, human ghost erythrocyte incubated with the same
antibody; β spectrin is immunoreactive. 
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was stained with Coomassie Brilliant Blue (not shown). The
230 kDa band was present in the immunoprecipitate (Fig. 2a).
Other low molecular mass bands were also present. This can
be explained by considering that the nondenaturating con-
ditions of the procedure supposedly fails to separate the 230
kDa from other complexing proteins. 

Immunofluorescence
Anti-β spectrin stains round bodies located in the GV 
Frozen sections of D. pictus oocytes incubated with affinity
purified anti-βIIΣ1 antibody revealed a fluorescence in the GVs
of both previtellogenic and vitellogenic oocytes. In oocytes at
an early stage of vitellogenesis (about 300 µm in diameter),
fluorescence was evident in the nucleoplasm, and appeared to

surround round bodies therein present as a more evident rim of
fluorescence (Fig. 3a,b). In Fig. 3b, some of these bodies are
tangentially and others longitudinally sectioned. In the former
case (double arrows), the immunostain covers the entire round
body, in the latter case only its periphery is stained, the central
core remaining unstained. Moreover, the immunostain is
present on the nuclear envelope (Fig. 3a), as well as in the
oocyte cortex and in the surrounding ovarian tissue. Fig. 3c is
a control section incubated with non immune rabbit IgG.

In oocytes at more advanced stages of vitellogenesis, the
βIIΣ1 staining was visible as a fluorescent rim around the
round bodies, while it was less evident in the surrounding
nucleoplasm (data not shown). 

The GV content spread on histological slides was constituted
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Fig. 3. (A-C) Immunofluorescence of
frozen sections of D. pictus oocytes at an
early stage of vitellogenesis (about 320 µm
in diameter). (A,B) Anti-βIIΣ1 antibody
incubation. (A) The immunostain is present
in the cortex and in the surrounding ovarian
tissue (arrow). Furthermore, the
fluorescence is located in the GV content,
particularly surrounding dark spherical
organelles. The nuclear envelope is
immunoreactive (double small arrows).
×310. (B) The GV matrix is fluorescent.
Round bodies are surrounded by a rim of
immunostain (arrows), or fully stained,
when tangentially sectioned (double
arrows) ×500. (C) Control section
incubated with rabbit IgG. Immunostain is
absent. ×500. (D) GV Ipreparation spread
on a microslide and incubated with anti-
βIIΣ1 antibody. Immunostain is present on
the numerous round bodies. ×500.
(E) Fluorescence is located around these
bodies. ×500. (F) Control GV preparation.
Immunostain is absent. ×500. Bars: 50 µm
(A,B); 20 µm (C-F).
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predominantly by lampbrush chromosomes, nucleoli, B-snur-
posomes and spheres. Upon incubation with anti-βIIΣ1
antibody, round bodies 8-10 µm in diameter were specifically
stained (Fig. 3d,e). Fig. 3f is a control GV preparation incubated
with non immune rabbit IgG. The immunostain covered the
whole bodies (Fig. 3d), but, in some nuclear preparations, it
could be appreciated that the cross-reactivity was located at the
periphery of the bodies (Fig. 3e). Therefore, spectrin appears to
be a part of the outer shell of the GV round bodies.

The round bodies surrounded by spectrin appear to
coincide with the nucleoli: anti-αIIΣ* and anti-fibrillarin
immunocytochemistry
Oocyte frozen sections were incubated with anti-αIIΣ* or fib-

rillarin (Fig. 4). It was found that anti-αIIΣ* recognizes the
nuclear content similarly to anti-βIIΣ1 (Fig. 4a). Fig. 4a depicts
an oocyte at the onset of vitellogenesis; fluorescence surrounds
the round bodies scattered in the whole GV. Anti-fibrillarin was
used on a similar section with the aim of detecting nucleoli
among other spherical organelles present in the GV. The
immunostain depicted a rim around the nucleoli and, to a lesser
extent, was also present in the nucleoplasm (Fig. 4b). Fig. 4c,d
are control sections for the anti-αIIΣ* antibodies indicating
that the immunostain was abolished by preincubating anti-
αIIΣ* antibodies with human α and β erythroid spectrin.

In order to determine whether the round bodies surrounded
by spectrin are nucleoli, serial sections of ovarian oocytes were
incubated in an alternating sequence with anti-α spectrin or

Fig. 4. Frozen sections of D.
pictus oocytes at early stages of
oogenesis. (A) Section of an
oocyte of about 300 µm
incubated with anti-αIIΣ*. The
arrows indicate the rim of
immunostain surrounding the
round bodies. ×310; (B)
Incubation with anti-fibrillarin.
Immunostain surrounds spherical
bodies thus identified as nucleoli
(arrows). ×310. (C) Control
section exposed to anti-αIIΣ*
preabsorbed with erythroid α
and β spectrin; the immunostain
is absent. (D) Light microscopy
of the same section as in B. The
round bodies are indicated
(arrows). The section is lightly
stained by p-phenylenediamine
present in the glycerol-PBS
mixture. ×310. (E,F) Serial
sections of the same GV from a
500 µm oocyte. (E) Incubated
with anti-αIIΣ* antibody; (F)
incubated with anti-fibrillarin.
Corresponding labels (arrow,
double small arrows, star, small
arrow) indicate the same nucleoli
immunostained by both
antibodies. ×500. Bars: 50 µm
(A-C); 20 µm (E,F).
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anti-fibrillarin. Fig. 4e and f are sections of the same GV
stained with anti-α spectrin (Fig. 4e) or with anti-fibrillarin
(Fig. 4f). The two immunostains were localised in the same
organelles, i.e. the nucleoli, thus indicating that spectrin is part
of the nucleoli periphery. 

Immunoblots and immunofluorescence in X. laevis
The GV 230 kDa band cross-reacts with anti-β spectrin,
and immunocytochemistry is localised in the nucleoli of
Xenopus oocytes
As for D. pictus oocytes, a protein of about 230 kDa, present

in the GV homogenate, cross-reacted with anti-βIIΣ1 anti-
bodies following separation through SDS-PAGE and transfer
to NC (Fig. 5). 

X. laevis frozen sections of oocytes at various stages of
oogenesis were incubated with anti-spectrin antibodies. Fig. 6a
and b show the specific cross-reactivity with anti-β spectrin. At
the oocyte periphery, both cortex and the surrounding ovarian
tissue were immunostained. In the GV, fluorescence was present
in the nucleoplasm and surrounded the round bodies (Fig. 6a,b).
As for D. pictus oocytes, the nucleoplasm staining was partic-
ularly intense in oocytes at early stages of vitellogenesis.

In the GV, serial sections of the same oocyte incubated with
anti-αIIΣ* spectrin (Fig. 6c) or with anti-fibrillarin (Fig. 6d),
showed an identical pattern of fluorescence at the nucleoli
periphery. 

DISCUSSION

In amphibian oocytes, cross-reactivity to anti-spectrin antibodies
was detected in the nucleoplasm and in the outer shell of the GV
round bodies. The protein responsible for such cross-reactivity
was identified as a 230 kDa protein by immunoprecipitation and
immunoblotting of isolated nuclei. Immunostaining with anti-
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Fig. 5. Xenopus laevis GV preparation (lane b) and human
erythrocyte ghost (lane a) after western blot with anti-βIIΣ1
antibody. Lane a, immunoreactivity at the 220 kDa β spectrin. Lane
b, the GV preparation shows immunoreactivity of the 230 kDa band.
Lane c, SDS-PAGE of the GV preparation stained with silver stain.
The 230 kDa band is indicated.

Fig. 6. Frozen oocyte sections of X. laevis. (A) A
350 µm oocyte section incubated with anti-βIIΣ1
spectrin. Immunostain is in the ovarian tissue in
the GV content and surrounds nucleoli (arrows).
×310. (B) Control section incubated with a
fraction of rabbit IgG, showing a slight
background of positivity. ×310. (C) A 450 µm
oocyte section incubated with anti-
αIIΣ*spectrin. In the GV, several nucleoli, as
recognised by the corresponding staining with
anti-fibrillarin (D), are immunostained.
(D) Corresponding labels of C,D (arrows, stars,
small arrow) indicate that the same nucleoli are
immunostained by this antibody and anti-βIIΣ1.
(C,D) ×500. Bars: 50 µm (A,B); 20 µm (C,D).
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αIIΣ* antibodies was inhibited by preincubation of the antibodies
with α and β erythroid spectrin. This result, together with the doc-
umented solubility at high salt concentrations, typical of several
spectrins (Levine and Willard, 1981; Glenney et al., 1982) led us
to identify the 230 kDa molecule as a spectrin-like protein. This
is the first characterisation of a spectrin-like molecule localised
in the nucleoplasm and in specific nuclear organelles. Prelimi-
nary results have been published elsewhere (Carotenuto et al.,
1994). In hepatocyte nuclei, Bachst and Carafoli (1987) identi-
fied a protein able to bind calmodulin. A site for calmodulin
binding does exist in the non-erythroid spectrin α chain (Harris
and Morrow, 1988). More recently, Wald Krauss et al. (1997)
have demonstrated the presence of protein 4.1 in fibroblast nuclei.
Taken together, these findings suggest that isoforms of structural
proteins, which are typical partners in membrane skeleton, might
perform a common function in the nucleus. 

It is well known that spectrin is a heterodimer, composed of
two distinct subunits which self-associate to form tetramers.
The present data show that a single protein band is immuno-
reactive to both anti-α and anti-β spectrin antibodies (anti-βIIΣ1
and anti-αIIΣ*). Interestingly, in our samples, these antibodies
appear to recognise different molecules located in the oocyte
cytoplasm. Anti-βIIΣ1 antibody, recognising the brain β
spectrin (Malchiodi-Albedi et al., 1993), cross-reacts with two
cytoplasmic molecules of about 239 and 225 kDa in Discoglos-
sus oocytes and eggs (Tatone et al., 1993, and unpublished
results). Anti-αIIΣ* antibody, which recognises brain and
erythroid α spectrin and mildly the erythroid β chain (Di Stasi
et al., 1991, and this paper), in Discoglossus oocytes and egg
cytoplasm, cross-reacts with a band of 254 kDa (Tatone et al.,
1993, and unpublished results), indicating that, in our experi-
mental system, this antibody is able to distinguish between α
and β subunits. These data do not exclude the possibility that
the anti-α spectrin and the anti-β antibodies might recognise the
same component in Discoglossus GVs. However, alternatively,
they might indicate that the 230 kDa band comprises both an α
and a β spectrin chain of the same apparent molecular mass,
thus constituting a particular form of spectrin-like molecule. In
relation to that, the existence of homodimeric spectrin-like
molecules in Acantoamoeba castellani has been postulated
(Pollard, 1984; Bennet and Condelis, 1988). 

In a previous paper we reported that, in D. pictus GVs, spot-
like fluorescence was present after immunostaining with anti-
spectrin antibodies (Campanella et al., 1990). In the present
work, pre-fixation of the ovarian tissue with paraformaldehyde
allowed a better preservation of the GV and clearly showed the
presence of round bodies in its contents. The use of a mono-
clonal antibody specifically staining nucleolar fibrillarin (Wu
et al., 1993; Gall et al., 1995) led to the identification of the
nucleoli, the most conspicuous GV constituents. Incubation of
serial sections of the same GV in a sequence alternating the
use of anti-fibrillarin and of anti-spectrin antibody, showed that
the anti-fibrillarin-identified bodies are those immunostained
by anti-spectrin. In addition, the anti-spectrin antibodies
stained round bodies in spread GV contents (see Fig. 3d,e).
Based on their morphology, we assume that these bodies
represent nucleoli. Taken together, these results indicate that a
spectrin-like molecule is a part of the nucleolus periphery. 

Nucleoli of the amphibians D. pictus and X. laevis are the
product of the well-known process of genic amplification,
typical of the oogenesis of amphibians (Brown and Dawid,

1968). During this process, a large number of nucleoli
gradually accumulate at the periphery of the nucleus starting
from stages preceding yolk deposition to stages where yolk is
at the peak of its concentration and reach the inner aspect of
the nuclear envelope. In X. laevis and D. pictus, the immuno-
stain was detected in the whole nucleoplasm, particularly in
oocytes at early stages of vitellogenesis, whereas the reactiv-
ity of the nucleoli to anti-spectrin antibodies appears to be
independent of the oogenic stages we observed both in nuclei
preparations and on frozen sections. 

In forming nucleoli, r-DNA is first duplicated and then tran-
scribed. RNA molecules become associated with nucleolar
proteins, i.e. fibrillarin (Kazimiers et al., 1993), nucleolin
(Schmidt-Zachman and Nigg, 1993) and other proteins such as
No38 and a 180 kDa protein (Bell et al., 1992). During such
processes, the nucleolus keeps a spherical, compact structure.
Spectrin probably participates in the framing of the nucleolus
and/or in most of its activities; in that, it might be associated with
actin, which has a specific binding site in both erythroid and non-
erythroid spectrin and is the predominant cytoskeletal protein of
the GV. As previously mentioned, several studies have indicated
that actin is present in the nuclei either in a diffuse or in a fibrillar
form, depending upon the functional stages of the nucleus (see
Gounon and Karsenti, 1981; Milankov et al., 1991; Milankov
and De Boni, 1993). Three-dimensional reconstruction from
confocal images, as well as ultrastructural localisation, depicts
actin aggregates at the nucleolus periphery, from where actin
extends into the nucleoplasm. Interestingly, a chemically distinct
isoform of actin has been found in the nucleus (Bremer et al.,
1981; Kumar et al., 1984). Actin has also been localised in D.
pictus GV (Campanella et al., 1990). 

In our samples, immunofluorescence indicates that the
spectrin-like antigen is localised in the whole nucleoplasm.
Therefore, it can be hypothesised that spectrin and actin might
be components of a complex network, which is part of the gelati-
nous nuclear matrix, and provide for positioning the nuclear con-
stituents in specific sites of the germinal vesicle (see also
Benavente et al., 1984; Kazimiers et al., 1993). The fact that, in
the isolated nuclear content, nucleoli are immunoreactive to anti-
spectrin indicates that this molecule is part of the nucleolus or
is tightly bound to it, as is also suggested by the rim of positiv-
ity to anti-spectrin antibodies surrounding the nucleoli in histo-
logical sections. Furthermore, the localisation of the immuno-
stain at the nucleoli periphery, where actin is also present, and
its closeness to the inner aspect of the nuclear envelope, suggest
that the 230 kDa antigen might link the nucleoli to specific con-
stituents of such a membrane. This would agree with the typical
function of spectrin, i.e. the participation in the segregation of
microdomains of membrane through its interaction with specific
membrane proteins as well as with cytoskeletal proteins. 
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�-Spectrin Has a Stage-Specific Asymmetrical
Localization During Xenopus Oogenesis
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ABSTRACT Xenopus oocyte organization
largely depends upon the cytoskeleton distribution,
which is dynamically regulated during oogenesis. An
actin-based cytoskeleton is present in the cortex start-
ing from stage 1. At stages 4–6, a complex and
polarized cytoskeleton network forms in the cytoplasm.
In this paper, we studied the distribution of spectrin, a
molecule that has binding sites for several cytoskeletal
proteins and is responsible for the determination of
regionalized membrane territories. The localization of
�-spectrin mRNA was analyzed during Xenopus oogen-
esis by in situ hybridization on both whole mount and
sections, utilizing a cDNA probe encoding a portion of
Xenopus �-spectrin. Furthermore, an antibody against
mammalian �-spectrin was used to localize the protein.
Our results showed a stage-dependent mRNA localiza-
tion and suggested that spectrin may participate in the
formation of specific domains in oocytes at stages 1
and 2 and 4–6. Mol. Reprod. Dev. 55:229–239, 2000.
� 2000 Wiley-Liss, Inc.

Key Words: amphibians; oocyte; cytoskeleton; mito-
chondrial cloud; regionalization; follicle cells

INTRODUCTION
During diplotene, amphibian oocytes undergo impor-

tant functional and molecular changes related either to
oogenesis or to the prospective embryo development.
The spatial distribution of organelles and molecules,
which is of fundamental importance for oocyte organiza-
tion, is strictly dependent upon the cytoskeleton.

Several cytoskeletal proteins have been detected in
amphibian oocytes, including actin (Franke et al., 1976;
Campanella and Gabbiani, 1980; Roeder and Gard,
1994), tubulin (Wylie et al., 1985; Yisraeli et al., 1990;
Gard et al, 1995), vinculin (Evans et al., 1990), vimen-
tin (Godsave et al., 1984a; Tang et al., 1988; Dent et al.,
1989; Torpey et al., 1990), talin (Evans et al., 1990),
cytokeratin (Franz et al., 1983; Godsave et al., 1984b;
Klymkowsky et al., 1987), spectrin (Campanella et al.,
1990; Ryabova et al., 1994; Carotenuto et al., 1997), and
myosin (Meeusen and Cande, 1979; Campanella et al.,
1980; Christensen et al., 1984; Ezzell et al., 1985). They
play a key role in building cytoplasmic cytoarchitec-
ture, which is not competent for contractile activity.

Only following progesterone and protein kinase C stimu-
lation, at maturation, these proteins acquire this compe-
tence in preparation of fertilization (Johnson and Capco,
1997).

When the oocyte reaches its final size and polariza-
tion (stages 4–6), its animal/vegetal axis can be re-
vealed by the eccentrically located germinal vesicle,
which marks the animal side, and by the distribution
along the axis of several cytoplasmic constituents, such
as yolk platelets and ribosomes. Immunocytochemistry
coupled with the use of disruptive drugs has shown that
actin, intermediate filaments and microtubules have an
important function in the establishment and mainte-
nance of animal/vegetal polarity (Klymkowsky et al.,
1987; Gard et al., 1995, 1997). In particular, by linking
to cortical and perinuclear actin through their minus
end, microtubules form the mechanical and functional
scaffolding of the oocyte and regulate the distribution of
organelles and molecules (Gard et al., 1995).

Early in oogenesis (stages 2 and 3), a microtubule
bundle forms, which transports Vg1 mRNA to the
future vegetal half (Melton, 1987; Kloc et al., 1998).
Other mRNAs have been found spatially restricted to
the vegetal or animal hemisphere: an1 (Linnen et al.,
1993); an2 (Weeks and Melton, 1987); Xwnt11 (Ku and
Melton, 1993); Xlsirt (Kloc, 1993; Kloc and Etkin, 1994);
Xcat2 (Mosquera et al., 1993); Xlan4 (Reddy et al.,
1992); Veg T (Zhang and King, 1996); they contribute to
the distinct functions of blastomeres deriving from the
animal and vegetal halves. Some of them are anchored
to the cortex through actin, and, in the case of Vg1
mRNA, the linkage is realized through Xl-sirt mRNA
(Kloc et al., 1993; Kloc and Etkin, 1994; Hesketh, 1996).
Anchoring of Vg1 to the cortex is also partially depen-
dent upon cytokeratin filaments (Pondel and King,
1988; Klymkowsky et al., 1991). However, it is not yet
clear whether other cortical cytoskeletal proteins, such
as spectrin, may confer regional specificity to the
generic actin localization in the cortex, thereby contrib-
uting to the anchoring of mRNAs. By its association
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with membrane proteins, spectrin may indeed generate
distinct membrane protein domains, as has been shown
in a variety of cells (for a review see Morrow et al., 1991;
Winkelman and Forget, 1993). Indeed, during early
stages of oocyte polarization, specific domains may be
involved in exchanges of signals between the oocyte and
follicle cells, as has been demonstrated in Drosophila
(reviewed by Ray and Schupbach, 1996) but not in
vertebrates, and/or in the stabilization of cytoskeletal
territories involved in fertilization or tissue specifica-
tion.

Spectrin is made of two distinct but homologous �
and � subunits, self-associating to form tetramers
[(��)2]. These tetramers, in turn, are cross-linked by
short actin polymers and other proteins to form an
extensive filamentous cortical meshwork having an
important role in the maintenance of the structural
organization of the plasma membrane both in erythro-
cytes and in other cells. Although � and � subunits of
both erythroid and nonerythroid spectrin share high
homology, they are encoded by different genes (Winkel-
man and Forget, 1993), the products of which are
subjected to alternative splicing (Moon and McMahon,
1990; Winkelman et al., 1990), with the exception of
erythrocyte �-spectrin. This generates additional spec-
trin diversity, and, therefore, the family of spectrin-like
molecules appears to be composed of complex and
articulated isoforms, each bearing a specific location
and function in the cell (Morrow et al., 1991).

Giebelhaus et al. (1987) demonstrated the presence
of polypeptides immunologically related to chicken
�-spectrin in oocytes and differentiated tissues of Xeno-
pus laevis. They also isolated two cDNA clones for
�-spectrin in Xenopus and showed that �-spectrin is
actively synthesized in oocytes and differentiated tis-
sues, decreasing markedly after fertilization; con-
versely, transcripts encoding other membrane cytoskel-
eton proteins (i.e., 4.1 protein; Giebelhaus et al., 1987)
remain stable indicating that the steady-state levels of
the transcripts encoding membrane cytoskeleton pro-
teins are not coordinately regulated (Giebelhaus et al.,
1988).

Spectrin-like molecules have been localized by immu-
nocytochemistry in the cytoplasm of Xenopus oocytes
and in the peripheral oocyte cytoplasm of another
anuran, Discoglossus pictus (Campanella et al., 1990;
Ryabova et al., 1994a; Carotenuto et al., 1997). They
may have a role in stabilizing and supporting cytoskel-
eton organization (Ryabova et al., 1994b). Recently, a
spectrin-like molecule has also been detected in the
nucleoli of Xenopus and Discoglossus germinal vesicles
(GV) (Carotenuto et al., 1997). In the egg, where a
remarkable reorganization of the cytoskeletal has oc-
curred, spectrin is present (Carotenuto, unpublished
observations; Tatone et al., 1993), though it does not
appear to be required for egg cortical contraction to
occur (Johnson and Capco, 1997).

The aim of the present study was to investigate the
localization of �-spectrin mRNA during Xenopus oogen-
esis. By utilizing a cDNA probe encoding a portion of
Xenopus �-spectrin (Xen �1), we determined the hybrid-

ization pattern both in whole mount and in sections. A
stage-dependent and asymmetrical mRNA distribution
was found in oocytes. The protein, which was revealed
by using an antibody against mammalian �-spectrin,
has a localization consistent with mRNA regionaliza-
tion.

Our results suggest that spectrin may concur to the
formation of specific domains during oogenesis. At
stages 1 and 2, an asymmetrical hybridization in the
oocyte and the overlying ovarian tissue may be indica-
tive of the presence of specific domains in oocyte and
follicle cells. At stages 4–6, mRNA was observed only on
the animal hemisphere, a domain where active protein
synthesis occurs at maturation (Capco and Mecca,
1988), when it becomes the site for egg fusion with the
spermatozoon (for a review see Kline, 1988).

METHODS
Animals and Samples

Adult Xenopus laevis females were obtained from
Rettili, Varese (Italy). Groups of oocytes at various
stages of oogenesis were excised from the ovaries of
females anaesthetized with MS222 (Sigma Chemical
Co., St. Louis, MO).

According to Dumont (1972), the stages of oocyte
growth are the following: stage 1 (50–300 µm); stage 2
(300–450 µm); stage 3 (450–600 µm); stage 4 (600–1000
µm); stage 5 (1000–1200 µm); stage 6 (1200–1300 µm).
Somatic tissue (outer ovarian epithelium, theca and
follicle cells) was removed from the oocytes by exposure
to 0.04% collagenase Type XI (Sigma), in OR2 (82.5 mM
NaCl, 2.5 mM KCl, 1 mM MgCl2, 1 mM NaH2PO4, 5 mM
Hepes, 3.8 mM NaOH, pH 7.8) for 20 min at room
temperature. Following several rinses, oocytes were
processed for in situ hybridization, immunocytochemis-
try, and western blots.

In Situ Hybridization
Whole mount. �-Spectrin cDNA, Xen �1 was uti-

lized for hybridization on whole mount and sections. It
was a kind gift by Prof. R.T. Moon, University of
Washington (Seattle, WA).

Whole mount in situ hybridization and related con-
trols were performed according to the procedure of
Harland (1991). Briefly, oocytes were incubated at room
temperature in 10 µg/ml proteinase K, 2 mg/ml collage-
nase Type XI, 20 U/ml hyaluronidase (Sigma) in PBS
for 10 min. They were then fixed in 2% FAD (flavin
adenin dinucleotide), 250 mM NaCl, and 5% acetic acid
for 1 hr at room temperature. Just before hybridization,
oocytes were treated with 10 µg/ml proteinase K (Sigma)
for 5 min at room temperature, then rinsed with PBST
(PBS pH 7.4 and 0.1% Tween 20) and refixed in 2%
paraformaldehyde in PBS for 20 min at room tempera-
ture. They were briefly rinsed in the hybridizing solu-
tion (HS: 5� SSC, 50% formamide, 50 µm/ml heparin, 1
mg/ml DNA Microccoccus carrier, 0.1% Tween 20, 0.1%
CHAPS, 10 mM EDTA, 1� Denhart’s), incubated in
fresh HS at the hybridizing temperature (60°C) for 6 hr
and then hybridized overnight at 60°C, using 1 µg/ml
Xen �1.
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Photographs were taken using a Kodak EPJ 320T
film at a stereomicroscope or at a Leitz photomicro-
scope, using Kodacolor 100.

Sections. Oocytes were fixed in 2% FAD, 250 mM
NaCl, 5% acetic acid for 1 hr at 4°C, and processed for
embedding in paraffin according to standard tech-
niques. Before sectioning, microslides were immersed
in 2% 3-aminopropyltriethoxysilane in acetone and
activated with 2% paraformaldehyde. Following attach-
ment to treated microslides, the sections were exposed
to proteinase K (3 µg/ml in 1 M Tris-HCl, pH 7.4,
containing 0.5 M EDTA) for 15 min at 37°C and
post-fixed in 2% paraformaldeyde. Oocyte sections were
incubated in the hybridization solution (50% for-
mamide, 1� Denhardt’s solution, 4� SSC, 0.5 mg/ml
DNA Micrococcus carrier) for 1 hr at room temperature.
The hybridization solution was then exchanged for
fresh solution with the addition of digoxygenin-labeled
cDNA probe (Xen �1), and hybridization was continued
overnight at 37°C. The sections were washed in 2�
SSC, 1� SSC, 0.5� SSC at room temperature, 0.1�
SSC at 37°C and incubated for 1 hr at room tempera-
ture with anti-digoxigenin alkaline phosphatase conju-
gated antibody (Boehringer Mannheim, Germany), di-
luted 1:500 in 100 mM Tris-HCl, pH 7.4, containing 150
mM NaCl and 0.5 % blocking reagent (Boehringer
Mannheim). After being washed in 100 mM Tris-HCl,
pH 9.5, 100 mM NaCl, 50 mM MgCl2 (NTM), sections
were incubated at room temperature in the developing
solution, i.e., 45 µl 4-nitro-blue-tetrazolium chloride
(NBT), 35 µl 5-bromo-4-chloro-3-indolylphosphate
(BCIP), and 1 mM levamisole in 10 ml of NTM.

Sections were mounted in PBS-glycerol and observed
at a Leitz photomicroscope. Photographs were taken
using Kodacolor 100 film.

Electron Microscopy
Oocytes were fixed in 2.5% glutaraldehyde in 50 mM

phosphate buffer, pH 7.4, post-fixed in 1% OsO4, dehy-
drated in alcohol, and embedded in Epon, as previously
reported (Maturi et al., 1998). Following staining with
uranyl acetate and lead citrate, ultrathin sections were
observed at a Philips 410 electron microscope at the
Center for Ultrastructure Research (CIRUB) of the
University of Naples, Federico II.

Western Blotting
The antibody utilized was anti-bovine brain �-spec-

trin, affinity purified (Di Stasi et al., 1991). This
antibody cross-reacts with the erythroid � and � chains,
and with a number of �-spectrin chains, in different
tissues and divergent species (Di Stasi et al., 1991)
including Xenopus (unpublished data).

Collagenase-treated oocytes were grouped according
to the stage (1–6) and homogenized in ice-cold 25 mM
Hepes, pH 7.5, containing 900 mM glycerol, 0.02 mM
NaN3, 1 mM ATP, 1 mM DTT, 5 mM EGTA (HB), and
the following protease inhibitors (Sigma): 2 mM TAME,
5 mg/ml SBTI, 5 µg/ml aprotinin, and 10 µM E64. After

centrifugation at 15,000g for 40 min at 4°C, the super-
natants were boiled for 3 min in sample buffer contain-
ing 50 mM Tris-HCl, pH 6.8, 69 mM SDS, 0.028 mM
bromophenol blue, and 1 mM DTT. Aliquots of protein
were submitted to SDS 5% polyacrylamide gel electro-
phoresis using human erythrocyte ghost (�-spectrin,
240 kDa; �-spectrin, 220 kDa) preparation (Malchiodi-
Albedi et al., 1993) and high molecular mass protein
standards (200, 116, 97, 45, 31, or 21 kDa) (Bio-Rad,
Hercules, CA). Sixty micrograms of proteins from oo-
cytes of all the oogenetic stages were loaded on each gel.
The samples were transferred electrophoretically to
nitrocellulose paper (see Maturi et al., 1998) overnight
at 200 mA in a cooling chamber. The efficiency of the
transfer was evaluated by staining the nitrocellulose
paper with Ponceau S and the corresponding gel with
Coomassie Brilliant Blue. The nitrocellulose paper was
then incubated with 5% fat-free milk (Milupa, Verona,
Italy) to saturate additional protein binding sites,
rinsed in saline, and incubated with anti-bovine brain
�-spectrin antibodies. Human erythrocyte ghosts were
used as controls; the erythroid � chain and partially the
� chain were recognized by anti-bovine �-spectrin.
Antibody binding was detected by anti-rabbit IgG,
raised in goat, conjugated to alkaline phosphatase, and
revealed by NBT and BCIP.

Antibodies Staining
For �-spectrin localization, sections of samples fixed

and embedded in paraffin as for in situ hybridization
and frozen sections were used.

In sequence, paraffin sections of Xenopus oocytes
were (1) treated with citrate buffer (pH 6) in a micro-
wave oven for 3 � 7 min to expose the binding sites of
antibodies (Gown et al., 1993), (2) incubated in 10 mM
Tris-HCl, pH 7.4, containing 1% BSA, 0.3% Triton
X-100, 1% gelatin, 0.02 M glycine, 5% NaCl; (3) exposed
to anti-bovine brain �-spectrin diluted in TBS (10 mM
TRIS, 225 mM NaCl, pH 7.5 containing 0.1% Triton
X-100, and 3% BSA) or in alternative, to rabbit IgG as
controls (Sigma). Antibody binding was detected by
anti-rabbit IgG raised in goat and conjugated to alka-
line phosphatase (Sigma), and revealed by NBT/BCIP.

Immunofluorescence was also performed Xenopus
oocytes were fixed in 2% formaldehyde, prepared from
paraformaldehyde and diluted in PBS for 1 hr at 4°C.
Following rinses in PBS, the oocytes were embedded in
Tissue-tek OCT compound (Miles Inc., Elkart, IN),
frozen in liquid nitrogen, and sectioned with a Jung
Frigocut 2800N cryostat at the thickness of 7 µm.
Following exposure to 10 mM Tris-HCl, pH 7.4, contain-
ing 1% BSA, 0.3% Triton X-100, 1% gelatin, 0.02 M
glycine, and 5% NaCl, the sections were exposed to
anti-bovine brain �-spectrin, or to rabbit IgG as con-
trols (Sigma) containing 15% Xenopus serum. Antibody
binding was detected by anti-rabbit IgG raised in goat
and fluorescein-conjugated.

The sections were eventually mounted in 90% glycerol/
PBS containing 1% p-phenylenediamine. The samples

�-SPECTRIN EXPRESSION IN XENOPUS OOGENESIS 231



were observed at a Zeiss photomicroscope. Photographs
were taken using a Kodacolor 100 or an Ektachrome
800–1600.

RESULTS
In Oocytes, Spectrin mRNA Localization

Is Polarized and Stage-Dependent
Oocyte analysis by whole mount in situ hybrid-

ization. Figure 1a, b depicts oocytes of about 130 µm in

diameter and held in clusters by ovarian tissue. In
oocytes at this stage of growth, the Xen �1 digoxigenin-
labeled probe stained a cup-shaped area of cytoplasm
located between the GV and the oocyte surface. There-
fore, probe hybridization was asymmetrical and located
at the site where the oocyte is suspended from the
ovarian epithelium (hilum). The somatic tissue of this
region was labeled as well (Fig. 1a). When the oocyte
size doubled, this asymmetric hybridization peaked at

Fig. 1. Whole mount in situ hybridization to Xen �1 cDNA. (a–f)
Photos taken with a stereomicroscope. (g, h) Photos taken with a
compound microscope. (a, b) Oocytes of 100–130 µm. The hybridiza-
tion is in the hilum ovarian tissue (small arrow) and in one side of the
oocytes (arrow). (c–e) Oocytes of 200–300 µm where the label extends
around the germinal vesicle and shows a peak at the center of the

hybridization staining (arrows). (a–e) 55�. (f) In the oocytes of
600–750 µm, the probe localization is in and around the germinal
vesicle. The oocyte periphery is also labeled (small arrows); 45�. In
1000–1200 µm oocytes (f, g), the label is on the animal half (arrows);
50�. (h) Control oocyte; the label is absent; 45�.
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its center and further extended as a thin layer around
the GV (Fig. 1c–e). The GV itself was heavily labeled at
more advanced stages of oogenesis, such as stages 3 and
4 (600–750 µm oocytes), when the label was also
present in the cortex of the whole oocyte (Fig. 1f).
Starting from stages 4–6, hybridization was clearly
localized in the nucleus and in the animal half, while
absent from the vegetal one (Fig. 1f, g). In control
oocytes, alkaline phosphatase staining was not ob-
served (Fig. 1h).

Oocyte analysis by in situ hybridization on
sections. Hybridization being more detailed in sec-
tions than in whole mounts, the histological sections
were exposed in situ to the Xen �1 probe to analyze
spectrin mRNA localization with respect to the oocyte
surface and its relationship with the ovarian tissue.

In 80–150 µm oocytes (Fig. 2a), �-spectrin mRNA was
located almost all over the cytoplasm, with a peak in
larger oocytes (Fig. 2b, c). In some sections, a second
site of hybridization was located at the antipode of the
first one (Fig. 2c), suggesting that the sectioning knife
cuts a cup-shaped hybridization. The peak of �-spectrin
mRNA was also evident in older oocytes of 300–400 µm
(stage 2), where the general cytoplasmic hybridization
appears weaker than in younger oocytes (Fig. 2b–d). In
the stage 1 and stage 2 oocytes examined (n � 28), the
hybridization peak was always located in the oocyte
region facing the ovarian tissue. Furthermore, the
nuclear envelope was also labeled on the GV site facing
the cytoplasmic labels (Fig. 2c).

The ovarian tissue hybridized to the probe, particu-
larly at the hilum, just next to the site of highest

Fig. 2. In situ hybridization to Xen �-1 cDNA on sections. (a) The
small arrow indicates an oocyte of about 80 µm, where the probe
hybridizes to the cytoplasm; 160�. (b, c) Oocytes of 150–200 µm
(arrow) labeled in the whole cytoplasm and with a peak of hybridiza-
tion at the hilum (arrowhead) and in the facing region of the oocyte
(double arrow in b). In b (large arrow), oocytes of 300–400 µm also
show a peak of hybridization located in the oocyte region (double small

arrows) facing the ovarian tissue that is labeled as well (arrowhead).
In an oocyte of c, note the hybridization at the hilum (asterisk) and at
its antipode (double asterisk). The small arrows indicate labeling in
the nuclear envelope; 130�. (d) Hybridization region of a stage 2
oocyte. The label is in the hilum (arrowhead) and faces the oocyte
region (small arrow). The mitochondrial cloud (arrow) is located at the
hilum side; 350�. (e) Control section.
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Fig. 3. Thin sections of a 200 µm oocyte. (a) Hilum. Collage of
micrographs. In the ovarian tissue of this region, the thin outer
ovarian epithelium (OOE) is rather electron-dense and has microvilli
(small arrow). Below this layer the theca is present with collagen
fibers and small vessels containing erythrocytes (E). The follicle cells

(FC) form a monolayer that surrounds the oocyte (large arrow). The
inner ovarian tissue is indicated (IOE); 2,500�. (b, c) The oocyte
surface shows abundant microvilli. In spots indicated by small arrows,
the follicle cell membrane and that of the oocyte are closely apposed;
(b) 12,000�; (c) 17,000�.



hybridization of the oocyte (Fig. 2b–d). In 20 out of the
23 oocytes examined (190–360 µm), the cloud was
localized at the hilum site, and in the remaining 3 (300
µm oocytes) a cloud was observed opposite to the hilum.
In control sections, alkaline phosphatase staining was
not observed (Fig. 2e).

No bridges but sites of close apposition be-
tween somatic tissue and oocyte surface are pres-
ent at the hilum. This ultrastructural analysis was
undertaken in order to investigate whether cytoplasmic
bridges are present in the hilum between the follicle
cells and the oocyte, where �-spectrin mRNA was
located.

In the hilum region, the oocyte is surrounded by the
outer ovarian epithelium (Dumont and Brummett,
1978). In regions other than the hilum, the oocyte is
covered by the theca, the follicle cell layer and the inner
ovarian layer. Figure 3a–c depicts ultrathin sections of
the hilum region of an about 200 µm oocyte. Beneath
this epithelium there are the theca, containing abun-
dant collagen, fibroblasts, blood vessels, and follicle
cells surrounding the oocyte as a single layer. The
oocyte surface is rich in microvilli. Serial sections
showed no intercellular bridges between somatic con-
stituents and the oocyte at the hilum but did show sites
of close apposition between the follicle cells and the
oocyte plasma membrane (Fig. 3b, c).

Western blots and immunohistochemistry indi-
cate that an �-spectrin-like protein is present in
oocytes throughout oogenesis. Proteins from stage
1–6 oocytes were separated by SDS-PAGE and trans-
ferred onto nitrocellulose sheets. Upon incubation with
the antibody against bovine brain-�-spectrin, an about
254 kDa band was detected at all the stages of oogen-
esis, starting from stage 1. A band of about 140 kDa was
also stained (Fig. 4), which, in other tissues, appears as
product of degradation of �-spectrin (see Di Stasi et al.,
1991; Wang et al., 1998).

In paraffin sections of oocytes, the same antibody
specifically stains the nuclear envelope and the cyto-
plasm of stage 1–3 oocytes (Fig. 5a–d). The mitochon-
drial cloud was also stained. In oocytes of about 80–120
µm, immunostaining was present in the cytoplasm,

while, at later stages, it was particularly concentrated
in the oocyte peripheral cytoplasm (Fig. 5a–d). Interest-
ingly, at the hilum of stage 1 and 2 oocytes, though
practically no stain was found in the somatic cells, the
protein showed a peak of concentration in the oocyte
(Fig. 5d). Erythrocytes of the ovarian tissue were also
immunoreactive (Fig. 5d).

For the detection of spectrin in pigmented oocytes
(starting from stage 3), we used an FITC-conjugated
secondary antibody, as pigment can be mistaken for the
purple-red stain of the AP-conjugated antibodies. In
Fig. 6, immunofluorescence of 900–1300 µm oocytes
shows a cytoplasmic distribution of spectrin, along
filamentous arrays perpendicular to the cortex in the
animal side (Fig. 6a, b). An apparent less orderly
organization is found in the vegetal cytoplasm (Fig. 6a).
Immunostain is also present in the germinal vesicle, as
previuosly reported (Carotenuto et al., 1997) (Fig 6a)
and as a very thin layer in the cortex of the whole
oocyte, in the follicle cells and in the rest of the somatic
tissue (Fig. 6b). No immunofluorescence was detected
when the primary antibody was omitted or substituted
with pre-immune IgG (Fig. 6c).

DISCUSSION
We investigated the distribution of the RNA hybridiz-

ing to an �-spectrin probe during Xenopus oogenesis,
showing that mRNA has different patterns of distribu-
tion according to the oocyte stage of growth. The
�-spectrin cDNA probe used was isolated from Xenopus
oocytes and identified as encoding portions of Xenopus
�-fodrin (non erythroid �-spectrin) (Giebelhaus et al.,
1987). Moreover, immunofluorescence analysis re-
vealed a similar stage-dependent distribution in the
oocytes of a spectrin-like molecule cross-reacting with
an antibody against anti-bovine brain �-spectrin. We
detected a band of about 254 kDa by cross-reaction with
this antibody on western blots of oocytes starting from
stage 1 throughout all oogenesis.

In Xenopus oocytes, it has been shown that, unlike
histone mRNAs (Melton, 1987; Perry and Capco, 1988),
the localization of the mRNAs of cytoskeletal proteins
(actin and tubulin) and proteins important in develop-
ment, such as Vg1, may change during oogenesis.
Similarly to the expression of many mRNAs in amphib-
ian oogenesis (i.e., cytokeratin, Franz et al., 1983;
Xcat-2, Mosquera et al., 1993; etc.), the hybridization
pattern of �-spectrin covers almost the entire oocyte
cytoplasm at early stage 1. This suggests that spectrin
mRNA is transcribed in a large amount at early stages
of diplotene-blocked oocytes. At more advanced stages,
when, in the oocyte, molecules are diluted in a larger
cytoplasm mass, the hybridization pattern becomes
more restricted. In oocytes of about 200–300 µm, spec-
trin mRNA is distributed over a cap with a peak at the
site where the oocyte is suspended from the ovarian
tissue, as is shown in both in toto and section hybridiza-
tion. A similar peak of hybridization is located in the
overlying somatic tissue comprising follicle cells, theca,
and outer ovarian epithelium. The spectrin-like protein
accumulates in the region facing the hilum, while

Fig. 4. Immunoblotting utilizing anti-bovine brain �-spectrin on
oocytes of stages 1–6. G � silver stained gel of a stage 6 oocyte. On the
left, the 220 and 240 kDa human erythrocytes �- and �-spectrins are
indicated as Mr standards. The arrowhead indicates the 254 kDa
oocyte protein cross-reacting with the antibody, and the arrow shows
the 140 kDa corresponding product of degradation.
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practically no protein was detected in the hilum itself.
The period of occurrence of clustering of spectrin mRNA
and related protein spans from stage 1 to the beginning
of stage 2. In this lapse of time, spectrin mRNA
distribution substantially differs from the distribution
of all forms of Xenopus RNA containing poly (A), which
includes many mRNAs (Capco and Jeffery, 1982), such
as Vg1 (Melton, 1987). This unique pattern precedes
the animal-vegetal polarity establishment of the oo-
cyte, suggesting a role of �-spectrin in the oocyte
polarization.

Current knowledge indicates intercellular bridges
between the oocyte and follicle cells as the only route of
mRNA access to the oocyte. We found that in oocytes at
the stage corresponding to the spectrin mRNA cap, only
closely apposed sites of oocyte and follicle cell mem-
branes are present at the hilum. Gap junctions and
desmosomes will form at later stages from similar
regions (see Dumont and Brummett (1978) and Villeco
et al. (1996) in Bufo oogenesis). Conversely, intercellu-
lar brigdes are absent in the hilum (our data), as in the
other regions of the oocyte periphery (Dumont and
Brummett, 1978). The signs of spectrin mRNA synthe-
sis in the GV and of its release into the cytoplasm
through the nuclear envelope, observed by us, make a
spectrin synthesis for the oocyte by somatic tissue a
remote hypothesis. Moreover, the lack of cross-reactiv-

ity of the somatic tissue with anti-bovine brain �-spec-
trin at stages 1 and 2 of oogenesis may indicate that
spectrin translation in somatic cells occurs later in
oogenesis, as we showed for oocytes at stages 4–6.
However, since the antibody was not made against
Xenopus antigens, we cannot rule out that the antibody
might not be effective in the detection of either a low
amount of the protein or of a specific Xenopus spectrin
isoform.

Spectrin presence in the cortical actin-based cytoskel-
eton determines domains of specific plasma membrane
proteins (Morrow et al., 1991). In our samples, at the
oocyte periphery, where actin is present early in oogen-
esis (Roeder and Gard, 1994), spectrin may segregate
selective plasma membrane proteins both at the oocyte
and follicle cell aspects. This may be instrumental in
allowing the clustering of ligands and receptors, as
occurs during the determination of dorso-ventrality in
Drosophila (Shupbach et al., 1991; Hecht and Ander-
son, 1992). Spazle/Toll function, typical of dorso-ventral
signaling in Drosophila (reviewed in Morisato and
Anderson, 1995), has been shown to be conserved for
dorsoventral signaling during Xenopus embryogenesis
(Armstrong et al., 1998). However, at present nothing is
known about the putative activity of this system during
oogenesis. Interestingly, in Drosophila ovarian follicle,
�-spectrin-deficient follicle cells undergo the disruption

Fig. 5. Immunostain with anti-bovine brain �-spectrin on paraffin
sections. (a) The immunostain covers the whole cytoplasm in the 80
µm oocyte (arrow). (b) Stage 1 and 2 oocytes. The arrows indicate
150-µm oocytes. In larger oocytes, it is concentrated in the peripheral
cytoplasm (small double arrows). The nuclear envelope (arrowhead)
cross-reacts with the antibody. (c) Control section incubated with

pre-immune rabbit IgG: no staining is present. (a–c) 125�. (d) The
double arrow indicates the regions of oocyte peripheral cytoplasm in
close contact with the hilum and particularly reactive with the
antibody. Arrow � mitochondrial cloud; small arrow � erythrocytes;
312�.
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of the apical membrane skeleton followed by the loss of
the anterior–posterior axis of the oocyte (Dubreuil et
al., 1996; Lee et al., 1997).

We also showed that at stages 1 and 2, anti-spectrin
antibody labels the mitochondrial cloud where interme-

diate filaments and �-tubulin are similarly located
(Godsave et al., 1984b; Kloc and Etkin, 1998).

At stages 3 and 4, spectrin mRNA spreads around the
whole oocyte, particulary at its periphery, while be-
tween stages 4 and 6 it accumulates at the oocyte

Fig. 6. Frozen sections of stage 6 oocytes, immunostained with
anti-bovine brain �-spectrin. (a) GV � germinal vesicle. The GV
position indicates the animal half of the oocyte, on the opposite side of
the vegetal half. The stain is on the GV, on fibers located perpendicu-
larly to the animal hemisphere surface (arrow), and along fibers with
an apparent less orderly organization at the vegetal hemisphere

(small arrow); 220�. (b) At a higher magnification of the animal half,
one can distinguish three peripheral layers that are stained by the
antibody, the innermost being the oocyte cortex (small arrow) and the
animal hemisphere fibers (arrow). (c) Control section incubated with
rabbit IgG; no stain is evident. (b, c) 450�.
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animal half, reacquiring a regionalized distribution.
This suggests that stages 3 and 4 are intermediate
stages for the reorganization of spectrin mRNA. More-
over, the segregation of �-spectrin mRNA, at stages
4–6, in the animal hemisphere of the definitively polar-
ized oocyte can be of relevance, because, in this region,
during oogenesis and maturation, the oocyte acquires
the ability to fuse with the sperm. In this regard, Cl�

channels are more concentrated in the animal hemi-
sphere than in the opposite egg half (reviewed by Kline,
1988). In addition, in Discoglossus eggs, a 254/239 kDa
spectrin heterodimer is tenfold more concentrated at
the site of sperm entrance at the animal half, than in
the rest of the egg, suggesting that it may anchor to the
plasma membrane glycoproteins involved in fertiliza-
tion (Tatone et al., 1993; Carotenuto, unpublished
observations; Maturi et al., 1998). In Xenopus, by
immunochemistry, we found that �-spectrin is located
in the cortex, as well as in the cytoplasm of the whole
oocytes of stages 4–6. The cytoplasmic localization
indicates a different organization of the labeled cytoskel-
etal network in the animal and vegetal halves, and
resembles the distribution of tubulin and cytokeratin
detected in the oocyte at the same stages (Gard et al.,
1995, 1997) where the cytoskeleton is evidently polar-
ized along the animal/vegetal axis (summarized by
Gard et al., 1997). �-Spectrin may derive from the
mRNA distributed in the cytoplasm at stages 3 and 4
and/or at stages 4–6, may spreads from the animal cap
to the whole cytoplasm. A collaboration to this spatial
distribution may come from actin microfilaments that,
in somatic cells, interact with, or bind to, nascent
cytosleletal proteins during their translation (Singer et
al, 1989).

In an attempt to elucidate the capping of mRNA
between stages 4 and 6, it can be also hypothesized that
a specific spectrin heterodimer is present in the animal
hemisphere, i.e., �-spectrin dimerizes with a form of
�-spectrin that may concur to the typical organization
of the cytoskeleton network in this region. Although at
present the �-chain of heterodimeric spectrin has not
yet been detected in Xenopus oocytes and eggs, the data
available on Discoglossus indicate that, in addition to
the cortical 254/239 kDa heterodimer, a second spectrin
is located in the egg periphery (Tatone et al., 1993). It is
well known that, in other cells, spectrin isoforms are
often segregated within specialized plasma membrane
subdomains providing temporally and spatially defined
cell functions (Morrow et al., 1991; Malchiodi-Albedi et
al., 1993; Wilkeman and Forget, 1993).
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a b s t r a c t

In Xenopus oogenesis, the mechanisms governing the localisation of molecules crucial for primary axis

determination have been uncovered in recent years. In stage I oocytes, the mitochondrial cloud (MC)

entraps RNAs implicated in germ line specification and other RNAs, such as Xwnt-11 and Xlsirts, that

are later delivered to the vegetal pole. Microfilaments and microtubules gradually develop in the

cytoplasm, sustaining organelles as well as the MC. At stage III, other mRNAs migrate to the vegetal

hemisphere through a microtubule-dependent mechanism. We report here the isolation of a cDNA

encoding XNOA 36, a highly conserved protein, whose function is to date not fully understood. The

XNOA 36 transcript is abundantly accumulated in stage I oocytes where it decorates a filamentous

network. At the end of stage I the transcript gradually segregates in a sector of the oocyte surrounding

the MC and opposite the ovarian hylum. Here, XNOA 36 mRNA distributes in a gradient-like pattern

extending from a peripheral network towards the interior of the oocyte. This distribution is similar to

that of a�spectrin mRNA. Both mRNAs are segregated in one half of the 250 mm oocytes, with the MC

located between the XNOA 36/a�spectrin mRNA-labelled and unlabelled regions. XNOA 36 mRNA

localisation was uncoupled from that of a�spectrin mRNA by cytochalasin B or ice-nocodazole

treatments, suggesting that the two transcripts rely on different mechanisms for their localisation.

However, immunolocalisation experiments coupled with in situ hybridisation revealed that the XNOA

36 transcript co-localises with the protein spectrin. This observation, together with the finding that

XNOA 36 mRNA co-precipitates with spectrin, indicates that these two molecules interact physically.

In conclusion, our data suggest that XNOA 36 mRNA is localized and/or anchored in the oocyte

through a cytoskeletal network containing spectrin. The putative implications of this finding are

discussed.

& 2010 Elsevier GmbH. All rights reserved.

Introduction

RNA localisation is fundamental for positioning proteins of
strategic relevance in cells (for reviews see Kloc et al., 2002; King
et al., 2005; Sardet et al., 2005). In recent years, the mechanisms
underlying RNA localisation for primary axis determination have
been uncovered in Xenopus laevis oogenesis (see Kloc et al., 2002;
King et al., 2005; Kloc and Etkin, 2005). X. laevis oogonia display a
manifest polarity because of the asymmetric localisation of both
the fusome and the so-called primordial mitochondrial cloud
(Kloc et al., 2004). In stage I oocytes the definitive mitochondrial

cloud (MC), rich in active mitochondria (Wilding et al., 2001),
grows anchored to the nuclear envelope. The virtual animal/
vegetal axis (A/V) of the oocyte can be traced because of the
position of the MC (Heasman et al., 1984). The MC can be
considered a package of RNAs held together by a complex
network of cytoskeletal proteins, endoplasmic reticulum (ER)
and mitochondria, used to transport genetic information to the
oocyte cortex. It contains germplasm mRNAs (Xcat2, Xdaz1, Xpat,
DEADSouth, etc.) and other molecules such as Xlsirts, Xwnt-11,
Xotx1 mRNAs (see King et al., 2005 and Tao et al., 2005),
cytokeratin (Wylie et al., 1985; Gard and Klymkowsky, 1998, Gard
1999) and spectrin (Kloc and Etkin, 1998). Xcat2 mRNA is
entrapped in the germinal granules located in METRO, an ER-rich
territory of the MC (Kloc et al., 1996, 1998; Chang et al., 2004).
The MC gradually migrates towards the vegetal cortex through an
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unknown mechanism and, at stage II, releases therein its content,
thereby marking it as the vegetal pole (King et al., 2005). The
mRNAs remain tightly anchored to the vegetal cortex, thanks to
cytoskeletal proteins, until the end of oogenesis (Alarcón and
Elinson, 2001). A conspicuous network of cytoskeleton compo-
nents (tubulin, actin, cytokeratin etc.) surrounds, permeates and
sustains the MC (see Gard and Klymkowsky, 1998; Gard, 1999)
without exerting contractile activity. In fact, this ability is
acquired only after oocyte maturation (Johnson and Capco, 1997).

Microtubules have a fundamental role at stage III. Indeed,
several mRNAs, such as Vg1 and VegT mRNAs, implicated in body
plan formation (Xanthos et al., 2001; Birsoy et al., 2005), localise in
the vegetal hemisphere by an ER and microtubule-dependent
mechanism which directs them to the territory where the MC has
disaggregated (Yisraeli et al., 1990; Kloc and Etkin, 1998b).
Interactions between mRNA cis-acting sequences and trans-acting
protein factors concur to the correct localisation of the transcripts
(for reviews see Kloc et al., 2002; King et al., 2005). A polarised
organisation of microtubules starts at the site of Vg1 and VegT
migration and spreads in the whole oocyte forming a crown of
‘radii’ containing not only microtubules but also cytokeratin,
spectrin and actin, and connecting the nucleus to the cortex (Gard
et al., 1995; Kloc and Etkin, 1998b; Carotenuto et al., 2000). A
similar mechanism is well known in Drosophila, where microtubule
re-organisation, caused by an early signal loop triggered by the
TGFa homologue Gurken, underlies the polarisation of the oocyte
(Schupbach and Wieschaus, 1986; Nilson and Schupbach, 1999).

In Xenopus, previous data indicated that in stage I oocytes,
spectrin (mRNA and protein) is mostly segregated in a cap located
at the oocyte cortex. This cap is detectable during the transloca-
tion of the MC to the cortex and constitutes an early event of
cytoskeleton polarisation (Carotenuto et al., 2000).

In this paper we report the isolation of a cDNA encoding a
novel protein homologous to NOA 36, a member of a highly
conserved protein family displaying characteristic CXXC motifs
putatively involved in the formation of zinc-finger structures of
the C2-C2 type (Bolivar et al., 1999). NOA 36 was first isolated
in H. sapiens as an autoimmune antigen in a patient suffering
from rheumatoid arthritis and was found to be localised in the
nucleolus in G1/G2 or associated with centromeres during
metaphase, suggesting that the NOA 36 function is related to
cell cycle regulation (Bolivar et al., 1999). Although we did not
investigate the function of this protein in Xenopus laevis, we
followed the distribution of XNOA 36 mRNA as we found that
it marks a novel transient asymmetry of stage I oocytes. We
also analysed the pattern of distribution of a�spectrin mRNA
in X. laevis early oogenesis and found that both XNOA 36
and a�spectrin mRNAs undergo a gradual segregation in
the oocyte, parallel to the virtual A/V axis, thereby cutting the
oocyte in two halves. By cytochalasin B or ice-nocodazole
treatment, XNOA 36 mRNA localisation was uncoupled from
that of a�spectrin mRNA. On the contrary, it appeared to be
linked to the localisation of the spectrin protein. Moreover,
XNOA 36 mRNA co-localises with spectrin in thin filamentous
structures and co-immunoprecipitates with this protein. These
findings suggest the existence of a novel cytoskeletal-depen-
dent process of RNA localisation/anchoring in stage I oocytes of
Xenopus laevis.

Materials and methods

Animals and oocytes

Adult X. laevis females were obtained from Rettili (Varese, Italy).
They were kept and utilized at the Department of Structural and

Functional Biology, the University of Naples Federico II, according to
the guidelines and policies dictated by the University Animal
Welfare Office and in agreement with European Community laws.
Groups of oocytes at various stages of oogenesis were excised from
the ovaries of females anaesthetized with MS222 (Sigma, St. Louis,
MO, USA). The growth stages of the X. laevis oocyte are: stage I
(50–300 mm), stage II (300–450 mm), stage III (450–600 mm), stage
IV (600–1000 mm), stage V (1000–1200 mm) and stage VI
(1200–1300 mm) (Dumont, 1972).

Isolation and sequence analysis of X. laevis NOA 36 cDNA

A unidirectional cDNA library in pBluescript SK(7) phagemid
vector (ZAP Express cDNA cloning kit, Stratagene), constructed
using poly(A) mRNA isolated from X. laevis oocyte stages 1, 2, 3
(gift of W.J. Lennarz, SUNY, Stony Brook, NY), was screened by
using a monoclonal anti-Gurken antibody (gift of T. Schupbach,
Princeton University, N.J. and purchased from the Developmen-
tal Studies Hybridoma Bank, maintained by the University of
Iowa, developed under the auspices of the National Institute
of Child Health and Human Development of NIH, Department of
Biological Sciences, Iowa City, IA 52242). This antibody recog-
nizes an epitope of Drosophila melanogaster Gurken encompass-
ing aa 53-185 upstream of the EGF domain (Nilson and
Schupbach, 1999). After overlaying the infected plates with
nitrocellulose filters soaked in 10 mM IPTG (isopropyl-b-D-
thiogalactopyranoside) (Roche Diagnostics, Mannheim, Ger-
many) at 37 1C O.N. to induce protein translation, the filters
were pre-incubated O.N. in TBS containing 5% dry milk (Milupa,
Verona, Italy), 0.05% sodium azide, a cocktail of protease
inhibitors (10 mM E64, 2 mM TAME, 5 mg/ml SBTI and 5 mg/ml
aprotinin, Sigma). After washing in TBS, the filters were
incubated with anti-Gurken antibody (1:10, v/v) O.N. at 4 1C in
TBS containing 0.5% Triton and 3% BSA (Sigma) and the cocktail
of protease inhibitors, followed by incubation with anti-mouse
AP-conjugated antibody diluted 1:10 (v/v) in the same solution
(Promega, Madison, Wisconsin).

The positive clones obtained were sequenced in both direc-
tions by using 33P-dGTP (Amersham Biosciences, Little Chalfont,
UK) and the Thermo Sequenase Radiolabeled terminator cycle
sequencing kit (USB, Swampscott, MA USA). cDNA sequence
information was processed using BLAST, PSORT II and ScanProsite
programs. Multiple alignments were generated with ClustalW.
The complete sequence of XNOA 36 was deposited in Gene bank
with accession number DQ478933.

Northern blot

For transcript analysis, total RNA from X. laevis staged oocytes
was isolated using Tri-reagent (Sigma). Twenty micrograms of
total RNA per sample were separated on 1% formaldehyde agarose
gel and blotted on a nylon membrane (Roche). The XNOA 36 cDNA
was labelled using 32P-labelled dCTP (NEN) and the random
primer DNA labelling kit (Roche). The RNA blots were hybridised
as previously described (Vaccaro et al., 2001).

Whole mount in situ hybridisation

Somatic tissues (outer ovarian epithelium, theca and follicle
cells) were removed from oocytes by exposure to 2 mg/ml Type XI
collagenase (Sigma), 20 U/ml hyaluronidase and 10mg/ml protei-
nase K (Sigma) in a suitable PBS volume for 10 min at room
temperature. Following several rinses, oocytes were fixed in 2%
paraformaldehyde (PFA), 250 mM NaCl, 5% acetic acid for 1 hr at
room temperature, dehydrated in ethanol and stored at �20 1C.
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XNOA 36 cDNA was used as template to synthesise antisense and
sense RNA probes, labelled with digoxigenin or fluorescein-
conjugated UTP using T3 and T7 RNA polymerase according to
the manufacturer’s recommendations (RNA T3-SP6 transcription
and labelling kit, Roche). Whole mount in situ hybridisation was
performed according to the procedure of Harland (1991).
After incubation with anti-digoxigenin-alkaline phosphatase
(AP)-conjugated antibody the detection was performed using
BM-purple (Roche).

In situ hybridisation on sections

X. laevis oocytes were fixed in 2% PFA, 250 mM NaCl, 5% acetic
acid for 50 min at room temperature, dehydrated in ethanol and
processed for embedding in paraffin according to standard techni-
ques. The 7 mm thick paraffin sections were placed on Superfrost
Plus slides (Carlo Erba, Italy) and processed as previously described
(Vaccaro et al., 2001). XNOA 36 and Xen 1a-spectrin (see Carotenuto
et al., 2000) cDNAs were used as template to synthesise digoxigenin-
labelled antisense and sense probes, using digoxigenin-labelled UTP
and Sp6, T3 and T7 RNA polymerase according to the manufacturer’s
recommendations (Roche RNA T3-SP6 transcription and labelling
kit). After incubation with anti-digoxigenin-alkaline phosphatase
(AP)-conjugated antibody the detection was performed using
BM-purple (Roche).

For double in situ hybridisation, the oocytes sections were
hybridised simultaneously with a digoxigenin and a fluorescein-
labelled probe under standard conditions. After incubation with
anti-digoxigenin-alkaline phosphatase (AP)-conjugated antibody
and detection of the first probe using BM-purple (Roche), AP was
inactivated in 100 mM glycine, pH 2.2, 0.1% Tween-20 for 30 min.
Following several washes in PBS 1X – 0.1% Tween-20, blocking in
100 mM maleic acid, 150 mM NaCl, pH 7.5 and blocking reagent
(Roche), the sections were incubated with anti-fluorescein-AP
conjugated antibody (Roche). Vector black kit was used as AP
substrate (Vector Laboratories).

Immunofluorescent microscopy

Xenopus oocytes were fixed as for in situ hybridisation on
sections. Following rinses in PBS, the oocytes were embedded in
Killik (Bio Optica, Italy), frozen and cryostat-sectioned at a
thickness of 7 mm. Aspecific background was blocked by incubat-
ing the sections for 20 min at RT in PBS containing 3% normal goat
serum, 0.5% bovine serum albumine (BSA), 0.1% Triton-X100
(PBT), prior to exposure O/N at 4 1C to one of the following
antibodies diluted in PBT: polyclonal anti-b-spectrin (bIIS1)
antibody directed against the general form of spectrin of human
epithelial cells, a gift of Dr J. Morrow (Dept. of Pathology, Yale
University, School of Medicine, New Haven); anti-pan-cytokeratin
monoclonal antibody (Sigma, C2931) reacting with most type II
cytokeratins (K 4,5,6,8) and with type I cytokeratins (K10,13,18);
monoclonal anti-acetylated tubulin recognizing the acetylated
form of tubulin in many organisms (Sigma, T6793). Control
sections incubated with rabbit IgG (Sigma, I5006) or in the
absence of primary antibody were included in each experiment.
BODIPY FL goat anti-rabbit IgG (H+L) (Molecular Probes, B2766)
or BODIPY FL goat anti-mouse IgG (H+L) (Molecular Probes,
B2752) diluted in PBT were used as secondary antibody. The
sections were eventually mounted in glycerol/PBS 9:1 (v/v).
Photographs were taken with a Nikon Eclipse 1000 UV photo-
microscope or with a Leica DM6000B photomicroscope equipped
with a digital camera.

In situ hybridisation on sections coupled with immunostaining

Following hybridisation, incubation with anti-digoxigenin-AP
conjugated antibody and detection using the BM-purple
substrate, AP activity was inhibited by treatment with 100 mM
glycine pH 2.2, 0.1% Tween-20 for 10 min at room temperature.
After extensive washes in PBS1X – 0.1%-Tween-20, the sections
were (1) pre-incubated in PBS pH 7.4 containing 0.5% BSA, 0.1%
Triton X-100 and 3% normal goat serum for 30 min, (2) incubated
O.N. at 4 1C with anti-b-spectrin diluted (1:100) in PBT. Goat anti-
rabbit IgG conjugated with AP (Sigma) was used as secondary
antibody and revealed by using the Vector Black kit (Vector
Laboratories) after 30 min incubation in PBS containing 0.5 mg/ml
levamisole, 0.1% Tween-20. Negative controls were performed by
using a XNOA 36 sense probe and unspecific rabbit IgG.

Ice-nocodazole and cytochalasin treatments

To perturb microtubule organisation, small groups of stage 1-2
oocytes in L-15 medium (50% Leibowitz medium supplemented
with 1 mg/ml BSA, 100 mg/ml gentamicin, 1 U penicillin, 1 mg/ml
streptomycin, 1 mM l-glutamine, 1 mg/ml insulin, 50 U/ml
nystatin, 15 mM HEPES, pH 7.8), were first incubated for 90 min
in ice and then for 20 h at 18 1C, after addition of nocodazole,
freshly diluted from a 10 mM stock in dimethyl sulfoxide, to a
final concentration of 10 mM, according to Chang et al. (2004). To
perturb actin organisation, oocytes were incubated for 20 h at
18 1C in L-15 medium supplemented with 20 mg/ml of cytocha-
lasin B (Sigma), according to classical experiments of Gard et al.
(1997). Control oocytes were incubated for 20 h at 18 1C in L-15
medium.

Immunoprecipitation of mRNA-protein complexes

Stage I oocytes were homogenized in ice-cold NET buffer
(50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.5% Nonidet P-40, 1 mM
EDTA pH 8, 0.25% gelatine, 0.02% NaN3) according to Minshall
et al. (2007), supplemented with a cocktail of protease inhibitors:
2 mM TAME, 5 mg/ml SBTI, 5 mg/ml aprotinin and 10 mM E64
(Sigma) and 100 U/ml RNase inhibitor (Roche). After centrifuga-
tion at 15,000 g at 4 1C for 45 min, undiluted anti-b-spectrin was
added to supernatants (1: 50 v/v) and incubated for 2 h or O.N.
under constant agitation at 4 1C. Protein A-Sepharose beads
(Sigma) were added to the sample at 1:3 (v/v) and kept under
constant agitation for 2 h at 4 1C. Following centrifugation to
pellet the beads and several rinses in NET buffer, the recovered
precipitate was boiled in sample buffer (1:1 v/v) under reducing
conditions and subjected to SDS-PAGE. The proteins were
detected by silver staining. Incubation with rabbit IgGs or in
absence of primary antibody was performed as general control of
the specificity of the immunoprecipitation reaction. For western
blots, the samples were transferred electrophoretically to nitro-
cellulose paper as previously described (Maturi et al., 1998). After
anti-b-spectrin incubation, goat anti-rabbit IgG conjugated to AP
was used as secondary antibody and revealed by NBT and BCIP.

For RNA detection in the immunoprecipitate, immunoprecipita-
tion reactions were performed as described above. DNase I
treatment was carried out by incubating the Xenopus oocyte lysate
with RNase-free DNase I (Roche, 500 U/ 500 ml extract) for 15 min at
37 1C, following immunoprecipitation with the anti-b-spectrin
antibody. Following four washes in NET buffer, the beads were
incubated at 50 1C in NET buffer containing 2% SDS and 200 mg/ml
proteinase K. The RNA was purified by phenol/chloroform extraction
and ethanol precipitated in the presence of 20 mg glycogen, O. N. at
�20 1C. Reverse transcription was performed using purified RNA,
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oligo-dT primers and the Superscript II reverse transcriptase
(Invitrogen). PCR reactions were performed using AmpliTaq Gold
(Applied Biosystem, Roche) and the following XNOA 36, or p27BBP/
eIF6 specific primers: XNOA 36 Forward:5’-GGGTGCCATTTGT-
GATTTCT-3’; XNOA 36 Reverse: 5’-GAATGGCTTTGAGGCTTCTG-3’;
XNOA 36 Forward nested: 5’- TTTGAACACCAAGCCAGTTG-3’; XNOA
36 Reverse nested: 5’-TGTTTCCACCAGATGCAAGA-3’; p27BBP/eIF6
Forward 5’-GTGTGTCGCTTGAGTGAGGA3’; p27BBP/eIF6 Reverse 5’-
CAGTTGCTCGTGAAAGTCCA-3’.

Results

XNOA 36 cloning and Northern blots

The cDNA coding for XNOA 36 was fortuitously isolated by
screening a cDNA library of stage I-II Xenopus oocytes using an
antibody directed against Drosophila Gurken. XNOA 36 and
Gurken proteins do not share sequences longer than 5 aa. XNOA
36 cDNA encodes a protein of 313 residues with a predicted
molecular mass of 36 kDa, similar to the size of other NOA 36
proteins isolated from a variety of living organisms. The deduced
protein sequence of XNOA 36 has the typical nine CXXC motifs
implicated in the formation of four putative zinc fingers. The
sequence shows a putative nuclear localisation signal
(PKKKTGARKK) in the N-terminal region (Fig. 1). It has high
similarity with NOA 36 proteins from H. sapiens (79% identity),
Cricetulus griseus, Rattus norvegicus (80%), D. melanogaster (69%)
and Brugia malay (57%). Multiple alignment of XNOA 36 with
H. sapiens, D. melanogaster and B. malay NOA 36 protein sequences
indicates high similarity of all these proteins in the zinc-finger
region, in the predicted nuclear localisation signal and in the

typical acidic domain, while little similarity is found in the
C-terminal region (Fig. 1). Prosite analysis indicates the presence
of two putative N-glycosylation sites and several protein kinase C
and Casein kinase II phosphorylation sites. Prediction of
subcellular localisation, made with the PSORT II program, is as
follows: 73.9% nuclear, 17.4% cytoplasmic, 4.3% cytoskeletal and
4.3% mitochondrial, with the putative mitochondrial targeting
sequence located in the N-terminal region. While the predicted
mitochondrial localisation is shared by all the analysed species,
cytoskeletal localisation is hypothesised only for vertebrates.
Moreover, with the exception of Drosophila melanogaster and
Brugia malay, there is no predicted localisation in the endoplasmic
reticulum.

XNOA 36 mRNA is present throughout embryogenesis and
displays an ubiquitous expression pattern (data not shown). On
the other hand, Northern blot analysis of RNA extracted from
staged oocytes showed a stage-dependent expression of XNOA 36,
as the transcript appears highly concentrated in previtellogenic
oocytes and little concentrated in vitellogenic oocytes (Fig. 2a,b).

XNOA 36 mRNA distribution matches a-spectrin mRNA localisation in

stage I oocytes

In ‘whole mount’ in situ hybridisation experiments using a
XNOA 36 antisense riboprobe the transcript appears abundant in
stage I oocytes (Fig. 2c-d), whereas from stage II to the end of
oogenesis (Fig. 2e) it is only weakly detectable in the entire
cytoplasm and in stages IV-VI is mainly restricted to the germinal
vesicle (Fig. 2f), as checked by bisecting the oocytes. The
specificity of the hybridisation signal was confirmed by using a
sense probe (Fig. 2g). Interestingly, in late stage I, a major fraction
of XNOA 36 RNA is found in one half of the whole oocyte (Fig. 2d).

Fig. 1. Multiple sequence alignment: the CXXC motifs are in bold face, the putative nuclear localisation sequence is underlined. The symbol n indicates identical residues.
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Extensive analysis of serial sections of oocytes deriving from 9
females showed that, starting from oocytes of about 100 mm,
XNOA 36 RNA is located throughout the cytoplasm along a
filamentous network (Fig. 3a) (n= 424). In stage I oocytes of
180-200mm (n=140), the most intensely labelled region is located
beside the ovarian tissue from which the oocyte is pendant
(hylum) (Fig. 3b-c). The mRNA distributes in a gradient-like
fashion along a network which extends from the oocyte periphery
to the interior of the cytoplasm and appears tightly linked to the
MC on its way to the cortex. Sections exposed to sense XNOA 36
probe are not stained (Fig. 3d).

Serial sections of the oocyte photographed in Fig. 3b, exposed
to an a-spectrin antisense probe show that this mRNA is
segregated in the same oocyte sector that includes the MC,
as XNOA 36 mRNA (Fig. 3f). The a�spectrin hybridisation signal
is also located around the MC (Fig. 3g). This labelling is specific as

indicated by the absence of signal in sections incubated with an
a-spectrin sense probe (Fig. 3e).

In 250-270 mm oocytes (n=46), both mRNAs are segregated in
the oocyte half opposite the hylum, as observed in sections
parallel to, or coinciding with, the virtual A/V axis. The MC is
positioned between the labelled and unlabelled regions of the
oocyte (Fig. 4a,b,c). Moreover, we observed strings of young
oocytes in vivo, and found that the position of the MC with respect
to the hylum is stage-dependent: while in 30% of the oocytes with
a diameter of 220-230 mm (n= 65) this position is random, in the
rest of the oocytes (70%) the MC is positioned in the territory
around the hylum. In oocytes with a diameter ranging between
250 and 280 mm (n= 125), the MC is positioned along the future
A/V, approximately parallel to the gonadal walls.

Later in oogenesis the polarised localisation of XNOA 36 RNA is
no longer detectable (see Fig. 2).

The distribution pattern of a-spectrin mRNA with respect to
the MC in stage I oocytes, as described in this work, is in apparent
conflict with previously reported data (Carotenuto et al., 2000).
However, in earlier experiments, (using a DNA probe), the
reciprocal MC and a-spectrin mRNA localisation patterns were
not strictly determined as a function of the oocyte size. On the
contrary, here, a a-spectrin riboprobe was used and serial sections
of staged oocytes were obtained, taking account of the virtual A/V
axis.

To further demonstrate that the two mRNAs are segregated in
the same half of the oocyte, double in situ hybridisation
experiments were performed. The distribution patterns of the
two mRNAs overlap (Fig. 4d) in particular around the MC (Fig. 4e).

XNOA 36 mRNA localisation in stage I oocytes is

cytoskeleton-dependent

To perturb the cytoskeleton, oocytes were exposed to
cytochalasin B, which inhibits the polymerisation of monomeric
actin, or to a two-step treatment (ice followed by incubation with
nocodazole), which destroys acetylated and non-acetylated
microtubules (Kloc et al., 1996; Gard et al., 1997; Chang et al.,
2004). After processing by histological techniques, sections were
incubated with riboprobes specific to either of the two transcripts
(Fig. 5a-f). Here, the experiments were designed to evaluate the
possible association of cytoskeleton components with XNOA 36
and a-spectrin mRNAs. Moreover, by disturbing the cytoskeleton,
we aimed at challenging the association between the two mRNAs.
The observations were carried out in oocytes where the
distribution of the mRNAs is still homogeneous in the
cytoplasm i.e. at early stages of cytoskeleton-mRNA segregation
(diameter of about 200 mm). In oocytes treated with cytochalasin
B, XNOA 36 mRNA distribution changes with respect to untreated
oocytes (Fig. 5a,b). The transcript is in fact absent in the bulk of
the cytoplasm, yet concentrated at the oocyte periphery (Fig. 5b).
In oocytes incubated in ice-nocodazole XNOA 36 mRNA is mainly
present in discrete territories at the oocyte periphery and is only
partially located in the cytoplasm (Fig. 5c). Here, the filaments
decorated by XNOA 36 mRNA in untreated oocytes are almost
completely absent (compare Fig. 5c with Fig. 5a).

Oocytes treated with cytochalasin B and exposed to a
a�spectrin antisense riboprobe show no major changes in the
transcript distribution, with respect to untreated oocytes, except
for a sparser presence of the hybridisation label in the oocyte
periphery (Fig. 5e, compare with Fig. 5d). Oocytes incubated in
ice-nocodazole and exposed to the same riboprobe again do not
differ significantly from the untreated oocytes (Fig. 5f, compare
with Fig. 5d). Sections of oocytes treated with cytochalasin B or
ice-nocodazole do not show hybridization signals when incubated

XNOA 36

HIS

St. III St. IV-V St. VISt. I-II

*

Fig. 2. Northern blot of total RNA from staged oocytes, hybridized with the XNOA

36 cDNA (a) and with the X. laevis H1 histone cDNA, as loading control

(b). Equivalent amounts of total RNA were loaded. The1100 nt long XNOA 36

transcript is highly expressed in stage I-II oocytes, while it is present at much

lower levels in later stages of oogenesis. c-f. Whole mount in situ hybridisation

using an antisense XNOA 36 riboprobe. c. In stage I 150 mm oocytes, XNOA 36

mRNA is distributed in the whole cytoplasm. Bar= 60 mm. d. In larger (250 mm)

stage I oocytes, the XNOA 36 transcript is segregated in a sector that roughly

corresponds to one half of the oocyte (on the right side in the figure) and it

includes the MC (asterisk). Bar= 60 mm. e. In stage II oocytes the XNOA 36

transcript is almost undetectable and in stage IV-VI (f) is localised in the germinal

vesicle. The bar in (e) indicates 120 mm and in (f) 500 mm g. Control hybridisation

using a XNOA33 sense riboprobe. Bar= 170 mm.
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with XNOA 36 or a�spectrin sense riboprobes (Fig. 5’a’-d’).
Therefore, while the distribution pattern of the XNOA 36
transcript is strongly affected by drugs altering the cytoskeleton,
a�spectrin mRNA is not influenced to the same extent, indicating
that the two mRNAs, in spite of their co-localisation, probably
utilise different cell components for distribution in the cell.

To investigate whether the distribution of XNOA 36 mRNA
correlates with the distribution of cytoskeletal proteins, immuno-
fluorescence experiments were performed on frozen sections of
the same sets of oocytes utilised for in situ hybridisation
(Fig. 5g-o). Upon cytochalasin B treatment and incubation of the
sections with anti-cytokeratin antibodies, most of the immuno-
reactivity is concentrated in the MC and in aggregates surround-
ing the germinal vesicle (Fig. 5h), in contrast to control, i.e.
oocytes unexposed to the drug, where a filamentous network is
seen, extending from the cortex to the nuclear envelope (Fig. 5g).
Upon ice-nocodazole treatment, few cytokeratin-containing fila-
ments are found in the cytoplasm (Fig. 5i). Cytochalasin B-treated
oocytes exposed to anti-acetylated tubulin antibodies (Gard et al.,
1995) show a different fluorescence pattern from that of control
oocytes (Fig. 5j), in particular due to the presence of immuno-
reactive perinuclear aggregates (Fig. 5k). In oocytes treated with
ice-nocodazole, the anti-acetylated tubulin signal is barely
detectable (Fig. 5l). In cytochalasin B-treated oocytes exposed to
anti-spectrin antibodies, the immuno-fluorescence is mostly

located at the oocyte periphery, while few fibres are in the
cytoplasm (Fig. 5n), in contrast to control oocytes where an
extended network is present (Fig. 5m). In sections of ice-
nocodazole-treated oocytes incubated with anti-spectrin anti-
bodies, the immuno-fluorescence is again located mostly at the
oocyte periphery as well as in aggregates (Fig. 5o). Control
sections of treated oocytes incubated uniquely with anti-rabbit
IgGs (for anti-spectrin immuno-staining) or anti-mouse IgG (for
anti-tubulin and anti-cytokeratin immuno-staining) did not result
in aspecific staining (Fig. 5’). These data indicate that in oocytes
treated with ice-nocodazole or cytochalasin B, the spectrin
protein becomes restricted to the oocyte periphery in the same
manner as the XNOA 36 transcript.

XNOA 36 mRNA co-localises with the cytoskeletal protein spectrin

Alternating serial sections of stage I oocytes were exposed to
an XNOA 36 riboprobe, to anti-b�spectrin antibodies or to both
reagents (Fig. 6). Fig. 6a is a cross section of the oocyte, with
respect to the A/V axis, the MC being at the centre of the section
where it is bisected by the localisation domain of XNOA 36 mRNA.
A serial section of the same oocyte (Fig. 6b) shows high levels
of b-spectrin in the MC. Moreover, the immunostaining is
concentrated at one side of the oocyte, particularly in the

Fig. 3. In situ hybridisation on sectioned specimen, showing XNOA 36 (a-c) and spectrin (f-g) mRNA localisation in stage 1 oocytes. a. Oocyte of 130 mm. A continuous

network decorated by XNOA 36 encompasses the whole oocyte. Bar= 37 mm. b. Oocyte of 180-200 mm. XNOA 36 mRNA is distributed along a filamentous network

(arrowhead) and is mainly restricted to a spatial domain including the MC (asterisk). The most intensely labelled region is at the oocyte periphery (double arrows). The

broken lines delineate the ovarian hylum. Bar= 47 mm. c. Higher magnification of a detail of figure b. The MC rim is partially decorated by the XNAO36 labelled network

(arrowheads). Bar= 15 mm. d-e. Control sections hybridized with a sense XNOA 36 (d) or a-spectrin (e) riboprobe. The bar in (d) indicates 65 mm and in (e) 80 mm. f-g.
Serial section of the same oocyte shown in b, hybridized with an a-spectrin antisense riboprobe. The a-spectrin mRNA is enriched in the sector of the oocyte including the

MC (asterisk) where also XNOA 36 mRNA is mostly restricted. Bar= 46 mm. In a serial section shown at higher magnification (g) a ring of a-spectrin mRNA is present at the

periphery of the MC ( small arrow). Arrowhead= network decorated by a-spectrin mRNA. Bar=15 mm.
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peripheral cytoplasm. The regions of highest concentration of the
b-spectrin protein and XNOA 36 mRNA are coincident (Fig. 6c).
Their overlap is consistently found in subsequent serial sections
(Fig. 6d,e,f). In all these sections the restriction of the XNOA 36
transcript to the half of the oocyte parallel to the virtual A/V axis
is accompanied by similar segregation of the b-spectrin protein,
as summarised by the drawing in Fig. 6g.

On the basis of the above results we sought to find out whether
spectrin protein and XNOA 36 mRNA are physically associated. To
address this question, we used anti-b�spectrin antibodies in
immunoprecipitation experiments (IPs) and tested the immuno-
precipitated material for the presence of XNOA 36 mRNA by
RT-PCR. As controls, pre-immune rabbit IgGs or no IgGs at all were
used. Panel 7a shows silver staining of the immunoprecipitated
material after SDS-PAGE, whereas panel 7b shows the RT-PCR
products obtained from the same samples using XNOA 36
(Fig. 7 lanes A-B, D-E) or p27BBP/eIF6 (Fig. 7b lane F) specific
primers. p27BBP/eIF6 mRNA encodes a protein with housekeeping
features previously reported in Xenopus oogenesis (Donadini
et al., 2001; Carotenuto et al., 2005). Only the IgG band is
visible in the sample where the oocyte extract was exposed
to pre-immune rabbit IgGs (Fig. 7, panel a, lane B), and no
proteins are precipitated in the absence of IgGs (Fig. 7, panel a,
lane C). In lane D of panel a, where the oocyte extract was
immunoprecipitated with anti-b�spectrin antibodies, two major
bands corresponding to proteins of about 239 and 100 kDa are
present. These proteins are further demonstrated to be able to
cross-react with anti-b-spectrin antibodies, by western blot
analysis (Fig. 7 panel a, lane E) (see also Carotenuto et al.,
2009). In the RT-PCR reaction performed on the RNA extracted
from the sample immunoprecipitated with anti-b�spectrin
antibodies, the expected amplification product was obtained, as
confirmed also by using nested primers. This product was also

obtained when the immunoprecipitate was digested with DNaseI,
while it was absent when the reverse transcriptase enzyme was
omitted, indicating that it is generated by an RNA template (Fig. 7
panel b, lanes C-D-E). When the RT-PCR was performed using
p27BBP/eIF6 specific primers, no amplification product was found
(Fig. 7 panel b, lane H). Finally, the amplification product is
missing in all control IP samples (Fig. 7 panel b, lanes F-G). These
data indicate that the spectrin protein is physically associated to
XNOA 36 mRNA.

Discussion

We cloned a X. laevis cDNA encoding NOA 36, a highly
conserved zinc finger protein with a predicted molecular mass
of 36 kDa that has hitherto been studied only in humans (Bolivar
et al., 1999). We analysed the localisation pattern of XNOA 36
mRNA in X. laevis oogenesis, as this transcript, while present
throughout X. laevis embryogenesis, displays a characteristic
stage-specific distribution in oogenesis, undergoing gradual
segregation in the cytoplasm of stage I oocytes. In Drosophila,
the segregation of several mRNAs governing embryonic polarity is
established during oogenesis mainly thanks to microtubules
(reviewed in Riechmann and Ephrussi, 2001). In contrast, in eggs
of different species such as C. elegans (Kemphues et al., 1988) and
Styela (Conklin, 1905; reviewed in Sardet et al., 2005) transcript
segregation through association of the mRNAs with the cytoske-
leton (actin and/or microtubules) occurs only following sperm
activation. In X. laevis, microtubule-dependent mRNA localisation
occurs during oogenesis at stage III (Yisraeli et al., 1990). mRNAs
remain tightly anchored to the vegetal cortex, thanks to the actin-
based cytoskeleton until the end of oogenesis (Alarcón and
Elinson, 2001). Microtubules are also implicated in cortical

*

*

Fig. 4. In situ hybridisation on sectioned specimen, showing XNOA 36 and a�spectrin mRNA localisation in stage 1 oocytes of about 270 mm. In (a) is indicated a schematic

view of the localisation of XNOA 36 and a-spectrin mRNAs with respect to the virtual A/V axis, as determined by the position of the MC. XNOA 36 (b) as well as a-spectrin
(c) mRNAs are labelled by BM purple staining. Both mRNAs are segregated in the half of the oocyte opposite to the hylum (arrow). The MC (asterisk) is positioned at the

boundary between the labelled and unlabelled regions of the oocyte. The bar in (b) indicates 58 mm, and in (c) 63 mm d. Double label in situ hybridisation showing the

localisation of XNOA 36 mRNA (detected through BM-purple staining) and a-spectrin mRNA (detected through Vector black). The two hybridisation signals overlap

(reddish-purple staining) and sites of co-localisation are seen, in particular around the MC (asterisk). Bar= 52 mm. e. Detail of panel d showing at higher magnification the

hybridisation signals at the MC periphery (arrow). Bar=10 mm. (For interpretation of the references in colour in this figure legend, the reader is referred to the web version

of the article.)
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rotation, which occurs after sperm penetration and is responsible
for the displacement of positional information cues established
during oogenesis (Ancel and Vitemberger 1948; Houliston and
Elinson, 1991).

In X. laevis stage I oocytes, most maternal transcripts are
distributed in the entire cytoplasm, and a subset of them is
recruited to the MC by a cytoskeleton-independent mechanism
(Kloc et al., 1996; Chang et al., 2004). In contrast, the localisation
pattern of the XNOA 36 transcript in late stage I oocytes (of 180-
250 mm) displays a series of really unusual features: 1) it peaks at

the oocyte cortex and decorates a cytoplasmic network with a
gradient-like distribution decreasing toward the inner cytoplasm;
2) it transiently segregates in about half of the oocyte; 3) it is
almost undetectable in the oocyte region that is in contact with
the ovarian hylum. Moreover, it largely disappears from the
oocyte cytoplasm in later stages of oogenesis, suggesting that the
XNOA 36 gene product accomplishes a specific function during
early oogenesis. Considering the virtual A/V axis, the transcript
accumulates in a domain that is parallel to this axis, yet only in
one half of the oocyte. Localisation of the a-spectrin transcript is

TUBULIN

mRNA
SPECTRIN

CYTOK.

SPECTRIN

ICE-NDCYT-B

mRNA 
XNOA 36
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practically identical to that of XNOA 36 mRNA, its edge coinciding
with the A/V axis. The two mRNAs co-localise, i.e. are in the same
half of the oocyte, as shown by double in situ localisation

experiments. We also showed that, in late stage I oocytes, the MC
is at the boundary of the oocyte sector defined by XNOA 36 and
a�spectrin mRNAs, having its outermost portion marked by the
two transcripts. Therefore our experiments indicate that, upon
reaching the size of about 250 mm, the oocyte A/V is approxi-
mately parallel to the gonadal walls.

Despite the overlap of their localisation domains in the oocyte,
a�spectrin and XNOA 36 RNAs do not appear to identify the
same filamentous network. In fact, only XNOA 36 mRNA is
dislocated by cytochalasin B or ice/nocodazole treatments,
suggesting that the distribution of the two mRNAs is differently
accomplished. Immunofluorescence experiments of the treated
oocytes using anti-cytokeratin, anti-tubulin and anti-b-spectrin
antibodies indicated that only the localisation of the spectrin
protein is perturbed in a pattern similar to that of XNOA 36
mRNA. In situ localisation of the XNOA 36 transcript coupled with
anti-spectrin immunostaining showed that XNOA 36 mRNA
co-localises with spectrin. Moreover, immunoprecipitation
experiments indicated that these molecules form a protein-RNA
complex. Therefore, the spectrin-containing cytoskeleton, i.e. the
actin-based cytoskeleton (Bennett and Gilligan, 1993; Morrow
et al., 1991; Ryabova et al., 1994) may account for the network we
found to be decorated by XNOA 36 mRNA.

Alpha/b-spectrin heterodimers are found in X. laevis oocytes
where at least two b-spectrin isoforms of 239 and 100 kDa
respectively are present (Carotenuto et al., 2009), in addition to
one form of a-spectrin (Giebelhaus et al., 1988). Carotenuto et al.
(2000), using anti-a�spectrin antibodies cross-reacting with
a- and b-spectrin (Di Stasi et al, 1991), showed that this
heterodimer has a polarised distribution in the same stage of
oogenesis where our data indicate co-localisation between XNOA
36 mRNA and b�spectrin protein. These observations are in
agreement with the idea that the spectrin-based skeleton is a key
player in establishing and/or maintaining cell shape and polarisa-
tion (Lee et al., 1999). In X. laevis oocytes, the first localisation of
spectrin is in the oogonia, in the so-called pre-MC where, together
with Xlsirts, it is found in a structure called the spectrosome,
asymmetrically located at one side of the cell. In stage I oocytes,
the protein spectrin is present throughout the MC where it was
hypothesised to be associated with both Xlsirts and Xwnt11 (Kloc
et al, 1998). Moreover, at this stage of growth, spectrin gradually
localises in a filamentous network that particularly surrounds and
permeates the MC, as also shown in this paper, together with
cytokeratin and tubulin (Gard and Klymkowsky, 1998; Gard,
1999). The cytoskeletal network where XNOA 36 mRNA is located
appears to hold the MC during its migration to the cortex. The MC
reaches the cortex at stage II (Heasman et al., 1984). At present it
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SPECTRIN
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Fig. 5. (Continued)

Fig. 5. Distribution of XNOA 36 or a�spectrin mRNAs (a-f) and of selected cytoskeleton proteins (g-o) in sections of oocytes of about 200 mm treated with cytochalasin B

(Cyt.-B) or ice-nocodazole (ICE-ND). a-c. in situ hybridisation with an antisense XNOA 36 riboprobe. a. Untreated oocyte. Bar= 46 mm. b. Cytochalasin-B treated oocyte.

Virtually all hybridisation signal is found at the periphery of the oocyte. Bar= 43 mm. c. Oocyte incubated in ice-nocodazole. The filaments decorated by XNOA 36 mRNA are

almost completely absent and most of the transcript is concentrated at the oocyte periphery, in discrete territories (arrow). Bar= 46 mm. d-e. in situ hybridisation with an

antisense a�spectrin riboprobe. d. Untreated oocyte. Bar= 48 mm. e. Cytochalasin-B treated oocyte. The hybridisation signal is similar to that seen in the untreated control,

except for a rim of staining at the oocyte periphery stronger in untreated control. Bar= 46 mm. f. Oocyte incubated in ice-nocodazole. No major changes are observed in the

distribution of the a�spectrin mRNA compared to untreated oocytes. Bar= 47 mm. g-i. Cytokeratin immunolocalisation. g. Untreated oocyte showing a meshwork of

immunoreactive fibres. Bar= 41 mm. h. In cytochalasin B-treated oocytes, cytokeratin is mostly concentrated in the MC (asterisk) and in aggregates surrounding the

germinal vesicle. Arrow=somatic tissue. Short arrow= peripheral cytoplasm. Bar= 43 mm. i. Oocyte treated with ice-nocodazole. Cytokeratin is found in few cytoplasmic

filaments. Bar= 41 mm. j-k. Acetylated tubulin immunolocalisation. j. Untreated oocyte. Bar= 39 mm. k. Cytochalasin B-treated oocyte, showing the presence of

immunoreactive perinuclear aggregates, not observed in untreated oocytes. Bar= 39 mm. l. In oocytes treated with ice-nocodazole, virtually no fluorescent signal is found.

Bar= 41 mm. m-n. Spectrin immunolocalisation. m. Untreated oocyte, showing a cortical spectrin network also extending in the cytoplasm. Bar= 41 mm. n. Cytochalasin
B-treated oocyte. The immunofluorescence is mostly located at the oocyte periphery (arrow), and only few fibres are seen in the cytoplasm. Asterisk= mitochondrial cloud,

stained as well by the anti-spectrin antibody. Bar= 43 mm o. In ice-nocodazole-treated oocytes, the spectrin immuno-fluorescence is again located mostly at the oocyte

periphery (arrow) as well as in aggregates (short arrow) and in the MC (asterisk). (o). Bar= 44 mm. Fig. 5’. Negative controls for Fig. 5 experiments. a’. Sections of

cytochalasin B-treated oocytes exposed to sense XNOA 36 probe. Hybridisation signals are absent. Bar= 51 mm. b’. ice-nocodazole-treated oocytes exposed to sense XNOA

36 probe: hybridisation signals are absent. Bar= 56 mm. c’-d’. Oocytes exposed to a�spectrin sense probe following treatment with cytochalasin B (c’) or with ice-

nocodazole (d’). Hybridisation signals are absent. Bar= 54 mm in (c’) and 55 mm in (d’). e’- f’. Sections of oocytes incubated with cytochalasin B (e’) or ice-nocodazole

(f’) exposed to anti-mouse IgGs with omission of primary antibodies (for anti-cytokeratin or anti-tubulin immuno-staining). The immuno-staining is absent. Bars= 56 mm.

g’-h’. Sections of oocytes incubated with cytochalasin B (g’) or ice-nocodazole (h’) exposed to anti-rabbit IgGs with omission of primary antibodies (for anti-spectrin

immuno-staining) (h’). The immuno-staining is absent. Bars= 56 mm.
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is not known what forces drive the MC into the cortex, in oocytes
where contractile activity is acquired only after maturation
(Johnson and Capco, 1997). We speculate that, in late stage I
oocytes, the asymmetric withdrawal of the cytoskeleton contain-
ing XNOA 36 mRNAmight supply the force needed to drag the MC
towards the cortex. On this point, it should also be considered that
the described localisation pattern of the spectrin-mRNA complex
is transient and it is no longer detected in oocytes following stage
I of growth. In Homo sapiens, XNOA 36 is known to be associated
with centromeres during metaphase (Bolivar et al., 1999). The
specific role of XNOA 36 mRNA and protein in combination with
the cytoskeletal network remains to be ascertained.

A fascinating hypothesis might be that the spatial relationship
observed between spectrin and XNOA 36 RNAs and the MC signals
a novel coordinate of the oocyte on the A/V axis. However, we
doubt that the two oocyte halves anticipate a dorso-ventral (D/V)
symmetry or a left/right (L/R) symmetry. Indeed, the D/V axis is
known to be established as a consequence of the cortical rotation
and of Xwnt-11 signalling occurring after fertilisation (Tao et al.,
2005; Kofron et al., 2007). The L/R symmetry is also dependent
upon the Wnt signalling pathway (Nascone and Mercola, 1997).
Concerning the segregation of the spectrin-XNOA 36 mRNA
complex in one half of the oocyte, better understanding will

probably be gained if the nature of the asymmetrical signal
governing this cytoskeleton-based phenomenon is uncovered.
Except for the MC, the only other asymmetry related to the oocyte
is external, i.e. the position of the hylum, where the oocyte surface
is in contact with thecal connective tissue and close to the
external ovarian epithelium, rather than to the inner ovarian
epithelium which surrounds the rest of the oocyte. Our data show
that the hylum is in contact with the region of the 180-280 mm
oocyte that is devoid of the XNOA 36-containing cytoskeleton
network. It is plausible that extracellular signals are sent from this
region to the oocyte, causing specific rearrangements of the actin–
based cytoskeleton, eventually leading to mRNA segregation (see
Cohen, 2005) into the region of the oocyte opposite the signal.
Several data suggest that matrix stiffness could regulate the
equilibrium between storage and release of matrix-bound growth
factors (Wipff et al., 2007; Wells and Discher, 2008). In Xenopus

oocytes it has been shown that changes in external ‘‘mechanical
tone’’ exerted on the oocyte by somatic tissue may regulate
mechano-sensitive release of chemicals (Maroto and Hamill,
2001). We hypothesise that, upon reaching a 120-150 mm growth
threshold, the oocyte provokes tension on the external somatic
tissues that in turn liberates factor(s) acting on the cytoskeleton.
This putative signal spreading from the hylum would remodel the

*
* *

Fig. 6. Distribution of XNOA 36 mRNA (BM-purple label) (a,d), spectrin protein (Vector-black label) (b,e) or both (c,f) in alternating serial sections of a stage I oocyte. a-c.
The localisation domains of the XNOA 36 mRNA and the spectrin protein coincide and bisect the MC (asterisk) located at the centre of the sections. d-f. Their localisations
and overlaps are consistently found in subsequent serial sections. The bar indicates 69 mm in (d), 65 mm in (e) and (f). In figures c and f double incubation, a dominance of

brown colour in the cortical region is observed, corresponding to spectrin localisation, while for the rest of the cytoplasm BM-purple staining (XNOA 36 mRNA) is darker

than in Figs. 6a and 6d and the presence of a delicate network of brown staining (spectrin) is indicated (small arrows). In panel (g) a drawing is shown to better describe the

distribution pattern of the two molecules with respect to the A/V axis. h. Control in situ hybridisation with a sense XNOA 36 probe. Bar= 120 mm. i. Control immunostaining

using preimmune serum. Bar= 77 mm. j. Coupled in situ hybridisation and immunostaining controls. Bar= 95 mm.
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oocyte cytoskeleton, exerting a major impact on the localisation
of cytoskeleton-associated mRNAs.
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Fig. 7. SDS PAGE (panel a) and RT-PCR (panel b) analyses of macromolecular

complexes immunoprecipitated with anti-b spectrin antibodies from stage I

oocytes. A. Crude oocyte lysate. B. Oocyte lysate immunoprecipitated with pre-

immune serum: only the IgG band is present. C. Oocyte lysate incubated with

Sepharose beads in absence of IgGs: no immunoprecipitated proteins are found. D.
Oocyte lysate immunoprecipitated with anti-b-spectrin antibodies: several silver-

stained bands are present. Western blot analysis of these immunoprecipitated

proteins is shown in the right part of panel a: two major bands of about 239 and

100 kDa are recognized by anti-b-spectrin antibodies. In panel b RT-PCR products

generated by using XNOA 36 specific primers are shown. A band of the expected

size was obtained (A), and its identity was confirmed by using nested primers (B).
These RT-PCR products were also obtained when the oocyte lysate was digested

with DNaseI following the IP experiment (D,E). On the contrary, the amplification

products were absent when the reverse transcriptase enzyme was omitted (C) as
well as in control IP samples obtained with pre-immune serum (F) or in the

absence of IgGs (G). When the RT-PCR was performed using specific primers for

the p27BBP/eIF6 transcript, no amplification product was found in the b-spectrin
immunoprecipitated sample (H). In both panels Mr markers are indicated on the

left.
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a b s t r a c t

Cell mechanical properties play an important role in determining many cellular activities. Passive micro-
rheology techniques, such as Multiple-Particle-Tracking (MPT) give an insight into the structural rear-
rangements and viscoelastic response of a wide range of materials, in particular soft materials and
complex fluids like cell cytoplasm in living cells. The technique finds an important field of application
in large cells such as oocytes where, during their growth, several organelles and molecules are displaced
in specific territories of the cell instrumental for later embryonic development. To measure cell mechan-
ics, cells are usually deformed by many techniques that are slow and often invasive. To overcome these
limits, the MPT technique is applied. Probe particles are embedded in the viscoelastic sample and their
properties are extracted from the thermal fluctuation spectra measured using digital video-microscopy.
The Brownian motion of a probe particle immersed in a network is directly related to the network’s
mechanical properties. Particles exhibit larger motions when their local environments are less rigid or
less viscous. The mean-square-displacement (MSD) of the particle’s trajectory is used to quantify its
amplitude of motions over different time scales.

� 2009 Elsevier Inc. All rights reserved.

1. Introduction

1.1. Overview of microrheology techniques

Traditional rheology measurements, important for industrial
application, have given valuable insight into the structural rear-
rangements and mechanical response of a wide range of materials,
in particular soft materials and complex fluids. However, conven-
tional mechanical techniques are not always well-suited for all sys-
tems. In particular, conventional rheometers provide a
measurement of the averaged bulk response but do not allow for
local measurements in inhomogeneous systems. To address these
issues, a new class of measurement techniques has emerged. These
have come to be called microrheology methods and probe the
material response on micrometer length scales, using micro-liter
sample volumes [1,2]. These methods typically use embedded mi-
cro-sized mechanical probes to locally deform the medium, and
information is extracted from their motion.

Microrheology techniques are usually classified as active and
passive, depending on whether the strain is recovered after an
externally applied stress or on whether the medium deformation
are caused by the thermal energy kBT, respectively. Passive tech-
niques, like Multiple-Particle-Tracking (MPT), Laser Particle Track-

ing (LPT) and Diffusing Wave Spectroscopy (DWS), are typically
more useful for measuring low values of predominantly viscous
moduli, whereas active techniques, like Magnetic Tweezers (MT)
and Atomic Force Microscopy (AFM), can extend the measurable
range to samples containing significant amounts of elasticity. Ac-
tive techniques involve the use of optical or magnetic forces to
move probe particles and apply local stress to complex materials.
Although active measurements can be extremely useful, especially
in stiff materials where large stresses are necessary to obtain a
measurable strain, large particles are required to apply sufficiently
well-controlled forces to the material, preventing the application
of this technique to very small length scales.

To measure cell mechanics, cells are usually deformed by many
techniques [3]. Whole-cell deformations use torsion pendulum [4],
parallel plates [5], and micropipette aspiration [6]. Smaller
mechanical probes of cells include micro-needles [7,8], cell pokers
[9] and atomic force microscopy [10,11]. Magnetic forces are ap-
plied to particles within living cells [12–14], and attached to the
surface of living cells [15,16]. So far, optical forces are only applied
to deforming soft sub-cellular structures, such as plasma mem-
brane [17,18]. Mechanical measurements using direct deforma-
tions are slow and often invasive. Deformations can be so large
as to be non-linear. To overcome these limits, passive microrheol-
ogy techniques are used.

Particle tracking techniques directly derive from the experi-
mental studies of Perrin about Brownian motion and are probably

1046-2023/$ - see front matter � 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.ymeth.2009.12.008
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Expression of XNOA 36 in the mitochondrial cloud
of Xenopus laevis oocytes

M.C. Vaccaro2, M. Wilding3, B. Dale3, C. Campanella2 and R. Carotenuto1

Department of Structural and Functional Biology, University of Naples ‘Federico II’; and Centre for Assisted Fertilization,
Clinica Villa del Sole, Naples, Italy

Date submitted: 27.10.10. Date accepted: 21.01.11

Summary
In Xenopus laevis oocytes a mitochondrial cloud (MC) is found between the nucleus and the plasma

membrane at stages I–II of oogenesis. The MC contains RNAs that are transported to the future vegetal
pole at stage II of oogenesis. In particular, germinal plasm mRNAs are found in the Message Transport
Organiser (METRO) region, the MC region opposite to the nucleus. At stages II–III, a second pathway
transports Vg1 and VegT mRNAs to the area where the MC content merges with the vegetal cortex.
Microtubules become polarized at the sites of migration of Vg1 and VegT mRNAs through an unknown
signalling mechanism. In early meiotic stages, the centrioles are almost completely lost with their
remnants being dispersed into the cytoplasm and the MC, which may contain a MTOC to be used in
the later localization pathway of the mRNAs. In mammals, XNOA 36 encodes a member of a highly
conserved protein family and localises to the nucleolus or in the centromeres. In the Xenopus late stage I
oocyte, XNOA 36 mRNA is transiently segregated in one half of the oocyte, anchored by a cytoskeletal
network that contains spectrin. Here we found that XNOA 36 transcript also localises to the nucleoli
and in the METRO region. XNOA 36 protein immunolocalization, using an antibody employed for
the library immunoscreening that depicted XNOA 36 expression colonies, labels the migrating MC,
the cytoplasm of stage I oocytes and in particular the vegetal cortex facing the MC. The possible
role of XNOA 36 in mRNA anchoring to the vegetal cortex or in participating in early microtubule
reorganization is discussed.

Keywords: Cytoskeleton, Microtubules, Mitochondrial cloud, Oocyte, Xenopus laevis

Introduction

In Drosophila melanogaster, microtubule reorganisa-
tion induced by the early signal of the TGFα

homologue Gurken underlies antero-posterior (A/P)
polarisation in the oocyte and later its dorso/ventral
(D/V) axis that will be inherited by the embryo
(Schüpbach & Wieschaus, 1986; Neuman-Silberberg
& Schüpbach, 1996; Roth, 2003). In Xenopus, the
oocyte acquires a radial organisation along a primary
coordinate, i.e. the animal–vegetal axis (A/V) that

1All correspondence to: Rosa Carotenuto, Department of
Structural and Functional Biology. University of Naples
Federico II. Complesso Universitario Monte Sant’Angelo, Via
Cinthia, I-80126, Napoli, Italy. Tel: +39 081 679195. Fax: +39
081 679233. e-mail: rosa.carotenuto@unina.it
2Department of Structural and Functional Biology, Univer-
sity of Naples ‘Federico II’, Italy.
3Centre for Assisted Fertilization, Clinica Villa del Sole,
Naples, Italy.

dictates the perspective A/P planning of the embryo.
At early stages of oogenesis (stages I and II), a
mitochondrial cloud (MC) is located between the
germinal vesicle (GV) and the plasma membrane
(Heasman et al., 1984). The MC is rich in active
mitochondria (Wilding et al., 2001) and gathers nuclear
messages destined to be transported within the MC
to the future vegetal pole at late stage II of oogenesis
(Kloc et al., 1996). Germinal plasm RNAs are found
in the message transport organiser (METRO) region,
the MC endoplasmic reticulum rich region opposite to
the nucleus. Other messengers are Xwnt11 mRNA im-
plicated in the determination of D/V (Tao et al., 2005)
and part of Vg1 mRNA (Kloc et al., 1996). Messengers
destined to be transported to the vegetal cortex may
first assemble with proteins in the nucleus (Kress et al.,
2004). The localisation of some mRNA into the MC
occurs through a diffusion/entrapment mechanism
into the MC endoplasmic reticulum (Chang et al.,
2004). Later, at stages II–III, a second pathway takes
care of the transportation of other mRNAs including
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Vg1mRNA and VegT mRNA to the site where the
MC content has merged to the vegetal cortex. Vg1
and Veg T are implicated in endoderm and mesoderm
specification (Thomsen & Melton, 1993; Zhang et al.,
1998). A polarized organisation of microtubules and
related kinesins initiates at the site of Vg1 and VegT
mRNA migration to the cortex (Yisraeli et al., 1990; and
see Kloc & Etkin, 1998; King et al., 2005). At present,
the signal that causes the microtubule reorganisation
is unknown. By stages III–IV, the microtubules become
fully organised as an orderly crown that links the
oocyte cortex to the germinal vesicle (Klymkowsky
et al., 1987; Gard et al., 1995, 1997).

In the oogonia, a primordial MC is found that gives
a polarised organisation to the cell. In this structure,
centrioles, spectrin and the endoplasmic reticulum-
rich fusome are located in addition to microtubules
that radiate from the centrioles. The latter supposedly
constitutes an interphase microtubule organisation
centre (MTOC) active in the oogonia (Kloc et al.,
2004). In early meiotic stages, the centrioles are almost
completely lost, their remnants are dispersed into the
cytoplasm and the MC where γ -tubulin was localised
(Kloc & Etkin, 1998), although this point remains
controversial (Gard, 1999). It was hypothesised that the
MC may contain a MTOC to be used in the late mRNAs
pathway (Kloc & Etkin, 1998).

Previous data showed that, in the late stage
I oocytes (250 µm oocytes), a transient XNOA
36 mRNA segregation occurs in a zone of the oocyte
surrounding the MC and opposite to the ovarian
hilum with the MC located between the XNOA
36 mRNA labelled region and the unlabelled region.
The XNOA 36 mRNA is localised or anchored in the
oocyte through a cytoskeletal network that contains
spectrin. XNOA 36 encodes a member of a highly
conserved protein family displaying characteristic
CXXC motifs putatively involved in the formation of
zinc-finger structures of the C2–C2 type (Bolivar et al.,
1999; Vaccaro et al., 2010). NOA36 was first one to be
isolated in Homo sapiens as an autoimmune antigen in
a patient suffering from rheumatoid arthritis and was
found in the nucleolus in G1/G2 or was associated
with centromeres (Bolivar et al., 1999). Recent data
report that NOA36 (or ZN330) is a pro-apoptotic factor
and associates dynamically to the outer mitochondrial
membrane (de Melo et al., 2009).

The Xenopus laevis NOA36 cDNA was isolated,
using an anti-Gurken monoclonal antibody (anti-
DrosGu), by immunoscreening of an expression library
of stage I–III Xenopus laevis oocytes. The nucleotides
sequence of the isolated XNOA 36 cDNA shows no
homologies to Gurken cDNA, and the deduced amino
acid sequences of Gurken and XNOA 36 do not share
sequences longer than five amino acids (Vaccaro et al.,
2010).

In this paper we found that XNOA 36 transcript
localises, in addition to its cytoplasmic localisation,
in the nucleus and in a sector of the MC that
eventually coincides with the METRO region facing
the vegetal cortex. Moreover, we studied XNOA 36
protein immunolocalization, using the anti-DrosGu
antibody employed for the library immunoscreening
that depicted XNOA 36 expression colonies (Vaccaro
et al., 2010). We found that, in stage I oocytes, the
antibody labels the nucleoli, the migrating MC and
the peripheral cytoplasm, in particular the vegetal
cortex facing the MC. The possible role of XNOA 36
is discussed.

Material and methods

Animals and oocytes

Adult X. laevis females were obtained from Rettili
(Varese, Italy). They were kept and utilized at the De-
partment of Structural and Functional Biology, the
University of Naples Federico II, according to the
guidelines and policies dictated by the University An-
imal Welfare Office and in agreement with European
Community laws. Groups of oocytes at various stages
of oogenesis were excised from the ovaries of females
anaesthetized with MS222 (Sigma). The growth stages
of the X. laevis oocyte are: stage I (50–300 µm), stage
II (300–450 µm), stage III (450–600 µm), stage IV (600–
1000 µm), stage V (1000–1200 µm) and stage VI (1200–
1300 µm) (Dumont, 1972).

In situ hybridisation on sections

XNOA 36 cDNAs were used as templates to
synthesise digoxigenin-labelled antisense and sense
probes, using digoxigenin-labelled UTP and T3 and
T7 RNA polymerase according to the manufacturer’s
recommendations (Roche RNA T3-SP6 transcription
and labelling kit).

X. laevis oocytes were fixed in 2% PFA, 250 mM
NaCl, 5% acetic acid for 50 min at room temperature,
dehydrated in ethanol and processed for embedding
in paraffin according to standard techniques. The
7-µm thick paraffin sections were placed on Superfrost
Plus slides (Carlo Erba) and were hybridized overnight
at 60 ◦C in 40% formamide, 1× Denhardt’s solution,
5× SSC, 200 µg/ml tRNA (Sigma) and 100 ng of
sense or antisense digoxigenin-labelled RNA on each
slide. Slides were washed in 0.5× SSC, 20% formamide
for 1 h at 60 ◦C, and exposed to RNase A at 37 ◦C
for 30 min. After two washes in 0.5× SSC, 20%
formamide, for 30 min at 60 ◦C, they were incubated
overnight in anti-digoxigenin–alkaline phosphatase
(AP)-conjugated antibody (Roche) diluted 1:2000 in
2% blocking reagent solution (Roche). After several
washes in 1× PBS, 0.1% Tween 20, the detection was
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performed using BM purple (Roche) (for more details
see Vaccaro et al., 2001).

Confocal microscopy

Small clusters of stage I–II oocytes were fixed in
2–4% PFA in PBS and extracted in a Hepes buffer
containing glycol hexylene according to Klymkowsky
et al. (1987). The samples were then incubated in
anti-DrosGu antibody. The antibody was purchased
by the Developmental Studies Hybridoma Bank,
maintained by the University of Iowa, developed
under the auspices of the National Institute of
Child Health and Human Development of NIH,
Department of Biological Sciences, Iowa City, IA 52242.
This antibody recognizes an epitope of Drosophila
melanogaster Gurken encompassing amino acids 53–
185 upstream of the EGF domain (Nilson & Schüpbach,
1999). Control samples were performed by omitting
primary antibody in the experimental trial. The
secondary antibodies were BODIPY and Texas Red
(H+L) goat anti-mouse IgG (Molecular Probes). After
washing in PBS, the samples were directly immersed
in glycerol/PBS 1:9 (v/v). Optical sections 1-µm
thick were obtained using an Olympus Fluoview
confocal microscope based on Olympus IX70 inverted
microscope equipped with an argon/krypton laser.
Unless differently specified, each image was derived
from an average of 10 optical sections at 1 µm intervals.

Results and Discussion

In situ hybridisation on sections

Extensive analysis of serial sections of oocytes derived
from nine females showed a small amount of the
XNOA 36 transcript in the GV and in the MC, in
addition to the major cytoplasmic localisation previ-
ously described (Vaccaro et al., 2010). In particular,
in Fig. 1a, the hybridisation signal is observed in
the nucleoli and around the nuclear envelope, at a
site where the MC is associated with the GV. As
some signal is also in the MC, Fig. 1a suggests a
passage of XNOA 36 mRNA from the GV to the MC.
Kress et al. (2004) showed the mRNAs destined to
be transported to the vegetal cortex may assemble
with proteins in the nucleus through cis-acting RNA
sequences and that this event is essential for final
localisation of the mRNA. The nucleolus localisation
is in agreement with data of Bolivar et al. (1999), as
well as its association with mitochondria (de Melo
et al., 2009). In later stages of growth (starting from
140 µm large oocytes) a little hybridisation signal
is partially present at the periphery of the MC
(Fig. 2b). This finding is also evidence in oocytes of
about 200–250 µm (Fig. 1c–e), of XNOA 36 mRNA

Figure 1 In situ hybridisation of oocyte sections. (a) A 130 µm
oocyte is shown, where the hybridisation signal of XNOA
36 mRNA is located in the nucleoli, around the nuclear
envelope and in the mitochondrial cloud (MC) (asterisk).
In particular we observe a site where the MC is associated
with the nuclear envelope (small arrow). As some signal
is also in the MC, this figure suggests a passage from the
germinal vesicle (GV) to the MC. Bar = 26 µm. (b) In this
140 µm-large oocyte some hybridisation signal is partially
present at the periphery of the MC (small arrow).
Bar = 30 µm. (c–e) A similar localisation is also evident in the
oocytes of about 200–250 µm, being XNOA 36 mRNA located
in the region recognisable as the METRO territory (small
arrow). The large arrow indicates the mRNA localisation
in the cortex, including the region facing the MC. (d,e)
Magnification of (c). Bar in (c) = 35 µm, in (d) = 11 µm, in (e)
= 17 µm. (f) The MC (bordered by interrupted lines) of this
250 µm oocyte is not labelled by the riboprobe Bar = 30 µm.
(g) Section incubated with sense-probe showing absence of
labelling. Bar = 40 µm.



4 Vaccaro et al.

being located in the region recognisable as the METRO
territory (Fig. 2c–e) as it faces the cortex where it will
eventually collapse (Kloc et al., 1996) and as it co-
localises with a typically METRO-located mRNA, i.e.
the Xcat-2 mRNA (Vaccaro, personal communication).
The absence of the signal in most of the MC is shown
in Fig. 1f showing an oocyte of 250 µm, about the
same size as the oocyte in Fig. 1e (see also Vaccaro
et al., 2010). In Fig. 1g the section was incubated
with the sense-riboprobe and the hybridization signal
is absent. In the METRO region several germ-plasm
mRNAs are located such as Xcat-2 (Mosquera et al.,
1993), Xdaz1 (Houston & King, 2000), DEADSouth
(MacArthur et al., 2000) as well as Xwnt11, (Ku &
Melton, 1993) and Xlsirt (Kloc et al., 1998) (see King
et al., 2005 for a review). Previous data indicated that
XNOA 36 mRNA co-immunoprecipitates with spectrin
that is notoriously present in the cytoplasm as well in
the MC, in particular in the germ plasm (Kloc et al.,
1998; Vaccaro et al., 2010), suggesting that this mRNA
is anchored through the spectrin-related cytoskeleton
in this MC zone.

Confocal microscopy

Anti-DrosGu immunofluorescence is present in the
entire MC of oocytes of 190–200 µm, where the MC is
halfway between the cortex and the GV (Fig. 2a,a1). The
association of the XNOA 36 protein with mitochondria

Figure 2 Confocal microscopy showing the immunofluores-
cence of anti-DrosGu-stained oocytes. (a) The immunofluor-
escence is present in the whole mitochondrial cloud (MC)
of oocytes of 190–200 µm, whereas the MC is approximately
halfway between the cortex and the germinal vesicle (GV).
The immunofluorescence is mildly present at the periphery
of the oocyte, in contrast to the bright signal present in
the MC. Single optical sections of 3 µm. (a1) Simultaneous
differential interference contrast (DIC) image of the oocyte
labelled in (a). Bar = 40 µm. (b) Oocyte of about 220 µm,
in which several optical sections are pooled together in
a single image (15 sections of 1 µm). A bright immuno-
fluorescence is evident at the periphery MC = asterisk;
GV = germinal vesicle. Bar = 44 µm. (c) The germinal
vesicle contains nucleoli showing a rim of fluorescence
at their periphery. Bar = 80 µm. (d) Oocyte of 250 µm,
the MC is fluorescent (asterisk). The periphery of the
oocyte is similarly fluorescent, however the cortex facing the
migrating MC is particularly bright if compared with the rest
of the oocyte cortex (small arrow). (d1) Simultaneous DIC
image of the oocyte in (d). Bar = 30 µm. (e1–e3) Single optical
sections of an oocyte of about 270 µm, pooled together in (e4),
in which the cortex facing the MC is more fluorescent than
the rest of the oocyte periphery. Bar = 25 µm. ( f ) Control
section showing no immunofluorescence staining. ( f1 ) DIC
of the oocyte shown in ( f ). Bar = 40 µm.
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can be also predicted by the PSORTII program (see
Vaccaro et al., 2010). In Fig. 2a (one optical section of
1 µm) the anti-DrosGu immunofluorescence is mildly
present at the periphery of the oocyte, in contrast to
the bright signal present in the MC. The peripheral
signal is evident in figures in which several optical
sections are pooled together in a single image as in
Fig. 2b (oocyte of about 220 µm, 15 optical sections
of 1 µm), in agreement with previous data for XNOA
36 mRNA distribution indicating that this mRNA is
highly concentrated at the oocyte periphery (Vaccaro
et al., 2010). However, it was previously reported
that XNOA 36 mRNA is located in the hemisphere
of the 250/270 µm oocyte opposite to the hilum,
while this situation does not appear to be the case
for the immunofluorescence staining such as the one
shown in Fig. 2d,d1,e, suggesting that diffusion of
the newly translated protein has occurred. Nucle-
oli display immunofluorescence at their periphery
(Fig. 2c), in agreement with the hybridisation signal in
Fig. 1.

In oocytes of 250 µm, the MC is also quite fluorescent
(Fig. 2d). The immunofluorescence distribution is
conserved also in larger oocytes, as indicated in
Fig. 2e1–e4, showing optical sections of an oocyte
of about 270 µm. Interestingly, in our confocal
micrographs the cortex facing the migrating MC is
particularly fluorescent if compared with the rest
of the oocyte cortex, suggesting that this localised
enrichment of the protein may be due to diffusion of
XNOA 36 from the MC (Fig. 2e and see also Fig. 2d).

Taken together these data indicate that XNOA 36
mRNA is located in the nucleoli, in agreement with
Bolivar et al.’s (1999) findings and in the portion of
the MC corresponding to the METRO region. The
XNOA 36 protein is also found in the nucleoli, in
addition to its location in the cytoplasm periphery.
The MC contains an extensive network of endoplasmic
reticulum that was suggested to contribute to RNAs
to the MC region and maintains a close association
with RNA (Heasman et al., 1984). Chang et al. (2004)
showed that a particular endoplasmic reticulum (ER)
domain is placed in the MC to provide support for
mRNA immobilization and that this subdomain of ER
is continuous with cytoplasmic and cortical networks.
Accordingly, XNOA 36 mRNA translation might not
necessarily occur within the MC, but be transported
into the MC following translation in the ER cisternae
penetrating into the MC. The fact that XNOA 36
protein is particularly concentrated in the oocyte
cortex facing the MC is of specific interest. Prediction
of XNOA 36 subcellular localisation, made with the
PSORT II program, indicates the following: 73.9%
nuclear, 17.4% cytoplasmic, 4.3% cytoskeletal and
4.3% mitochondrial, with the putative mitochondrial
targeting sequence located in the N-terminal region

(see also Vaccaro et al., 2010). As the cortex is
notoriously rich in cytoskeletal proteins (Alarcon &
Elinson, 2001) including spectrin (Vaccaro et al., 2010),
it can be hypothesized that XNOA 36 interacts with the
cytoskeleton, participating in the anchorage of the MC
and its mRNAs in the future vegetal pole. Moreover,
according to Kloc & Etkin (1998) the MC contains and
releases residual centriole proteins such as γ -tubulin,
which could be used in the late mRNAs pathway
as a MTOC. As in mammals XNOA 36 associates
with centromeres (Bolivar et al., 1999), we hypothesize
that XNOA 36 may associate with residual centriole
protein of the MC playing a role in early microtubule
reorganization. This process starts at the vegetal cortex
where the MC disaggregates and then spreads to the
rest of the oocyte (Gard, 1999) cortex where XNOA 36
is also located (Vaccaro et al., 2010).
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The vitelline envelope and jelly coats of D. pictus egg

The source of inspiration for our research came from the seminal works 
by Chiaki Katagiri, Jerry Hedrick and Bill Lennarz (SUNY, Stony Brook, New 
York) on the role of vitelline envelope glycoproteins in Xenopus, Rana and Bu-
fo fertilization. When we started this investigation, we had already collect-
ed a tremendous amount of ultrastructural information about sperm-VE and 
sperm-plasma membrane interaction. We were convinced that D. pictus could 
offer a good model for this study. Mariangela Caputo, Carmen Vaccaro and 
Enzo Infante embarked on painstaking studies on the subject. Mariangela de-

Fig. 20. 1988. At the Sapporo meeting organized by Chiaki Katagiri. From the left, Chiaki, 
Kazufumi Takamune, next to me Laurinda Jaffe, Daniel Danilchik, Karol Hedrick, Jerry He-
drick.In the first row Michel Charbonneau on the left and on the far right Rick Elinson and 
Yasuhiro Iwao.
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Fig. 21. 1997. At the next Symposium in Sapporo on the Molecular and Cell Biology of Egg 
and Embryo and Egg coats, at dinner with Vic Vacquier, Rosaria De Sanctis, Rosaria Pinto, 
W.J. Swanson, Bill Lennarz, Paolo Gasparini, Motonori Hoshi.

scribed the changes occurring in the VE during the transition of the oocyte in 
the oviduct, changes that made the VE able to interact with sperm. In partic-
ular, a glycoprotein of 61 kDa is further glycosylated and undergoes a shift of 
its apparent Mr from 61 to 63 kDa. In Bill Lennarz’s laboratory, Carmen de-
termined the primary structure of the 63 kDa glycoprotein of VE, and found 
that is homolog of mouse ZP2. Enzo, together with Mariangela and Carmen, 
studied the sperm-binding activity of the main glycoproteins in the envelope 
and found that gp 63 and gp75 are glycoforms of the same polypeptide and 
are able to specifically bind sperm. Following fertilization these glycoproteins 
change their glycosylation characteristics. An F-layer forms similarly to other 
anuran species. Eventually, Mariangela studied the importance of sulphate 
groups in spermatozoa binding, the final part of her PhD thesis. She demon-
strated that these groups are present in gp75 glycoconjugates and probably 
located in O-linked chains.

In studying D. pictus, one of the oldest living anuran species we were 
able to demonstrate that the basic mechanisms of envelope conversion from 
CE to VE and then from VE to FE are quite conserved during evolution in 
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Fig. 22. At the 1997 Sapporo Symposium with Vic.

Fig. 23. At the 1997 Sapporo Symposium with Loise Epel, Chiaki, Paolo Gasparini, Mineko 
Katagiri.
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Fig. 25. 1998. At Chia Laguna meeting. From left Mariangela, Roberta Amirante, Enzo, Shin-
Ichi Abe.

Fig. 24. 1998. In my lab, from left Carmen Vaccaro, Rosa Carotenuto, Annarita Cimmino, 
Stefania Riccio, Enzo Infante, Mariangela Caputo.
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amphibians. It was a pleasure to present these data at the Meeting in “ Fer-
tilization in Xenopus and other amphibians Amphibian” (a satellite of the 7th 
International Xenopus Conference) at Chia Laguna, organized in 1998 by Gi-
anni Bernardini and myself.  

When I became full Professor, I spent four years at the University of 
L’Aquila (1986-1991) where I met Silvestro Duprè and his young researchers 
Giusi Pitari and Giovanni Maurizi. With them and with Carlo Fusco, my first 
student there, we performed experiments based on the expertise of Silvestro 
in oxidative-reduction reactions and on the fact that the jelly coats of the D. 
pictus egg is dissolved by DTT or DTE. We found that, following fertilization, 
a natural dissolution of the jelly plug occurs, caused by exocytosis of vacu-
oles and PAS-positive granules: the egg becomes a full sphere and rotates in 
the space created by plug liquefaction. This striking phenomenon had been 
filmed some time before by Riccardo and I was able to show it at a Congress 
in Sapporo, Japan. Plug dissolution involves peroxidase activity and oxida-
tive opening of disulphide bonds.

Fig. 26. 1989. Giusi Pitari and Giovanni Maurizi, in Silvestro Duprè laboratory at L’Aquila.
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Vitelline Envelope gps 63 and 75 Specifically Bind
Sperm in ‘‘In Vitro’’ Assays in Discoglossus pictus
VINCENZO INFANTE, MARIANGELA CAPUTO, STEFANIA RICCIO, ANNA DE FILIPPIS,
ROSA CAROTENUTO, MARIA CARMEN VACCARO, AND CHIARA CAMPANELLA*

Dipartimento di Biologia Evolutiva e Comparata, Universita’ di Napoli, Napoli, Italy

ABSTRACT In Xenopus, conflicting data re-
lated to sperm–vitelline envelope (VE) binding suggest
that further experiments should be performed to study
the role of VE glycoproteins in sperm binding. In this
article, we studied the VE of Discoglossus pictus,
where gp63, the product of the Dp ZP2 gene, has high
molecular identity to Xenopus gp69/64 and to mouse
ZP2 and only A23187-treated sperm bind to VE.
Sperm bind to VE all over the egg, yet a sperm tuft was
found only in the animal half of the egg, where the
dimple, the site of fertilization, is located and an
intense immunostain was detected in VE by an anti-
serum directed against gp69/64. The same antiserum
inhibited sperm binding to VE. Sperm binding to beads
coated with gp63, gp40, or gp75 was in the range of
62–70% for gp63-beads, 67–75% for 75 beads, and
about 20% for BSA beads and gp40-coated beads.
Soluble purified gp63 and gp75 competitively inhib-
ited binding of sperm to gp63-coated beads. Similarly,
the same glycoproteins inhibited sperm binding to
gp75-coated beads. SDS–polyacrylamide gels (PAGE)
of FE and comparison of VE and FE peptide maps
showed that gp63 undergoes a minor shift to about
62 kDa in FE. In sperm binding assays with beads
coated with FEs gp62, there was no binding. Following
fertilization, in the region of the dimple, an F-layer is
formed as well as an alteration of the VE structure.
Lectin blots of the FE showed that the FE and in
particular gp62 acquires a stronger affinity to Maackia
amurensis agglutinin (MAA) with respect to VEs gp63.
These results indicate that gps 63 and 75 are the
sperm binding glycoproteins of D. pictus VE, where
major post-fertilization changes occur as in other
anuran species. Mol. Reprod. Dev. 68: 213–222,
2004. � 2004 Wiley-Liss, Inc.

Key Words: vitelline envelope; amphibians eggs;
sperm binding; glycoproteins; ZpA

INTRODUCTION

In the vitelline envelope (VE) of amphibian eggs,
glycoproteins have been extensively studied and are
thought to act at fertilization. In the case of Xenopus
laevis VE, gp69/64 was reported to be a sperm ligand
(Tian et al., 1997a,b, 1999) homolog of components of the

ZPA family, suchas themouse zonapellucidaZP2which
is able to bind sperm by a secondary binding (Bleil and
Wassarman, 1988).
Glycoproteins gp69 andg64undergo post-fertilization

limited proteolysis and reduce their apparentmolecular
weight to 66 and 61 kDa, respectively (Gerton and
Hedrick, 1986), by cutting 27 amino acids at the N-
terminus and thereby eliminating spermbinding ability
(Tian et al., 1997a,b, 1999). In another anuran genus,
namely Bufo, two glycoproteins of similar Mr (65 and
61 kDa) are similarly processed following fertilization
(Lindsay et al., 1988). The X. laevis gp69 and gp64 gly-
coproteins are two glycoforms of the same polypeptide,
having approximately the same number of N-linked
oligosaccharide chains, but differing in the extent of O-
glycosylation. O-linked polysaccharide chains were
suggested to be instrumental for sperm binding in X.
laevis, as in mammalian and invertebrate envelope
glycoproteins (Bleil and Wassarman, 1988; Dhume and
Lennarz, 1995; Focarelli and Rosati, 1995) and may
reside in the 27 amino acids domain where potential
glycosylation sites are present (Tian et al., 1997a,b,
1999).
Investigations into Xenopus VE gp41 or its coelomic

form gp43, have shown homology between this glyco-
protein and the ZPC family (Kubo et al., 1997; Yang and
Hedrick, 1997)which, inmouse, is responsible for sperm
binding to the zona (Bleil andWassarman, 1983). In the
coelomic envelope (CE), gp43 is a major glycoprotein
that covers gp64/69. Upon CE transformation into the
oviposited egg envelope VE, the envelope becomes able
to bind to sperm (Gerton and Hedrick, 1986), gp43 is
converted to gp41 and gp69/64 becomes available to
sperm (Tian et al., 1997a,b, 1999).
More recently, itwas shown that inXenopus, gp41has

sperm binding activity more relevant than gp69/64.
This binding is held to be dependent on the N-linked
oligosaccharide chains of gp41 (Vo and Hedrick, 2000).
In Bufo bufo japonicus, gps 36 and 39, probably homo-
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logs of X. laevis gp41, may have sperm binding activity
based on Dolicus biflorus agglutinin binding oligosac-
charides (Omata and Katagiri, 1996). These data
suggest that further investigation should beundertaken
to explore the role of glycoprotein homologs of X. laevis
gp69/64 or gp41 in the fertilization of other amphibians.
In Discoglossus pictus, a glycoprotein of 63 kDa has

been sequenced and cloned (Vaccaro et al., 2001),
exhibiting high homology to Xenopus gp69/64, and to
the mammalian ZP2. The role of this glycoprotein in
sperm binding has not yet been investigated.
During transit in the oviduct, in this species as for all

anuran envelopes, the transformation of the envelope
leads to the acquisition of fertilizability and involves the
cleavage of a glycoprotein, gp42, to gp40 (Caputo et al.,
2001). Reasonably, although not proved, this glycopro-
tein corresponds functionally to X. laevis gp41. In D.
pictus, ‘in vitro’ sperm binding to VE occurs only follow-
ing the acrosome reaction (Campanella et al., 1997;
Caputo et al., 2001). Themain question we addressed in
this article was whether gp63 or gp40 is able to bind
sperm. Further questions arose from the specific
organization of the D. pictus egg and the general
understanding of the changes occurring at fertilization
in this species.
TheD. pictus egg has a distinct polarity of the egg and

of the thick overlaying jelly envelopes (Campanella,
1975; Talevi and Campanella, 1988). Sperm touch the
outermost jelly layer, J3, where the acrosome reaction is
triggered and converged through the gelatinous plug
and theVE to the dimple, the fertilization site, located at
the center of the animal half. Sperm stop moving when
they reach the egg surface (Campanella et al., 1997). The
route for sperm entrance includes a specific layer VE-D,
formed during the transit of the oocyte in the oviduct,
and locatedunderneath theVEregion facing thedimple.
In the corresponding domain of VE, arrowhead-like
bundles of fibrils are perpendicularly oriented toward
the dimple, and are probable sites of low resistance for
penetrating sperm (Caputo et al., 2001).
Following fertilization the cortical granules located in

the dimple are exocytosed and the envelope becomes
impermeable to sperm (Campanella et al., 1988 and
unpublished data). As a further impediment to sperm
entry, a capsular chamber forms as a consequence of
plug dissolution. Peroxidase released from the egg
causes oxidative opening of disulphide bonds in the plug
(Campanella et al., 1992; Pitari et al., 1993).
Our results indicate that, by comparing peptide

mapping of gp63 with that of the other glycoproteins of
the VE (118, 106, 75, 63, 40, and 38/36), gp75, and gp63
peptide maps are similar. Sperm bind to both gp63 and
gp75-coated beads, while for gp40-coated beads the
binding percentage was as low as BSA-coated beads.
Following fertilization gp63 transforms into three
bands, a glycoprotein of 62 kDa being the most pro-
minent. There was no sperm binding to beads coated to
gp62. At fertilization, VE undergoes changes including
the formation of an F-layer, as described for Xenopus
(Greve and Hedrick, 1978) and other anurans (cfr.

Elinson, 1886). Preliminary data of these experiments
were published elsewhere (Infante et al., 1998).

MATERIALS AND METHODS

Animals and Gametes

Adult Discoglossus pictus males and females were
captured in the neighborhood of Palermo (Italy). They
were injected in the dorsal lymphatic sac with 200–
250 U of Profasi HP (Serono, Rome, Italy) in Amphibian
Ringer (111mMNaCl; 1.3mMCaCl2; 2mMKCl; 0.8mM
MgSO4; 5 mM HEPES, pH 7.8). Uterine eggs were ob-
tained 18 hr after hormone injection. Twenty-four hours
following hormone treatment, the semen (sperm and
seminal fluid) was collected from the seminal vesicles
(cfr. Caputo et al., 2001). Insemination was performed
by adding a drop of semen to eggs immersed in 1/10
Ringer.

Microscopy

Fertilized eggs were fixed 2–6–10–20 min after
insemination in 2.5% glutaraldehyde in 0.2 M phos-
phate buffer as previously described (Campanella et al.,
1988). Dehydration in graded ethanol at 48C was
followed by embedding in Epon 812. Thin sections were
cut with diamond knives, stained with uranyl acetate
and lead citrate and examined in a Philips EM-300
microscope at theC.I.S.M.E. of theUniversity ofNaples.
For fluorescence microscopy, uterine eggs were fixed,

frozen, and sectioned, as previously described (Tatone
et al., 1993). The sections were incubated with an
antiserumdirected againstX. laevis gp69/64, that cross-
reacts with D. pictus gp63 and partially with lower Mr
gps of the VE electrophoretic pattern components (Tian
et al., 1997a and cfr. Vaccaro et al., 2001) (a gift from Dr
W. J. Lennarz, SUNY, NY). After incubation for 60min,
sections were extensively rinsed in PBS and exposed to
FITC-conjugated anti-rabbit IgGs for 30 min, rinsed in
PBS, and mounted in 90% glycerol in PBS. The level of
fluorescencewas comparedwith that in control sections,
where the first antibody was omitted.
Photographs were taken under a Zeiss Axioskop

microscope equipped with a Progress 3800 color video
camera and KS300 image analysis software.

Preparation of Eggs and VE

Eggs were first dejellied in dejellying buffer (100 mM
NaCl, 5 mM DTE; 50 mM Tris-HCl, pH 8.5). Then, VE
and FE were manually removed and, after extensive
rinsing and brief centrifugations at low speed, were
exposed to 0.6 M KI for a few minutes to remove the
innermost jelly layer J1 (cfr. Caputo et al., 2001). The
envelopeswere transferred intoHB (25mMHEPES, pH
7.5 containing: 900 mM glycerol; 0.02 mM NaN3; 1 mM
ATP; 1 mM DTT; 5 mM EGTA; 2 mM TAME; 5 mg/ml
SBTI; 5 mg/ml aprotinin; and 10 mM E64). VEs and FEs
were dissolved in 1/10 Ringer containing 2% SDS and
heated at 958C for at least 2 min. After centrifugation
at 14,000g for 10 min, the samples were processed for
electrophoresis.
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Protein Determination, SDS–PAGE,
and Gel Staining

Protein concentration of the samples was determined
with the BCA or Micro BCA Protein Assay Reagent
(Pierce Chemical Company, Rockford, IL). Fifteen
micrograms of soluble proteins of VE or FEwere applied
on each lane of the gels. Samples were prepared for
SDS–PAGE by addition of sample buffer and heating at
408C for a few minutes (nonreducing conditions) or by
heating for a few minutes in sample buffer containing
5% b-mercaptoethanol (reducing conditions). Protein
sampleswere analyzed by SDS–PAGEusing Laemmli’s
Tris-glycine buffer system. The running gel contained
either 5 or 10%acrylamide. Gradients of 10–12% or 10–
15% acrylamide were also utilized. Mr standards were
the following: 200; 116; 97.5; 66.2; 45; 31; 21.5 kDa
(Biorad,Hercules, CA). After fixation inmethanol/acetic
acid, gelswere stainedwith eitherCoomassie blue or the
silver method.

Lectin Blot Detection on Nitrocellulose

Proteins subjected to SDS–PAGE were electrophor-
etically transferred to nitrocellulose sheets overnight at
180 mA (for more details, see Tatone et al., 1993).
Biotin-labeled Ulex europaeus agglutinin I (UEA-I),

Glycine max agglutinin (SBA) (Oxford Glycosystems,
St. Louis, MO),Dolichos biflorus agglutinin (DBA) were
used. Transferred proteinswere first blocked in 2%BSA
in PBS, and then exposed to the biotin-labeled lectin,
followed by incubation in Avidin-AP (Sigma, Abingdon,
UK). Negative control runs were performed by adding
sugars specific for each lectin: UEA-I pre-incubation
with 5 mg/ml fucoidan (Sigma) or 1 mg/ml 2-fucosyl-
lactose (Oxford GlycoSytems) inhibited the reaction
(partial inhibition with fucosyl-lactose). SBA and DBA
pre-incubation with 0.2 M N-acetyl-galactosamine
(Sigma) inhibited the lectin cross-reactivity (partial
inhibition for DBA).
DIG-labeled MAA, Datura stramonium agglutinin

(DSA), Sambucus nigra agglutinin (SNA), and Galan-
thus nivalis agglutinin (GNA) were part of a DIGGlycan
differentiation Kit (Roche) and were utilized following
the manufacturer’s instructions. Positive controls were
run for the DIG-labeled lectins according to the DIG
Glycan differentiation Kit, i.e., transferrin for SNA,
fetuin for MAA and DSA, asialofetuin for PNA.

Peptide Mapping

The VEs and FEs were analyzed by peptide mapping
using a modification (Bordier and Crettol-Jarvinen,
1979) of the limited proteolysis procedure of Cleaveland
et al. (1977). Glycoproteins were separated on a 10%
acrylamide SDS slab gel, under reducing conditions, for
optimal band resolution. Bands of single glycoproteins
were cut out from the first dimension gels of the whole
envelope homogenate, equilibrated for 30–60 min with
0.1% SDS, 62.5 mM Tris-HCl, pH 6.8, and stored at 48C
in a sealed dry tube up to 2 days or used immediately.
About 3–4 excised bands were loaded for each well and

overlaid with 10 [p1] mg of Staphylococcus aureus V8
protease, sealed on the top of a second dimension SDS
gradient gel at 15–20%acrylamide. The electrophoreses
were interrupted for 12 hrwhen the proteinswere in the
stacking gel to allow extensive proteolysis. The peptide
maps were stained with either the silver method or
Coomassie blue.

Electroelution

VE and FE glycoproteins (gp118, gp75, gp63, gp62,
and gp40) were separated by SDS–PAGE, visualized by
staining with 0.3 M CuCl2. The area of the selected
bands was cut out and the gel slices were electroeluted
with 25 mM Tris-HCl, pH 8.3 containing 1.44% glycine.
Electroeluted proteins were dialyzed at 48C against
distilled water and stored at �208C after concentration
in a Savant speed vacuum concentrator. The protein
content and purity of each samplewas checked by SDS–
PAGE.

Sperm–Egg Binding Assay

Sperm suspensions as recovered from the seminal
vesicle were diluted in 1/10 Ringer to provoke complete
unraveling of the sperm bundles and sperm ejection
from the bundles. Sperm are motile for about 14 sec
(Campanella and Gabbiani, 1979). The sperm suspen-
sion was then treated with 0.25 mM A23187 (Sigma) for
2 min, because the previous work showed that dejelled,
unfertilized eggs bind to sperm, if sperm are pre-treated
with Ca2þ ionophore to induce the acrosome reaction
(Gualtieri and Andreuccetti, 1996; Caputo et al., 2001)
and thenwashed in 1/10 Ringer. As a general control for
testing sperm binding ability to VE, groups of fully
dejellied eggs were added to calcium ionophore-treated
sperm and incubated for 15 min at room tempera-
ture under gentle rocking. The sperm-exposed eggs
were then washed (cfr. Caputo et al., 2001), so as to
separate unbound sperm from those bound to the eggs.
Following fixation in 95% alcohol, the samples were
either directly observed under a microscope with
incident light or stained with DAPI for scoring sperm
head attachment to the envelopes. Photographs were
takenunder aZeissmicroscope. In inhibition assays, the
antiserum against Xenopus gp69/64 was used as well as
an antiserumagainstUnio elongatus gp273 (a gift of Dr.
F. Rosati, University of Siena, Italy). This serum reacts
with gp273, the sperm-binding glycoprotein of Unio
(Focarelli and Rosati, 1995), but does not cross-react
withD. pictus VE component in Western blots (data not
shown). Aminimum of three assays on 20–30 eggs were
performed for each serum dilution used.
The binding assay (see Maturi et al., 1998) considers

the fact that when sperm come out of the bundles, they
mayget entangled because of their length (2.33mm)and
the resulting suspension of spermatozoa is therefore
rather uneven. As a consequence, it is impossible to give
an appropriate value to quantitative counts of sperm
bound/egg (or sperm bound/beads, for the experiment
in the paragraph below), i.e., it cannot be established
whether a larger number of bound sperm means a
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greater ability of the VE to bind sperm or more sper-
matozoa available to the egg. Therefore, we measured
successful sperm collision (binding) with eggs under
gentle rocking, in terms of percentage of eggs with
sperm, without considering the number of sperm/egg.
One or two males were used per experiment.

Sperm–Beads Binding Assay

About 100 gp63 bands were electroeluted yielding
150 mg of protein, 40 bands of gp40 for a total of 360 mg,
130 bands of gp75 for a total of 100 mg. The eluted
glycoproteins as well as commercial BSAwere adsorbed
on polystyrene beads of 350 mm (Polysciences, Warring-
ton, PA). Adsorption to the beads was performed as
suggested by the supplier, utilizing 0.1 M borate buffer,
pH 8.5, and blocking in 1% BSA. Generally, equimolar
amounts of gps 63, 75, 40, or BSAwere added to 120 ml of
borate buffer containing about 800 beads. In the assay,
sperm were smeared on microslides, further diluted in
10% Ringer and ionophore treated. Following rinsing in
1/10 Ringer, about 30 glycoprotein-coated beads were
released on the spermatozoa and incubated for 5 min
with gentle rocking in Petri dishes. Beads were then
removed from the dishes and observed under a light
transmission microscope for a first score of sperm
attachment. The microslide carrying the beads was
shaken by moving the microscope translation table.
Sperm attachment to the beads that had resisted such
treatment was assessed as sperm binding. A minimum
of three experiments were performed for each binding
experiment.
For competition assays, eluted glycoproteins were

diluted in 1/10 Ringer and then pre-incubated with
A23187-treated sperm for 15 min. The sperm-binding
assay was subsequently performed as described.

RESULTS

Inhibition Assays With Antibodies

To investigate the physiological role of gp63 in sperm
binding, inhibition assays were first performed by pre-
treating eggs with increasing dilutions of Xenopus anti-
gp69/64. A23187-treated sperm were used for the
assays. Figure 1 indicates that the anti-serum inhibits
binding starting from thedilution of 2mg/ml, in contrast
to anti-rabbit-IgGandUnio anti-gp273 anti-serum, that
were not inhibitory over the dilutions of 1, 2, 4, 10mg/ml
(data not shown). Interestingly, in inseminated D.
pictus dejelled eggs, although binding occurs all over
VE, tufts of spermare observed only at the animal half of
the egg, around the dimple region (Fig. 2a). Egg sections
exposed to anti-gp69/64 antibodies, show that in the VE
the immuno-staining is more intense in the animal side
than in the vegetal side of the egg (Fig. 2b,c).

Comparison Between Peptide Maps Reveals
Similarity Between gp63 and gp75

By comparing peptide maps of gp118, 106, 75, 40, and
38/36 to that of gp63, it was found that gp75 peptidemap
was similar to that of gp63 (Fig. 3): the gp75 pattern has
one polypeptide absent and one band more conspicuous

with respect to the gp63 pattern (Fig. 3). In the VE, gp75
is the glycoprotein with the Mr closest to gp63, yet with
different reactivity to lectins (Caputo et al., 2001). If
gp63 and gp75 are two glycoforms of the same protein,
gp63 and gp75 peptides may migrate with different
relativemobility in SDS–PAGEbecause of their specific
glycosylation.

Competition Assays of Sperm–VE Binding
Using gp63, gp75, and gp40

Electroeluted gps 118, 75, 63, and 40 were utilized in
this assay for competing with the binding of spermato-
zoa to fully dejelled eggs. In the experimental assays, the
spermatozoa were pre-incubated with increasing con-
centrations of the electroeluted glycoproteins (Fig. 4).
While for the control experiments, where reacted sperm
were exposed to the sole 1/10 Ringer, the DAPI staining
showed binding over 96% eggs (average value), for both
gp63 and 75 competition assays the binding was im-
paired, in a dose-dependent fashion. By contrast, gps40
and 118 did not change the percentage of eggs with
bound sperm of control experiments (Fig. 4 and data not
shown). Figure 5 indicates DAPI stained eggs. In
Figure 5a, a control egg is shown with bound sperm,
while Figure 5b shows an egg exposed to sperm treated
with the highest gp63 concentration.

Binding and Competition Assays on Beads
Coated With gp75, gp63, or gp40

The electroeluted gps 75, 63, or 40 were adsorbed on
polystyrene beads. The adsorption was checked by boil-
ing the beads in sample buffer and analyzing by SDS–
PAGE the released protein in each binding experiment
(Fig. 6), to estimate the amount of bound glycoprotein/
bead. By knowing the concentration of the glycoprotein
in the eluate before and after the adsorption and the
number of 350 mm-beads/volume unit, the amount of
bound glycoprotein/bead was estimated to be in the
range of 0.0075 mg (i.e., 7.2�1010 molecules, in the case
of gp63) and of 2 mg/cm2. Commercial BSAwas adsorbed

Fig. 1. Quantification of the mean percentage of inhibition of
sperm–vitelline envelope (VE) binding by anti-gp69/64 of Xenopus
laevis. A dramatic inhibition of the binding occurred starting from the
serum dilution 1/500 v/v, compared to the binding in untreated eggs.
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on beads and utilized as control in sperm binding
experiments.Uponexposure of gp63-beads, spermstuck
to the beads. The mean percentage of beads with sperm
was about 62% (Fig. 7). Similar resultswere obtained for
gp75-beads, where the mean percentage of beads with
sperm was 67% (Fig. 7). In parallel experiments, using
BSA-beads or the gp40-beads, the mean percentage of
beadswith spermwas about 22 forBSA-beads and 17 for
gp40-beads (Fig. 7).
The 63 and 75gp bands eluted from SDS–PAGEwere

also tested for their ability to inhibit sperm binding to
beads coated with corresponding or sister glycoprotein.
Eluted gp40 was also used in these competition experi-

ments. Figure 8 reports the percentage of binding be-
tween gp63-beads and sperm in the presence of soluble
gps 63, 75, or 40 (Fig. 8a). In the control experiment
(sperm binding in Ringer) themean percentage of beads
with sperm was approximately 70. When soluble gp63
was used, the percentage of beadswith sperm decreased
on increasing the soluble glycoprotein concentration,
indicating that sperm binding might be inhibited in a
dose-dependent manner. Sperm–bead binding was also
significantly affectedby soluble gp75 that at 8�10�5mM
concentration lowered the binding to 30%. Surprisingly,
when soluble gp40wasused in these competitionassays,
the percentage of beads with sperm showed a similar
drop, while BSA did not affect binding (data not shown).
For the gp75-beads, similar reciprocal results were

Fig. 2. a: Inseminated dejelled eggs. The arrows indicate the dimple region, where tufts of sperm
bundles stick to the VE.Magnification 25�. b, c: Frozen sections of uterine eggs incubated with anti-gp69/
64 ofXenopus laevis. The immunostain is located in the VE of the egg animal half (arrow) (b) and has lower
intensity in the vegetal half of VE (arrow) (c).Magnification 310�.

Fig. 3. Peptidemaps of gp63 (A) and of gp75 (B). The arrows indicate
the level of migration of V8 enzyme. The maps are identical with two
exceptionsmarked by the asterisks. In (A), a band is present that is not
found in (B).On the otherhand, (B)hasamore intense and thicker band
than (A).

Fig. 4. These competition assays were performed using fully
dejelled eggs and sperm pre-treated with the indicated concentrations
of gps 63, 75, and 40. Bars represent standard deviation. The dose-
dependent inhibition of sperm binding to eggs is evident for gp63 and
gp75-treated sperm and is absent in the case of gp40-exposed sperm.
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obtained, using soluble gp75 or 63 (Fig. 8b). When gp40
was used, a sharp decrease in the percentage of beads
with sperm was noted at gp40 concentrations as low as
8�10�8 mM. The value dropped to 13% at 8�10�7 mM
and to10%at8� 10�5mM,yet at 8� 10�4mMincreased
back to 20%, indicating for gp40 no dose-dependent
inhibition of spermbinding to gp75-beads. In the control
assay, the mean percentage of beads with sperm was
approximately 75 (Fig. 8b).

Conversion of VE to FE

The FE electrophoretic pattern was analyzed both
under reducing and nonreducing conditions and com-
pared to the VE pattern. The glycoproteins present in
the SDS–PAGE of VE and FE have the same apparent
Mr with one exception. In the FE pattern, gp63 has
disappeared,while a band of 62kDaaswell as twominor
bands of 58 and 67 kDa are present, under reducing
conditions (Fig. 9a). To investigate the probable conver-
sion of gp63 into gp62, the polypeptides produced by the
V8 proteolysis of the two glycoproteins were compared.
The two peptide maps appear identical (Fig. 9b), in-
dicating conversion of gp63 to gp62. As expected, it was
found that,when spermare exposed to dejelled fertilized
eggs, they do not bind to FE (data not shown). When the
binding assay was performed on beads coated with FE

gp62, the sperm binding percentagewas similar to BSA-
beads (Fig. 10).
Ultrastructural observationswere performed on ferti-

lized eggs fixed approximately 10 min following fertili-
zation. The exocytosis of vacuoles responsible for plug
liquefaction occurred, based on the jelly plug transfor-
mation in large globules (Fig. 11, see Campanella et al.,
1992). TheVEappearsmodified as it has lost the orderly
organization of its fiber bundles. A heavy electron-dense
and thinF-layer is present between the envelope and the
innermost jelly layer, J1. In J1 and the F-layer, a site of

Fig. 5. Dejellied uterine eggs fixed and stained with DAPI. a: There
is sperm binding, when eggs are inseminated with sperm exposed only
to A23187. b: Sperm binding did not occur when sperm are exposed to
A23187 and to 30 mg/ml gp63. Magnification 70�.

Fig. 6. Example of the estimation of adsorption of a VE glycoprotein
on beads, by SDS–PAGE. Electroeluted gp75 used for adsorption to
polystyrene beads (A) and as recovered in the supernatant after
adsorption to the beads (B).

Fig. 7. Quantification of the mean percentage of BSA-beads, gp40-
beads, gp63-beads, gp75-beads with bound sperm. Bars represent
standard deviation. Glycoproteins gp63 and gp75 beads exhibit 62%
and 67% of binding with sperm, respectively, while corresponding
values for BSA and gp40-beads were 22% and 17%.
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spermpassage is seen as ahole surrounded by remnants
of sperm membranes involved in the acrosome reaction
(Fig. 11).
FE glycoprotein cross-reactivity to lectins DBA,UEA-

I, MAA, SBA, DSA was studied to learn whether major
changes of glycosylation occur as a consequence of ferti-
lization. Interestingly, changes in reactivity were found
in gps 118, 106, 62, and higher Mr glycoproteins of FE,
that sharply increase reactivity withMAA, with respect
to corresponding VE glycoproteins. For DBA, UEA-I,
SBA, and DSA, no change of reactivity was found in the
envelope as a result of fertilization. Figure 12 shows
MAA and UEA-I blots of FE and VE.

DISCUSSION

In this article, we investigated the role of gp63, the
product of DpZp2 gene homolog of X. laevis gp69/64
(Vaccaro et al., 2001), and showed remarkable func-
tional similarities among the glycoproteins of the two

species. Moreover, thanks to the comparison of peptide
maps, it was found that gp75 of D. pictus shares struc-
tural similarities to gp63, suggesting that gp63andgp75
are two glycoforms of the same protein, as in Xenopus
gps 69 and 64 (Tian et al., 1999a,b). The two glycopro-
teins are indeed differently glycosylated because gp75
has affinity toMAA, DBA, DSA, and gp63, in addition to
these lectins, also to Triticum vulgaris agglutinin
(WGA), SBA, DSA GNA, UEA-I (Caputo et al., 2001).
However the possibility cannot be denied that also the
protein backbone of these glycoproteins is different
because of the absence in the gp75 peptidemap of a band
present in the that of gp63.
Eggs pre-treated with anti-X. laevis gp69/64 sug-

gested a role of gp63 in sperm–VE interaction. Competi-
tion assays either with gp63 or gp75 on fully dejelled
eggs showed that the two glycoproteins are involved in

Fig. 8. Competition assays on glycoprotein-coated beads.A: For the
gp63-beads, a dose-dependent inhibition of sperm binding to beads was
observed when the soluble glycoprotein is gp63 or gp75. A similar
inhibition of bindingwas observedwhen gp40was used, particularly at
the concentration of 10�8 and 10�5 mM. B: For gp75-beads, a similar
dose-dependent inhibition action of gp75 and gp63was observed, while
for gp40 random inhibition of sperm binding on gp75-beads occurred.
Bars represent standard deviation.

Fig. 9. A: SDS–PAGE of VE and FE in the presence (B) of
mercaptoethanol, in gels containing 10% acrylamide and Coomassie
blue stained. By comparing the gels the 6main bands of 118,106, 75, 63,
40, 38/36 kDamay be observed in the VE gel, while in the FE gel, at the
level of 63 kDa, the gp63 is absent and three bands of 67, 62, and 58kDa
are found. Reference Mr are indicated and the numbers of FE are
expressed in kilo Daltons (kDa). B: peptidemaps of gp63 and gp62. The
V8 protease level of migration is indicated. The twomaps are identical.

Fig. 10. Binding assay between BSA or gp62-beads and sperm. The
mean percentage of beads with sperm is 13% for the BSA-beads and
12% for gp62-beads. Bars represent standard deviation.
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sperm–VE binding. Immobilization of glycoproteins on
polystyrene beads indicated that sperm indeed bound to
gp63 and to gp75 and that the binding did not occur for
the immobilized gp40. The specificity of the binding was
proved by the dose-dependent competition of sperm
binding on the beads by the soluble glycoproteins. Inter-
estingly, spermbinding competition bygp75 occurred on
gp63-beads and vice versa, probably because of the
hypothesized structural similarities between the two
glycoproteins. However, the percentage of beads with
bound sperm never achieved 100%, suggesting that
gp63 and gp75 are both required for the observed 96–
98% sperm binding to dejelled eggs. Moreover, soluble
gp40 competed in a fashion similar to dose-dependence
ongp63-beads-spermbindingand inadose-independent
way on gp75 beads-sperm binding. However, immobi-

lized gp40 does not bind sperm, nor is it able to inhibit
sperm binding to VE. Indeed, the interaction of gp40
with sperm appears to consist not in a binding ability,
but in influencing the binding. Glycoprotein gp40 is
prominent in the pattern of D. pictus VE proteins
(Caputo et al., 2001). It may co-operate or sterically
interfere with the sperm binding to VE gp63 and 75.
Interestingly, according to Vo and Hedrick (2000), in X.
laevis,VEglycoproteins, includingZPC, ZPAdo interact
synergistically to promote sperm–VE binding. How-
ever, in our findings, in contrast to the results obtained
by these authors inX. laevis, only gp63andgp75are able
to bind sperm specifically.
In this article, anti-X. laevis gp69/64 staining of

D.pictus VE strongly suggests that gp63 is more
concentrated in the animal side of the VE, i.e., close to

Fig. 11. Ultrathin section of an egg fixed 10 min following fertilization. The asterisk indicates the
transformed VE, where the fibers are randomly oriented. An electron-dense F-layer (F-L) is located
between the innermost jelly layer (J1) and the envelope. The arrow indicates the site of passage of a
spermatozoon and small arrows the remnants of membranes released by sperm during the acrosome
reaction. Over J1 the jelly plug in the process of dissolution (P) is indicated. Magnification 12,500�.
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the regionwhere the dimple is located andwhere tufts of
sperm bind VE. These data add further information to
the biochemical and structural basis responsible for the
polarized organization of D. pictus VE with respect to
the fertilization process (Talevi et al., 1985; Talevi and
Campanella, 1988; Caputo et al., 2001). Indeed, the VE
region facing the dimple appears to contains putative
canals for sperm passage (Caputo et al., 2001) as well as
a larger amount of sperm ligands, with respect to the
rest of the VE.
Spermatozoa are able to bind VE only following the

acrosome reaction, indicating that the molecules that
interact with the envelope are located either in the
acrosome content or at the inner acrosome membrane
(Campanella et al., 1997; Caputo et al., 2001). In a
previous article, ultrastructural observations showed
that VE filaments are connected to the sperm inner
acrosome membrane of D. pictus (Campanella et al.,
1997). In contrast, in X. laevis, sperm–VE interact
probably throughaprimarybinding (Tianetal., 1999).A
full comparison of the sperm–VE binding in the two
species will be possible when the acrosome reaction will
be studied in X. laevis.
Glycoprotein gp63 undergoes minor changes in

electrophoretic mobility following fertilization. The
band of approximately 62 kDa of the FE SDS–PAGE
pattern, when immobilized on beads, does not bind
sperm, similar to what was observed for gp66 and gp61
of X. laevis FE (Gerton and Hedrick, 1986; Tian et al.,
1997a,b) and for gp62 and gp58 of Bufo japonicus
(Lindsay et al., 1988). The envelope undergoes struc-
tural changes as a result of the exocytosis of the dimple
cortical granules (Campanella et al., 1988) and a typical
F-layer is formed between the innermost jelly layer and

the transformed envelope (Grey et al., 1977; Greve and
Hedrick, 1978; Hedrick and Nishihara, 1991). In addi-
tion, it appears that in the FE and in particular in gp62,
more syalic acid is found following fertilization, suggest-
ing that the cortical granules content (Andreuccetti and
Campanella, 1980) provides FE and the sperm ligand(s)
with this sugar, thus contributing to the process that
renders the envelope impermeable to sperm. In D.
pictus, glycosylation events also appear to accompany
the oviducal tranformation of gp63 andgp75, i.e., during
the transformation of the coelomic envelope into theVE,
indicating that specific studies are necessary in the
future to determine the role of oligosaccharide chains in
sperm binding.
These observations show strong similarities between

the events that occur in the dimple at fertilization and
those foundat the egg surface in other anurans (Elinson,
1886). Interestingly, previous data showed that in D.
pictus the prevention of polyspermy by the outer coat
lies not only in the FE barrier as in anuran species
(Campanella, unpublished observations), but also in the
plug liquefaction and capsular chamber formation (cfr.
Elinson, 1886; Campanella et al., 1992).
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Sulphated glycoconjugates are
powerful inhibitors of spermatozoa
binding to the vitelline envelope in
amphibian eggs
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Background information. In amphibians, the role of sulphated glycans has not been determined in sperm-
atozoa–egg interaction, although they are known to be involved in other systems. In previous studies, it was
found that, in Discoglossus pictus, a VE (vitelline envelope) glycoprotein of 63 kDa exhibits high homology to
Xenopus laevis gp69/gp64 and to ZP2 of mammals. gp63 and a glycoprotein of 75 kDa are both capable of binding
the spermatozoa in in vitro assays and, having similar peptide maps and different glycosylation, are probably two
glycoforms of the same protein.

Results. In the present study, binding assays performed by treating dejellied eggs with metaperiodate suggest
that hydroxy groups of sugars are not directly involved in spermatozoa–vitelline envelope binding. Competi-
tion assays between dejellied eggs and spermatozoa preincubated with dextran, dextran sulphate or fucoidan
indicated that sulphated oligosaccharides have an inhibitory effect on spermatozoa binding. In similar com-
petition assays, Lex (Lewisx) trisaccharide 3�-sulphate inhibited spermatozoa binding to VE in contrast with 3�-
sialyl-Lex tetrasaccharide. Assays performed with gp75- or gp63-coated beads and spermatozoa treated with
fucoidan or dextran sulphate indicated that sulphated oligosaccharides competitively inhibit spermatozoa bind-
ing to gp75-coated beads, yet not to gp63-coated beads. Finally, solubilized VE digested with N-glycosidase
F retains the inhibitory activity in spermatozoa–VE binding assays in contrast with VE treated with α-N-acetyl-
galactosaminidase.

Conclusion. It was concluded that VE sulphate groups are involved in spermatozoa binding. These groups are
present in gp75 glycoconjugates and are probably located in O-linked glycoconjugates.

Introduction
The molecules responsible for egg envelope–sperm-
atozoa binding are glycoconjugates and have selective
properties with respect to spermatozoa according to
their molecular components. In mammals, O-linked

1To whom correspondence should be addressed (email
chiara.campanella@unina.it).
Key words: Discoglossus pictus, fertilization, fucoidan, polysaccharide chain.
Abbreviations used: BCA, bicinchoninic acid; DAPI, 4,6-diamidino-2-
phenylindole; DIG, digoxigenin; DSA, Datura stramonium agglutinin; GNA,
Galanthus nivalis agglutinin; VE, vitelline envelope; PNGase F, N-linked
glycosidase F.

polysaccharide chains possess suitable properties for
spermatozoa binding, whereas the polypeptide back-
bone is capable of eliciting the spermatozoa acrosome
reaction (Bleil and Wassarman, 1988). Studies on
the spermatozoa–egg interaction in sea urchin indic-
ated that a jelly coat glycoconjugate, rich in fucose
sulphate, is the acrosome reaction inducer (SeGall and
Lennarz, 1979; Vileda-Silva et al., 1999; Gunaratne
et al., 2003). For a 350 kDa glycoprotein at the egg
surface/VE (vitelline envelope), O-linked sulphated
oligosaccharides bind the spermatozoa with low af-
finity, followed by a high-affinity interaction with
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the protein backbone (Dhume and Lennarz, 1995).
O-glycans containing fucose and/or sulphated fucose
are involved in spermatozoa–VE binding in the
mollusc Unio elongatus (Focarelli and Rosati, 1995;
Capone et al., 1999), in ascidians and in mammals
(see Miller and Ax, 1990; Oehninger, 2001). Inter-
estingly, sulphate fucose was also shown to be in-
volved in the spermatozoa–zona-free hamster interac-
tion (Dravland and Mortimer, 1988). In humans and
U. elongatus, spermatozoa selectin-like molecules are
involved in binding to the zona (Oehninger, 2001)
or to the VE (Focarelli et al., 2003) respectively. In
U. elongatus, gp273, the VE ligand, contains a Lewis-
like structure with fucose as determinant (Focarelli
et al., 2003).

Therefore fucose or fucose sulphate in O-linked
oligosaccharides may interact at various stages of
spermatozoa–egg recognition, at the external coats
or at the egg surface, before or after the acrosome
reaction.

In the amphibian Xenopus laevis, the VE gp69/gp64
is a homologue to components of the ZPA family
(Tian et al., 1997a, b) such as the mouse zona pellu-
cida ZP2, which is capable of binding the sperma-
tozoa by a secondary binding (Bleil and Wassarman,
1988). gp69/gp64 display adhesive properties with
respect to the spermatozoa (Tian et al., 1997a, b).
According to Vo and Hedrick (2000), in addition
to gp69/gp64, gp41, a component of the ZPC fam-
ily, has spermatozoa-binding activity. The gp69 and
gp64 glycoproteins are two glycoforms of the same
polypeptide and have approximately the same num-
ber of N-linked oligosaccharide chains, but differ in
the extent of O-glycosylation. The gp69/gp64 bind-
ing motif may reside in a 27 amino acid domain where
potential O-glycosylation sites are present (Tian et al.,
1997a, b, 1999). In Bufo, VE carbohydrate moieties
appear to be involved in binding to the fertilizing
spermatozoa (Omata and Katagiri, 1996). Yet, in am-
phibians, the role of terminal fucose and sulphated
glycans in spermatozoa–VE binding remains to be
established.

In Discoglossus pictus, fucose was found in glycocon-
jugates selectively located at the plasma membrane
of the dimple, the site of spermatozoa entry, the
presence of fucose being associated with spermato-
zoa binding for the first time (Denis-Donini and
Campanella, 1977). ‘In vitro’ assays later showed
that these fucose-rich glycoconjugates (Gualtieri and

Andreuccetti, 1996) are capable of specifically bind-
ing the spermatozoa (Maturi et al., 1998; Talevi and
Campanella, 1988). In D. pictus VE, gp75 and gp63
display adhesive properties with respect to sperma-
tozoa. Indeed, competition assays and peptide maps
showed that gp63 and gp75 interact with sperma-
tozoa in D. pictus VE and that they may represent
two glycoforms of the same protein (Caputo et al.,
2001; Infante et al., 2004). Consistently, the two gps
have differences in lectin affinity, with only gp63
cross-linking Ulex europaeus agglutinin I. This find-
ing suggests that the terminal gp63’s fucose residues
recognized by this lectin plan an important role in
binding the spermatozoa.

In D. pictus, binding of spermatozoa to VE occurs
only after the acrosome reaction (A23187-exposed
spermatozoa; Gualtieri and Andreuccetti, 1996;
Caputo et al., 2001). Binding occurs all over the egg,
although it is more abundant in the animal than in
the vegetal half of the egg (Infante et al., 2004). The
63 kDa glycoprotein cDNA (DpZP2) was sequenced
and cloned (Vaccaro et al., 2001) and shown to ex-
hibit high homology to X. laevis gp69/gp64 and to
ZP2 of mammals.

In the present study, we investigated whether, in
D. pictus VE, fucose and/or sulphate groups are
involved in spermatozoa–VE binding and whether
they are present in gp63 or gp75, using competition
assays. Surprisingly, we found that sulphates by them-
selves have a major role in spermatozoa–VE binding,
irrespective of whether they are borne by fucose, dex-
tran or Lex oligosaccharides. They appeared to be
located in the gp75, where fucose is absent, probably
in O-linked oligosaccharide chains.

Results
Metaperiodate pretreatment and binding assay
Dejellied eggs, i.e. deprived of jelly layers J1, J2, J3
and the jelly plug, were treated with sodium meta-
periodate and incubated with acrosome-reacted sper-
matozoa. After washing to remove the unbound
spermatozoa, the eggs were fixed and stained with
DAPI (4,6-diamidino-2-phenylindole). Comparison
of the number of eggs having bound spermatozoa
in the treated eggs versus untreated eggs showed
that binding of spermatozoa was not affected by
the treatment (results not shown). Therefore it ap-
pears that hydroxy groups are not directly involved
in spermatozoa–VE binding.
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Competition assays between dejellied eggs and
fucoidan-, dextran sulphate- or dextran-treated
spermatozoa
Having undergone the acrosome reaction after expos-
ure to the calcium ionophore A23187, spermatozoa
were incubated with fucoidan and then added to de-
jellied eggs. The results indicated a dose-dependent
competition of fucoidan on spermatozoa–VE bind-
ing. As shown in Figure 1(a), for untreated sper-
matozoa, a high percentage of eggs having bound
spermatozoa occurred, whereas the binding percent-
age obtained with fucoidan-treated spermatozoa de-
creased by approx. 20% already at the fucoidan con-
centration of 0.005 mg/ml. There were practically no
eggs with bound spermatozoa at the concentration of
5 mg/ml. Figure 1(b) is an example of an egg hav-
ing bound spermatozoa, when spermatozoa were not
exposed to fucoidan, and Figure 1(c) shows an egg ex-
posed to spermatozoa treated with 5 mg/ml fucoidan.
Figure 1(d) depicts a spermatozoon in the VE. The
plasma membrane and the outer acrosome membrane
are in the process of vesiculation and only the outer-
most acrosome component is present in the acrosome
cap (see Campanella et al., 1997).

To investigate whether the inhibitory effect of fuc-
oidan was due to fucose or SO4

2− groups, the acro-
some-reacted spermatozoa were treated with dextran
or dextran sulphate and then incubated with dejel-
lied eggs. Binding percentages are shown in Figure 2.
For dextran-treated spermatozoa, a high percentage of
eggs with spermatozoa bound to VE along the whole
range of concentrations was observed. In contrast,
the percentage of eggs with bound spermatozoa in
the dextran sulphate-treated spermatozoa assays was
35% lower at the concentration of 0.0005 mg/ml and
abolished at 0.5 mg/ml (Figure 2).

Competition assays between spermatozoa and
fucoidan- or dextran sulphate-treated eggs
Since, in the competition assays, the competing sug-
ars cannot be completely washed away from the sper-
matozoa, further experiments were needed to deter-
minewhether, inourexperiments, receptivemolecules
interacting with sugars are located on the sperma-
tozoa or on eggs. To this end, dejellied eggs were
exposed to fucoidan or dextran sulphate and then
rinsed before spermatozoa–egg incubation. No sper-
matozoa binding inhibition was found (Figure 3),
indicating that the above-mentioned SO4

2− groups

Figure 1 Competition assays with fucoidan
(a) Spermatozoa–VE binding significantly decreases in a fuc-

oidan dose-dependent way. Grey bar, spermatozoa unex-

posed to fucoidan; white bar, fucoidan-exposed spermato-

zoa. Bars represent S.D. (b) Egg in an experiment where

eggs were incubated with spermatozoa unexposed to fuc-

oidan and (c) Egg in an experiment where eggs were in-

cubated with spermatozoa treated with 5 mg/ml fucoidan.

In (b), spermatozoa are bound to the VE surrounding the egg,

whereas, in (c), the spermatozoa are absent. x = 14. (d) Ul-

trathin section of an inseminated egg, where a spermato-

zoon is shown in the innermost jelly coat (J1) and in the VE.

The spermatozoon is surrounded by its inner acrosome mem-

brane (IAM) and the acrosome is empty except for some of

its outermost components (small arrow). The large arrow in-

dicates vesicles derived from vesiculation of the spermato-

zoon plasma membrane and outer acrosome membrane. x =
14000.

are located on the VE and that fucoidan and dex-
tran sulphate interact with receptive molecules on
the spermatozoa.
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Figure 2 Competition assays with dextran and
dextran sulphate
Spermatozoa treatment with dextran (white bars) before the

addition of dejellied eggs results in a high percentage of eggs

with bound spermatozoa over the entire range of concentra-

tions tested. In contrast, on spermatozoa exposure to dextran

sulphate (grey bars), the percentage of eggs with bound sper-

matozoa decreased in a dose-dependent way. Bars represent

S.D.

Figure 3 Binding assay between spermatozoa and
fucoidan/dextran sulphate-pretreated eggs
White bar, fucoidan; grey bar, dextran sulphate. Egg pretreat-

ment with these glycans does not interfere with spermatozoa

binding to VE. Bars represent S.D.

Competition assays between dejellied eggs and
Lex trisaccharide 3�-sulphate- or 3�-sialyl-Lex

tetrasaccharide-treated spermatozoa
Competition binding assays with Lex trisaccharide
3�-sulphate and 3�-sialyl-Lex tetrasaccharide sugars

Figure 4 Competition assays with Lex trisaccharide
3�-sulphate and 3�-sialyl-Lex tetrasaccharide
(A) When spermatozoa were exposed to Lex trisaccharide

3�-sulphate, spermatozoa binding to VE was inhibited in a

dose-dependent manner. In contrast, (B) spermatozoa pre-

treatment with 3�-sialyl-Lex tetrasaccharide did not, in prac-

tice, change the percentage of eggs with bound spermatozoa

in the control assays. Grey bars, control binding assay with

untreated spermatozoa; white bar, pretreatment assays.

were performed by incubating spermatozoa with
one of these oligosaccharides before exposure to de-
jellied eggs. Lex trisaccharide 3�-sulphate inhibited
spermatozoa–VE binding by approx. 60 and 100%
at sugar concentrations 0.05 mg/ml and 0.2 mg/ml
respectively (Figure 4a). Conversely, 3�-sialyl-Lex tet-
rasaccharide was not inhibitory at the concentrations
used (Figure 4b), confirming the role of SO4

2− groups
in spermatozoa–VE binding in contrast with CO2H−
groups.
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Competition assays with fucoidan- and dextran
sulphate-treated spermatozoa on beads-gp63
and/or beads-gp75
Since both gp63 and gp75 of VE specifically bind the
spermatozoa (Infante et al., 2004), we supposed that
sulphated sugars are present in one or both of the
glycoproteins. Accordingly, we performed assays on
gp63 and gp75 immobilized on polystyrene beads
utilizing spermatozoa pretreated with fucoidan or
dextran sulphate.

Electroeluted gp63 and gp75 were adsorbed on
beads. To estimate the amount of bound glycopro-
tein/bead, adsorption was checked by boiling the
beads in sample buffer and the released protein
was analysed by SDS/PAGE in each binding exper-
iment. By knowing the concentration of the gly-
coprotein in the eluate before and after adsorption
and the number of 350 µm beads/vol., the amount of
bound glycoprotein/bead was estimated to be in the
range of 0.0075 µg (i.e. 7.2×1010 molecules) and of
2 µg/cm2. Commercial BSA was adsorbed on beads
and used as control in spermatozoa-binding experi-
ments.

Spermatozoa were preincubated with fucoidan or
dextran sulphate and exposed to gp63 beads (Fig-
ure 5). The binding of fucoidan- and dextran sul-
phate-incubated spermatozoa in the range of sugar
concentrations used was almost the same as the bind-
ing of the unincubated spermatozoa (60, 58 and 65%
respectively). Spermatozoa treated with soluble gp63
(0.5 mg/ml) underwent significantly lower adhesion
to gp63 beads (20% eggs with bound spermatozoa).
Similar assays were performed with gp75 beads (Fig-
ure 5a). Binding of spermatozoa to gp75 beads was
significantly affected by treating the spermatozoa
with fucoidan or dextran: it decreased to 30–25%
with respect to control untreated spermatozoa (64%
binding; Figures 5a and 5b). Only 23% of the beads
had bound spermatozoa when the latter were incub-
ated with gp75 (0.5 mg/ml).

Competition assays with solubilized VEs treated
with PNGase F (N-linked glycosidase F) or
α-N-GalNAcase (α-N-acetylgalactosaminidase)
Preliminary experiments showed that addition of 40
or 20 µg of solubilized VEs per 200 µl of reacted
spermatozoa suspension in a final volume of 1 ml
produced an inhibition of the order of 70–60%. To
investigate the involvement of VE’s N-linked sugar

Figure 5 Competition assays between the spermatozoa
exposed to fucoidan or dextran sulphate and gp63
beads/gp75 beads
(a) 0, untreated spermatozoa. The concentrations of fucoidan

(1, 5 and 10 mg/ml) and dextran sulphate (0.5, 1 and 2 mg/ml)

used for spermatozoa preincubations gave practically identi-

cal results and therefore they were pooled together in a single

bar. Data indicate that both sulphated glycans do not interfere

upon spermatozoa adhesion to gp63 beads, whereas they

exert a strong inhibition on the binding of spermatozoa–gp75

beads. (b, c) gp75 beads exposed to untreated spermatozoa:

spermatozoa adhere to the beads. (d) gp75 beads exposed

to fucoidan-incubated spermatozoa: the spermatozoa do not

bind to the beads. Bead size is 350–400 µm.

chains in spermatozoa binding, solubilized VEs were
exposed to increasing concentrations of PNGase F.
Previous work showed that lectin blots of solubilized
VEs clearly cross-linked GNA (Galanthus nivalis ag-
glutinin), a Man α1–3 Man-specific lectin, detecting
N-linked sugars (Caputo et al., 2001). In the present
study, when solubilized VEs were exposed to PNGase
F in the ratio 1 unit/4 µg of VEs, no cross-linking
occurred with GNA, in contrast with untreated VE
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Figure 6 Enzyme-treated VEs
(A) Competition assays using solubilized VEs digested by PN-

Gase F or α-N-GalNAcase. 0, untreated spermatozoa; 1, sper-

matozoa treated with soluble VEs; 2, enzyme-digested VEs.

In the PNGase F assay, the inhibitory action of solubilized

VE in spermatozoa–VE binding (38% binding) is not removed

by the digestion of VE by the enzyme (35% binding). In the

α-N-GalNAcase assay, the inhibitory action of solubilized VE

in spermatozoa–VE binding (13% binding) is removed by the

enzyme (85% binding). (B) Lectin blot of solubilized VEs. a,

untreated VEs; b, PNGase F-treated VEs. In the GNA blot,

the PNGase F-treated VEs lose their cross-reactivity to the

lectin, whereas in the DSA blot, the cross-reactivity is partially

retained by some of the VE glycoprotein.

blots (Figure 6). In addition, VE blots were sim-
ilarly exposed to the Galβ1–4GlcNAc-specific DSA
(Datura stramonium agglutinin). In this case, the lectin
cross-linking of VE glycoproteins was only partially
eliminated by the PNGase F treatment (Figure 6).
In parallel competition trials, reacted spermatozoa

suspensions were incubated with 40 µg of VEs pre-
viously treated with PNGase F (1 unit/4 µg of VEs)
and then used in spermatozoa–VE competition assays
over dejellied eggs. The results show that PNGase F
treatment did not eliminate the competing ability of
soluble VEs on spermatozoa–VE binding (Figure 6).
In contrast, in the spermatozoa–VE competition assay
where α-N-GalNAcase was used for VE digestion, an
enzyme/VE ratio as low as 0.03 unit/1 µg was suffi-
cient for abolishing VE inhibitory action. In these ex-
periments, the proportion of eggs having bound sper-
matozoa was 85%, whereas the proportion with un-
treated VEs was 12% (Figure 6). α-N-GalNAcase is
capable of cleaving terminal α1–α3-linked GalNAc
from glycoconjugates as well as GalNAc-Ser/Thr i.e.
it acts on GalNAc O-linked to the peptide backbone
(see Schachter and Brockhausen, 1992). Although we
cannot discriminate between the two actions of the
enzyme, overall the results of PNGase F and α-N-
GalNAcase indicate that determinants for binding
are not located in N-linked oligosaccharide chains,
but rather on O-linked chains.

Discussion
Competition assays performed on dejellied eggs or
on immobilized gp63 and gp75 indicate that VE-
sulphated sugars are essential for the occurrence
of spermatozoa–VE binding in D. pictus. Indeed,
competition trials utilizing three kinds of sulphated
sugars (fucoidan, dextran sulphate and Lex trisacchar-
ide 3�-sulphate) showed a dose-dependent inhibition
of VE–spermatozoa binding. Inhibition did not occur
if unsulphated dextran or 3�-sialyl-Lex tetrasaccharide
was used. 3�-Sialyl-Lex tetrasaccharide/Lex trisacchar-
ide 3�-sulphate competition assays, in addition, in-
dicated that sulphate-negative charges specifically act
on the interaction in contrast with negative charges
carried by carboxylic groups. Moreover, these ex-
periments indicated that the presence of fucose did
not affect competitively spermatozoa–VE binding.
Consistently, for D. pictus, previous studies (Infante
et al., 2004) showed no cross-reactivity with anti-
U. elongatus gp273 antibodies. The latter recognize
glycans containing a Lewis-like structure with fucose
as the determinant (Focarelli et al., 2003). Moreover,
metaperiodate trials support the conclusion that, in
spermatozoa–VE binding, sugar radicals such as hy-
droxy groups are not implicated.
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VE digestion by PNGase F and by α-N-GalNAcase
suggests that the sugars carrying sulphate groups are
located in O-linked chains, as shown both in the sea
urchin (Dhume and Lennarz, 1995) and in U. elong-
atus (Capone et al., 1999). In the amphibian Cynops
pyrrhogaster, heparan sulphate-like molecules located
on acrosome-reacted spermatozoa are responsible for
spermatozoa binding to the uterine envelope of this
species. A protein of approx. 70 kDa purified from the
envelope appears to bind to the heparan sulphate-like
molecules expressed on spermatozoa (Nakai et al.,
1999). In contrast, in the present study, sulphates ap-
peared to be part of the VE glycoconjugates, as sug-
gested by binding assays with eggs pretreated with
sulphated sugars. In particular, competition assays us-
ing immobilized gp63 or gp75 strongly suggest that
SO4

2− groups are present on gp75 glycoconjugates,
whereas gp63, its fucose-containing glycoform, has
no SO4

2− groups involved in spermatozoa binding.
In most cases (see Miller and Ax, 1990; Oehninger,

2001; Focarelli et al., 2003), in spermatozoa–egg in-
teraction, fucose has been found to have a dominant
role, in particular in its sulphated form. However,
in some cases, as in rabbit spermatozoa–zona interac-
tion, sulphate groups are the determinants carried by
thecarbohydratemoietywhichare important forbind-
ing to occur (O’Rand et al., 1988). In human, por-
cine and mouse spermatozoa–zona interaction, acro-
sin, a spermatozoa acrosome enzyme, appears to bind
to sulphated polysaccharides of the zona pellucida
(Moreno et al., 1998; Howes and Jones, 2002). This
binding is inhibited by sulphated but not by de-
sulphated polymers (Williams and Jones, 1990).
Moreover, in bovine reproductive biology, sulphate
glycoconjugates not containing fucose are known
to modulate spermatozoa adhesion to the oviductal
epithelium (Talevi and Gualtieri, 2001). In the sea
urchin Strongylocentrotus purpuratus, sulphates play a
critical role in determining the binding activity of
VE on spermatozoa. Desulphated fucoidan has no
activity, but resulphation of fucoidan restores the in-
hibition of bindin-induced agglutination (De Angelis
and Glabe, 1987). In the same species, a two-step
model was hypothesized for spermatozoa–egg surface
interaction (Dhume and Lennarz, 1995), i.e. (i) an
ionic weak binding involving sulphate groups of O-
linked oligosaccharide chains, part of the 350 kDa
glycoprotein, and (ii) a high-affinity binding in-
volving one or more domains of the 350 kDa poly-

peptide chain in the second step. Moreover, sulphate
groups appear to modulate the activity of some oli-
gosaccharide chains in VE–spermatozoa interaction,
since binding efficiency is proportional to the pres-
ence of sulphate groups (Dhume and Lennarz, 1995).
In D. pictus, gp75 and gp63 are the two glycopro-
teins displaying adhesive properties to spermatozoa,
but only one, gp75, contains sulphate groups, on
the basis of indirect yet compelling evidence in the
present study. It may be postulated that, similar to
the sea urchin, multistep binding may occur in this
system, where sulphate groups in gp75 oligosacchar-
ide chains provide initial adhesion, and gp63 and
gp75 protein backbones provide second binding. In
S. purpuratus jelly coats, sulphate positions 2-O- and 4-
O- in the saccharide chains of the sulphated α-L-fucan
determine spermatozoa cell recognition (Vileda-Silva
et al., 1999) and later, in embryos, dermatan sulphate
bearing high amounts of O-4- and O-6-disulphated
galactosamine units are essential for development to
occur (Vileda-Silva et al., 2001). In D. pictus VE,
further studies are required to determine whether
specific positions of sulphate groups are similarly
needed in gp75 sugar chains for adhering to a sper-
matozoa.

Materials and methods
Animals and gametes
Adult male and female D. pictus were injected in the dorsal
lymphatic sac with 200–250 units of Profasi HP (Serono, Rome,
Italy) in Amphibian Ringer (111 mM NaCl, 1.3 mM CaCl2,
2 mM KCl, 0.8 mM MgSO4 and 5 mM Hepes, pH 7.8). Uterine
eggs were obtained 18 h after hormone injection. The semen
(spermatozoa and seminal fluid) was collected from the seminal
vesicles (see Caputo et al., 2001) 24 h after hormone treatment.
Standard control insemination was performed by the addition of
a drop of semen to eggs immersed in 1/10 Ringer.

Preparation of VE
Eggs were first dejellied in dejellying buffer (100 mM NaCl,
5 mM dithioerythritol and 50 mM Tris/HCl, pH 8.5). VEs
were then manually removed and transferred into HB (25 mM
Hepes, pH 7.5, containing 900 mM glycerol, 0.02 mM NaN3,
1 mM ATP, 1 mM dithiothreitol, 5 mM EGTA, 2 mM N-p-
tosyl-arginine methyl ester, 5 mg/ml soya-bean trypsin inhib-
itor, 5 µg/ml aprotinin and 10 µM E64). After extensive rinsing
and brief centrifugations at low speed, VEs were exposed to
0.6 M KI for a few min to remove the innermost jelly layer
J1 (see Caputo et al., 2001) and, after extensive rinsing in 1/10
Ringer, dissolved in 2% (w/v) SDS by heating at 95◦C for at least
2 min. After centrifugation at 14000 g for 10 min, the samples
were processed for electrophoresis or binding assays.
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Protein determination, SDS/PAGE and gel staining
Protein concentration of the samples was determined with the
BCA (bicinchoninic acid) or Micro BCA Protein Assay Reagent
(Pierce, Rockford, IL, U.S.A.); 15 µg of the VE-soluble proteins
was applied on each lane of the gels. Samples were prepared for
SDS/PAGE by the addition of sample buffer and heating at 40◦C
for a few minutes. Protein samples were analysed by SDS/PAGE
using Laemmli’s Tris/glycine buffer system. The running gel
contained 10% (w/v) acrylamide. Molecular-mass standards were
the following: 200, 116, 97.5, 66.2, 45, 31 and 21.5 kDa (Bio-
Rad, Hercules, CA, U.S.A.). After fixation in methanol/acetic
acid, gels were stained with either Coomassie Blue or silver.

Lectin blot detection on nitrocellulose
Proteins subjected to SDS/PAGE were electrophoretically trans-
ferred on to nitrocellulose sheets by the method of Towbin et al.
(1979) overnight at 180 mA (for more details, see Infante
et al., 2004). DIG (digoxigenin)-labelled DSA and GNA were
part of a DIG glycan differentiation kit (Roche, Mannheim,
Germany) and were utilized according to the manufacturer’s in-
structions. Positive controls were run for the DIG-labelled lect-
ins according to the DIG glycan differentiation kit, i.e. fetuin
for DSA.

Electroelution
VE glycoproteins (gp63 and gp75) were separated by SDS/PAGE
and visualized by staining with 0.3 M CuCl2. The area of the
selected bands was cut out and the gel slices were electroeluted
with 25 mM Tris/HCl (pH 8.3) containing 1.44 mM glycine.
Electroeluted proteins were dialysed at 4◦C against distilled
water and stored at –20◦C after concentration in a speed vacuum
concentrator Savant. The protein content and purity of each
sample were checked by SDS/PAGE and/or the BCA protein
assay method.

Metaperiodate-binding assays
After dejellying, groups of approx. 10–15 eggs were exposed
to sodium metaperiodate (25, 50 and 100 mM) in Ringer at
18–20◦C for 15 min. Five assays for each metaperiodate con-
centration were performed. In some experiments, after meta-
periodate treatment, eggs were further incubated with sodium
borohydride (20 mM) to stabilize the transformation of oligosac-
charide hydroxy groups into aldehyde groups. Treated eggs were
then used for the spermatozoa–egg binding assays.

Spermatozoa–egg binding and competition assays
Spermatozoa suspensions as recovered from the seminal vesicle
were diluted in 1/10 Ringer to provoke complete unravelling
of the spermatozoa bundles and spermatozoa ejection from the
bundles. Spermatozoa are motile for approx. 14 s (see Maturi
et al., 1998). The spermatozoa suspension was then treated with
0.25 µM A23187 (Sigma) for 2 min, because previous work
showed that dejellied, unfertilized eggs bind to the spermatozoa
if spermatozoa are pretreated with this Ca2+ ionophore to induce
acrosome reaction (Gualtieri and Andreuccetti, 1996; Caputo
et al., 2001) and then washed with 1/10 Ringer. As a general
control for testing the binding ability of the spermatozoa to VE,
groups of fully dejellied eggs were added to calcium ionophore-

treated spermatozoa and incubated for 15 min at room tempera-
ture (22◦C) under gentle rocking. The spermatozoa-exposed eggs
were then washed to separate the unbound spermatozoa from
those bound to the eggs (see Caputo et al., 2001). The samples
were either directly observed under a compound microscope
or, after fixation in 95% (v/v) ethanol, stained with DAPI for
counting spermatozoa head attachment to the VEs under a Zeiss
Axioskop microscope equipped with a Progress 3800 colour
video camera and KS300 image analysis software.

The binding assay (see Maturi et al., 1998) considers the fact
that, when spermatozoa come out of the bundles, they may get
entangled because of their length (2.33 mm), and the result-
ing suspension of spermatozoa is, therefore, rather uneven. As a
consequence, it cannot be established whether more bound sper-
matozoa (or spermatozoa-bound beads, for the experiment in the
next section) means a greater ability of the VE to bind the sper-
matozoa or more spermatozoa available for the egg. Therefore we
measured successful spermatozoa collision (binding) with eggs
under gentle rocking in terms of percentage of eggs with sper-
matozoa, without considering the number of spermatozoa/egg.

In competition assays, acrosome-reacted spermatozoa were
treated with fucoidan at the concentrations of 0.005, 0.05, 0.5,
1 and 5 mg/ml and with dextran or dextran sulphate at the
concentrations of 0.0005, 0.005, 0.05 and 0.5 mg/ml. Altern-
atively, spermatozoa were pretreated with Lex trisaccharide 3�-
sulphate at the concentrations of 0.01, 0.05 and 0.2 mg/ml or
with 3�-sialyl-Lex tetrasaccharide at 0.025 and 0.25 mg/ml. The
spermatozoa suspension was then incubated with groups of 10–
15 eggs for 15 min to allow spermatozoa binding under gentle
rocking.

In a further set of experiments, groups of approx. 10–
15 eggs were treated with fucoidan at the concentrations of 5
and 10 mg/ml or dextran sulphate at the concentrations of
0.005 and 0.5 mg/ml, washed to remove competing sugars and
mixed with acrosome-reacted spermatozoa. A minimum of three
assays was performed for each sugar dilution used. The eggs were
stained with DAPI for counting spermatozoa at the VE surface.

For ultrastructural observation, fertilized eggs were fixed at 2,
6, 10 and 20 min after insemination in 2.5% (v/v) glutaraldehyde
in 0.2 M phosphate buffer as described previously (Talevi and
Campanella, 1988). Dehydration in graded ethanol at 4◦C was
followed by embedding in Epon 812. Thin sections were cut with
diamond knives, stained with uranyl acetate and lead citrate and
examined in a Philips EM-300 microscope at the CISME (Centro
Interdipartimentale di Servizio per la Microscopia Elettronica)
of the University of Naples Federico II.

Spermatozoa–bead binding and competition assays
The electroeluted glycoproteins as well as commercial BSA were
adsorbed on polystyrene beads of 350–400 µm (Polysciences,
Warrington, PA, U.S.A.). Adsorption on the beads was per-
formed as suggested by the supplier, utilizing 0.1 M borate
buffer (pH 8.5) and blocking in 1% BSA. In the assay, sperma-
tozoa were smeared on microslides, further diluted in 10%
(v/v) Ringer and treated with Ca2+ ionophore. After rinsing in
1/10 Ringer, approx. 100 glycoprotein-coated beads were re-
leased on the spermatozoa and incubated for 15 min in Petri
dishes under gentle rocking.

For competition assays, reacted spermatozoa were preincub-
ated with 0.5 mg/ml of eluted gp63 or gp75 in 1/10 Ringer,
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with fucoidan at the concentration 1, 5 and 10 mg/ml or dextran
sulphate at the concentration of 0.5, 1 and 2 mg/ml for 15 min.
After a 10-fold dilution with 1/10 Ringer, the spermatozoa-
binding assay was performed by mixing the treated spermatozoa
suspension with groups of approx. 100 gp63 or gp75 beads
and maintaining for 15 min under gentle rocking. After sev-
eral rinses in 1/10 Ringer, beads with bound spermatozoa were
directly observed under a compound microscope to count sper-
matozoa attachment or stained with DAPI and observed under
a UV microscope.

PNGase F and α-N-GalNAcase assays
N-linked sugar chains were released from solubilized VEs on
incubation with PNGase F (glycopeptidase F) from Flavobac-
terium meningosepticum (Sigma) in the ratio of 5 units of PNGase
F/20 µg of VE. Incubation was performed in 500 mM sodium
phosphate, 12.5 mM EDTA and 5 M glycerol (pH 7.2) for 16 h
at 37◦C. In control experiments, the VE was incubated in an
enzyme boiled at 100◦C. The enzyme/µg of solubilized VE ratio
mentioned above was calibrated by exposing increasing concen-
trations of VE to fixed unit numbers of enzymes, blotting the
digested VE and exposing the blot to GNA or DSA. The ratio
5 units of PNGase F/40 µl VE ratio was optimal for elimin-
ating Man α1–α3 Man of N-linked sugars and it was used for
spermatozoa–VE competition assays. In these assays, 200 µl of
reacted spermatozoa suspensions was incubated with the PN-
Gase F-exposed envelopes. The suspension was further diluted
to 1 ml and used in spermatozoa–VE competition assays over
dejellied eggs.

α-N-GalNAcase (from chicken liver; Sigma) cleaves ter-
minal α1–α3-linked GalNAc from glycoconjugates as well as
GalNAc-Ser/Thr. The incubation of VEs with the enzyme was
performed overnight at 37◦C in 0.1 M phosphate–citrate buffer
(pH 3.6). In competition assays, 200 µl of reacted spermatozoa
suspensions was incubated with the enzyme-exposed envelopes
(0.03 unit of α-N-GalNAcase/1 µg of solubilized VE). The pH
of the α-N-GalNAcase-exposed VE suspension was neutralized
before adding to spermatozoa suspension. The suspension was
further diluted to 1 ml and used in competition assays between
spermatozoa and dejellied eggs. In control experiments, VEs
were incubated in 100◦C-boiled enzyme.
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Eif6 in Xenopus oogenesis and embryogenesis

At end of the 1990s, a new change occurred in our scientific life. Pier Car-
lo Marchisio (DIBIT, Saint Raphael Hospital, Milan) was looking for a model 
where the function of p27BBP/eif6 could be tested in multicellular organisms 
and suggested we took charge of this project. We were immediately intrigued 
by this proposal for several reasons, one of them being that Rosa had dem-
onstrated that spectrin surrounds nucleoli similarly to eif6 that is indeed in-
volved in 60S biogenesis and also interacts with the cytoskeleton. That was 
the time when our Ministry of Public Education decided to support research 
through nation projects called PRIN, cancelling the previous method of fund-
ing. We successfully presented a joint project for the PRIN call in 2000. 

In 2003 Pier Carlo and Stefano Biffo (DIBIT, Saint Raphael Hospital, Mi-
lan), showed that eif6 impedes the joining of 40S and 60S subunits, regulated 
by protein kinase C. Our first paper was on the stage-dependent phosphor-
ylation and relationship with the cytoskeleton during Xenopus oogenesis/be-
ginning of development. During prophase I, eif6 is little cytoskeleton-bound 
and is a single protein of 27kDa. Following maturation induced by proges-
terone or protein kinase C, a serine-phosphorylated 29kDa appears and is 
kept throughout development. Similarly, eif6 becomes linked to the cytoker-
atin-rich embryo cytoskeleton, suggesting that the CK fibres are a reservoir 
of unphosphorylated eif6-60S to be called into action according to functional 
changes. The latter result was attained because of Rosa and Martin Wilding’s 
(Centre for Reproduction, Villa del Sole, Naples) striking confocal microscope 
pictures. Moreover, at that time Nadia De Marco was already working in my 
group and devoted considerable energy and skill to the success of this man-
uscript and to all the papers related to eif6. 

Our next challenge was to explore the role of eif6 in Xenopus embryogene-
sis. This was an attractive yet difficult field as we knew little about techniques 
needed for performing RNA injections. Giuseppina Barsacchi and Irma Nar-
di’s groups in Pisa helped us with their usual warmth and kindness in this 
transitional stage. Carmen cloned Xenopus eif6 and localized its mRNA dis-
tribution during embryogenesis. Next, Nadia, while acquiring considerable 
skill in research and ability to programme her work, over-expressed eif6 by 
injection in one blastomere of a two cell–stage embryo, and found several ab-
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normalities that were in  part described  in her PhD thesis. She first studied 
the ability of eif6 to act as an anti-apoptotic factor acting upstream of bcl-2. 
That paper is one of the most interesting research papers produced in my lab-
oratory. Stefano Biffo, who had followed and supported our work, was re-
ally enthusiastic about it: the understanding of eif6 in a multicellular organ-
ism was a real breakthrough. Stefano’s enthusiasm encouraged the two of us 
to respond to comments made, or criticism levelled, I should say, by review-
ers. Finally, the paper was accepted by Cell Death and Differentiation with 
an impact factor higher than 9.0. 

The next steps were to investigate the two other phenotypes of the over-
expressors, i.e. a delay in eye formation and an oedema linked to pronephros 
malfunctioning. The first phenotype was remarkably described in a paper by 
Nadia who showed that eif6 is necessary for eye formation below threshold 

Fig. 27. 2007. In my office at the Department of Structural and Functional Biology. From left 
to right, Francesca Nunziata, Loredana Chierchia, Mariano Bernardo, Luigi Iannone, Carmen, 
Rosa, Nadia De Marco, Luisa Dovere and Ludovica Zampini.
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levels. We then addressed the study of igf signalling, because eye formation 
is strictly depending upon it. In 2006 an important paper by Peter Klein and 
co-workers showed that kermit/gipc2 binds to igfr and is able to sustain igf/
akt signalling towards eye morphogenesis. We found that eif6 interacts with 
gipc2 as well as with igfr and sustains the signalling through the igf/pi3k/
akt pathway. Nadia and Margherita Tussellino, the last PhD student gradu-
ated in my lab, are currently working (in collaboration with Luca Tamagnone, 
University of Turin) on the interesting possibility that semaphorins/plexins 
are an important part of igf signalling active both in the eye and the prone-
phros, two organs where eif6 appears to regulate gipc2. The oedema/prone-
phros phenotype was also studied and is the subject of the last paper we are 
publishing, which bears the hallmark of Margherita’s research skills.

Fig. 28. 2009. Rosa, Nadia and Margherita Tussellino.
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Abstract. p27BBP/eIF6 is an evolutionarily conserved
regulator of ribosomal function. It is necessary for 60S
biogenesis and impedes improper joining of 40S and 60S
subunits, regulated by protein kinase C or Efl1p. No data
on p27BBP/eIF6 during early development of Metazoa are
available. We studied the distribution, post-translational
changes and association with the cytoskeleton of p27BBP/
eIF6 during Xenopus oogenesis and early development.
Results indicate that p27BBP/eIF6 is present throughout
oogenesis, partly associated with 60S subunits, partly
free and with little cytoskeleton bound. During prophase
I, p27BBP/eIF6 is detected as a single band of 27-kDa. Upon
maturation induced by progesterone or protein kinase
C, a serine-phosphorylated 29 kDa isoform appears and
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is kept throughout development to the neurula stage.
Confocal microscopy showed that the distribution of
p27BBP/eIF6 and its association with the cytoskeleton
varies according to oogenesis stages. Briefly, in stage 6
oocytes, p27BBP/eIF6 has a limited dot-like distribution,
and does not co-localize with cytokeratin, whereas upon
maturation it spreads throughout the cytoplasm. After
fertilization, a large fraction coalesces around cytomem-
branes and a cytochalasin B-sensitive co-localization
with cytokeratin occurs. RNAse removes p27BBP/eIF6
from the cytokeratin fibres. Developmental data suggest
a role of p27BBP/eIF6 in controlling ribosomal availability
or regulating cross-talk between ribosomes and the 
cytoskeleton.

Key words: Xenopus; meiosis; oocyte; 60S; p27BBP/eIF6; phosphorylation; cytokeratin.

The protein p27BBP/eIF6 is an evolutionarily conserved
factor necessary for 60S biogenesis in yeast and mammals
[1–3]. It is partly associated with 60S and nucleolus asso-
ciated in all cells [1, 4]. p27BBP/eIF6 was recently shown
to prevent improper joining of the 40S and 60S subunits
for 80S assemblage [5]. This activity is regulated by Efl1p

* Corresponding author. R. Carotenuto and N. De Marco 
contributed equally to the paper

in yeast [6] and by protein kinase c (PKC) phosphorylation
in mammalian cells [5]. Biochemical work has shown that
p27BBP/eIF6 can also bind to b4 integrin [1, 2]. Although
in b4 integrin-expressing epithelial cells, p27BBP/eIF6 is
present at the hemidesmosomes, its ability to associate
with intermediate filaments in the nuclear matrix is in-
dependent of b4. No data are available for multicellular
organisms, in vivo, during their functional and/or devel-
opmental changes. Studies on the in vivo localization of



p27BBP/eIF6 in a developing system may help to evaluate
its role and the significance of its association with the
cytoskeleton (CSK) and/or phosphorylation.
In this paper, p27BBP/eIF6 was studied in Xenopus laevis
oogenesis and early development. This model, where b4
is lacking [7], has a differentiation program in which both
the timing of translation and that of CSK organization are
known. Moreover, the Xenopus oocyte is among the cells
with the largest amount of ribosomes. During oocyte
meiosis, two major changes governed by PKC activation
occur [8, 9]: the first meiotic reactivation with germinal
vesicle breakdown (prophase-metaphase I transition),
and the second reactivation after fertilization (metaphase
II-telophase II transition). In prophase I oocytes, large
amounts of ribosomes accumulate and translation is
blocked [10–14]. Blocks are removed by progesterone at
maturation when translation increases [see ref. 15].
The CSK also changes during oogenesis and development.
In the germinal vesicle, cytoskeletal proteins are found
among nucleoli [16, 17]. The oocyte membrane and cyto-
plasm are characterized by a rich actin-based cytoskeleton.
Vimentin and cytokeratin are found in bundles at the
peripheral cytoplasm and in radii spanning the cytoplasm
[see refs. 18, 19]. Following germinal vesicle breakdown
at maturation, the phosphorylation cascade disrupts this
organization. Later, in fertilized eggs, the cytokeratin
assembles back into peripheral fibres, starting from the
vegetal half, together with a thin network throughout the
blastomere periphery and cytoplasm [8, 9, 20–23]. 
In this paper, the data indicate that post-translational
changes and distribution of p27BBP/eIF6 are regulated
during oogenesis and early development. Following treat-
ment with progesterone or with the tumour-promoting
agent (TPA), a serine-phosphorylated form of p27BBP/eIF6
was detected, indicating that at the first meiosis resump-
tion, p27BBP/eIF6 acquires a potential role in protein syn-
thesis regulation. The distribution of p27BBP/eIF6 changes
concomitantly with the CSK reorganization that follows
maturation and fertilization. Accordingly, data show that
after fertilization, p27BBP/eIF6 associates with the CSK. 

Materials and methods 

Animals
Adult X. laevis females were obtained from ‘Rettili’
Varese, Italy. They were kept and utilized at the Depart-
ment of Structural and Functional Biology, University of
Naples, Federico II, according to the guidelines and
policies dictated by the University Animal Welfare Office
and in agreement with international rules.
Oocytes at various stages of oogenesis were excised from
the ovaries of females anaesthetized with MS222 (Sigma
St. Louis, M.). The X. laevis oocyte growth stages (Du-
mont) are: st. 1 (50–300 mm); st. 2 (300–450 mm); st. 3
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(450–600 mm); st. 4 (600–1000 mm); st. 5 (1000–1200 mm);
st. 6 (1200–1300 mm). Previtellogenic oocytes (sts 1–2)
have a large centrally-located germinal vesicle. A flat
monolayer of follicle cells surrounds the oocyte, projecting
thin villi (macrovilli) in the highly folded oocyte surface.
Larger oocytes are vitellogenic and acquire polarization
of their constituents. Pigment marks the animal hemi-
sphere where the germinal vesicle is located. The oocytes,
surrounded by follicle cells and thecae over the vitelline
envelope, represent a functional unit, the follicle.
To obtain eggs, X. laevis females were injected in the
dorsal lymphatic sac with 500 units of Profasi HP (Serono,
Rome, Italy) in Amphibian Ringer (111 mM NaCl, 1.3 mM
CaCl2, 2 mM KCl, 0.8 mM MgSO4, 25 mM Hepes, 
pH 7.8). Fertilized eggs, embryos at 2–4 blastomeres and
at neurula stage (st. 19, Nieuwkoop and Faber) were 
obtained by standard in vitro insemination methods.

Antibodies
p27BBP/eIF6 immunostaining was revealed with a rabbit
polyclonal antiserum previously described [1], or with a
mouse monoclonal recognizing an epitope between amino
acids 135 and 200. Rabbit antibodies against the ribosomal
protein L5 were prepared as in Nadano et al. [24] and
utilized at 1:200 (v/v) dilution. Anti-pan-cytokeratin
monoclonal antibody (Sigma C2931), cross-reacting with
type I cytokeratin (K18) and type II cytokeratins (K8) of
Xenopus oocytes [see ref. 25] and polyclonal rabbit anti-
phosphoserine (Zymed Laboratories, San Francisco,
Calif.) were also utilized at 1:200 (v/v) dilution.
For Western blots of maturation markers, polyclonal rabbit
antibody against Xenopus Mos (anti-XeMos antibody
Sc-86; Santa Cruz Biotechnology, Heidelberg, Germany)
and anti-phospho-MAP kinase monoclonal antibody
(9106S; New England Biolabs, Beverly, Mass.) were both
used at 1:1000 (v/v) dilution.

Sample preparation for SDS-PAGE and Western blot
Oocytes and embryos (neurula stage) were homogenized
in a HEPES buffer pH 7.5 containing 900 mM glycerol,
0.02 mM NaN3, 1 mM ATP, 1 mM DTT, 5mM EGTA
(buffer I) and the following protease inhibitors (Sigma):
2 mM TAME, 5 mg/ml SBTI, 5 mg/ml aprotinin and 10 mM
E64. Unfertilized and fertilized (about 1 h after insemina-
tion) eggs were similarly homogenized following removal
of the vitelline envelope and the jelly coats. For Matura-
tion Promoting Factor (MPF) activity assays, oocytes
were homogenized in buffer I without ATP and contain-
ing phosphatase inhibitors (2 mM NAF, 50 mM b-glyc-
erol-phosphate, 1 mM sodium vanadate), in addition to 
a cocktail of protease inhibitors. After centrifugation at
15,000 g for 40 min at 4°C, protein concentration was de-
termined in the supernatants with the BCA protein assay
reagent (Pierce, Rockford, Ill.). After boiling in sample
buffer with b-mercaptoethanol, aliquots of 30–60 mg of



proteins were analysed through SDS PAGE (10, 12 or
15% polyacrylamide), utilizing molecular mass standards
(200, 116, 97, 45, 31, 21 or 14 kDa) (Bio-Rad, Hercules,
Calif.). Oocytes for anti-p27BBP/eIF6 and anti-XeMos/
anti-p42/44MAP kinase Western blots were separated on
4–12% NuPage precast gradient gels (Invitrogen, Life
Technologies, Carlsbad, Calif.), using Invitrogen SeeBlue
plus 2 pre-stained Mr standards (188, 98, 62, 38, 28, 17,
14, 6 or 3 kDa ). Proteins were detected by Coomassie
staining. Western blotting on nitrocellulose membrane
was performed as previously reported [26], using alkaline
phosphatase (AP)-conjugated antibodies. Blotting was
also performed on Millipore Immobilon-P transfer mem-
brane (Millipore, Bedford, Mass.), utilizing Protein A-per-
oxidase-linked and chemiluminescence (ECL) Western
Blotting Detection Reagent (Amersham Biosciences, Lit-
tle Chalfont, UK). In some experiments, the same Im-
mobilon-P membrane was used again after exposure to
Restore Western Blot Stripping Buffer (Pierce). For Mos
and MAP kinase detection, the membranes were incu-
bated with anti-XeMos or with anti-phospho-MAP kinase
antibodies, followed by incubation with anti-rabbit or anti-
mouse horseradish peroxidase-conjugated IgGs, respec-
tively (Amersham Biosciences).

In vitro maturation Cdc2 and MAP kinase assays
To induce maturation, stage 6 oocytes were excised from
the ovaries and de-thecated in low-strength saline Stein-
berg’s solution (58 mM NaCl, 0.67 mM KCl, 0.3 mM
Ca(NO3)2, 0.8 mM MgSO4, 4.6 mM Tris-HCl pH 7.4).
Aliquots of 50 oocytes were incubated for 10–60 min in
32 mM progesterone in OR2 (82.5 mM NaCl, 2.5 mM
KCl, 1 mM CaCl2, 1 mM Na2HPO4, 1 mM MgCl2, 5 mM
Hepes, 3.8 mM NaOH, pH 7.4). Similarly, about 50
oocytes were exposed to 150 nM TPA (Sigma) in Ringer
(TPA stock solution in DMSO) up to 6 h. As controls, 50
oocytes were incubated in OR2 or in 0.3 M DMSO in
Ringer. About 95% of oocytes matured following proges-
terone treatment, and 78% of oocytes as a result of TPA
exposure. Oocytes were also sampled at increasing times
following progesterone treatment (0 h; 2 h; 3.5 h; 6 h; 
16 h), white spot occurring about 6 h after hormone ex-
posure. Disappearance of the germinal vesicle was also
checked by dissecting the oocytes before homogeniza-
tion. Moreover, previous experimentation showed that
about 14 h following ‘white-spot’ appearance the oocytes
are at M-II stage [27]. For staging the progesterone-in-
duced signalling cascade, MPF kinase and MAP kinase
activities were assayed. Here some informations about
Cdc2 kinase (the catalytic subunit of MPF), mos RNA,
Mos kinase. Cdc2 kinase,  peaks in metaphase I (M-I) and
metaphase II (M-II). Translation of maternal mos RNA
begins shortly after progesterone addition and is maximal
in the mature oocyte. Mos kinase starts a phosphorylation
cascade leading to the activation of MAP kinase [see ref.

28]. MPF kinase activity was determined by measuring
the enzymatic activity of Cdc2 [see ref. 29]. The radioac-
tivity incorporated in the peptide substrate was determined
using phosphocellulose paper (Whatman P81). MAP
kinase (p42/44MAP kinase; Amersham Biosciences kit
RPN84) was assayed following the manufacturer’s instruc-
tions with some modifications. Briefly, 5 ml of cell lysate
(corresponding to 20 mg of total proteins) were added to
a reaction mixture containing 10 ml of substrate buffer
and 15 ml of [g-32P]ATP (50 mM; 5,000 cpm/pmol). The
reaction was incubated for 60 min at 30°C, and the
amount of phosphorylated peptide was determined as for
the Cdc2 kinase assay.

Cytochalasin treatment
Two-cell embryos were exposed to 20 or 50 mM cytocha-
lasin B for 90 min and processed for confocal microscopy
parallel to control embryos. Early studies showed that
tritiated cytochalasin B does not penetrate into the
Xenopus egg before first cleavage and cytochalasin B
enters the eggs through the unpigmented surface area in
the furrow [see ref. 30]. Exposure to the drug was preferred
to injection into the egg as it allows an even distribution
of the drug in the cell.

Immunoprecipitation
Samples were homogenized in buffer I with the addition
of 100 mM NaF and a protease inhibitor cocktail (Sigma
P8340), prior to centrifugation at 15,000 g for 45 min.
Alternatively, 20 mM Tris-HCl 7.5, 20 mM NaCl, 0.1%
NP-40, 10% glycerol and protease inhibitors (buffer II)
were used as homogenization buffer. The A431 cell line
was used as positive control. Undiluted polyclonal anti-
p27BBP/eIF6 or preimmune serum was exposed to super-
natants (1:75 v/v) for 1 h under constant agitation. Protein
A-Sepharose Cl4B (Phamacia Biotech) was added to the
sample (1:3 v/v) and kept under agitation for 30 min. Fol-
lowing several rinses in buffer I, the recovered precipitates
were boiled in sample buffer under reducing conditions.

Phosphatase treatment
Eggs were homogenized in buffer II with the addition of
100 mM phosphatase inhibitor NaF (Sigma P8340),
prior to centrifugation. Supernatants containing 600 µg
of proteins were immunoprecipitated with polyclonal
anti-p27BBP/eIF6 or preimmune serum, for 1 h under
constant agitation and exposed to Protein A-Sepharose
Cl4B as indicated above. Following several rinses in
buffer II, without NaF, the recovered precipitates were
suspended in phosphatase buffer (10 mM Tris-HCl, pH
8.5 at 37°C, 10 mM MgCl2) and treated with 4 U of calf
intestinal alkaline phosphatase (New England Biolabs)
for 30 min, at room temperature. After treatment and
rinsing, beads were resuspended in sample buffer before
electrophoresis.
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Sucrose gradients
Sucrose gradients were performed according to Ceci et
al. [5], modified by a short centrifugation to avoid yolk
interference as in Cardinali et al. [31].

Confocal microscopy
Small clusters of previtellogenic oocytes were fixed in
2–4% paraformaldehyde in PBS and extracted in a Hepes
buffer containing glycol hexylene [20]. Fully grown
oocytes, eggs, fertilized eggs and two-cell embryos were
similarly fixed in paraformaldehyde in PBS, omitting the
extraction step, according to Gard et al. [18]. The samples
were bisected along the equator to separate animal and
vegetal halves for the optimization of antibody penetration.
All the samples were incubated in anti-p27BBP/eIF6 or in
anti-pan-cytokeratin, using rabbit IgG as controls for the
purified antibody and PBS for monoclonal antibody. The
secondary antibodies were BODIPY FL-conjugated

anti-rabbit goat IgG for anti-p27BBP/eIF6 and Texas 
Red-conjugated anti-mouse goat antibodies for anti-pan-
cytokeratin. For double localization, the samples were
incubated with anti-p27BBP/eIF6 and anti-pan-cytokeratin
followed by exposure to both secondary antibodies. Some
samples of fertilized eggs were exposed for 30 min after
methanol fixation to 10 or 20 U of RNAse from bovine
pancreas (Roche, Mannheim, Germany) in 1¥ SSC.
An Olympus Fluoview (Olympus, Segrate, Italy) confocal
microscope, based on an Olympus IX-70 inverted micro-
scope, was used for all experiments. A Kr/Ar laser was
used to produce the excitation laser lines at 488 and
568 nm. Fluorescence emission wavelengths were sepa-
rated by a 530-nm dichroic mirror followed by passage
through a 510- to 550-nm bandpass filter (green fluores-
cence emission) or a 585-nm longpass filter (red fluores-
cence emission). Images were then collected in a photo-
multiplier. Laser power and photomultiplier settings

1644 R. Carotenuto et al. p27BBP/eIF6 during Xenopus laevis oogenesis

Figure 1. p27BBP/eIF6 distribution in oocytes and in eggs. (A) Left: SDS-PAGE (10% polyacrylamide) of oocytes (o), unfertilized (u) and
fertilized (f) egg supernatant. Right: Western blotting with monoclonal anti-p27BBP/eIF6 antibody and AP-conjugated secondary antibodies.
A 27-kDa band cross-reacting with the antibody is present in oocytes, unfertilized and fertilized eggs and embryos (neurula) (e). In unfertil-
ized and fertilized eggs and embryos a second band of 29 kDa cross-reacts with the same antibody. (B) Supernatants of oocytes, unfertil-
ized and fertilized eggs immunoprecipitated with anti-p27BBP/eIF6 polyclonal antibodies. The immunoprecipitates were run on 10% poly-
acrylamide gels, blotted, incubated with the same antibodies and revealed by Protein A-peroxidase-ECL. As control, oocyte supernatant
was immunoprecipitated with pre-immune serum (PI). While in the control oocytes, no band was detected, the 27-kDa band was found in
the three samples immunoprecipitated by anti-p27BBP/eIF6, and the 29-kDa band was found in the u and f eggs. (C) St. 6 oocytes treated
with TPA or progesterone and utilized for SDS-PAGE (15% polyacrylamide) and Western blot with anti-p27BBP/eIF6 and secondary AP-con-
jugated antibodies. The original gels used for this Western blot were charged with 60 mg for each well and over-run to improve band sep-
aration. Lane 1, untreated ocytes; lane 3, TPA exposed oocytes and (lane 2) related control; lane 4, progesterone-exposed oocytes. The 29-
kDa band appears in both progesterone- and TPA-exposed oocytes. (D) Western blot of a gel loaded with equal protein amounts of oocytes
collected at times 0, 2, 3.5, the white-spot stage (WP) and 16 h following progesterone treatment (M-II). The 29-kDa protein was immun-
odetected 2 h following progesterone exposure. (E) Markers of oocyte maturation. The same oocyte samples used for the experiments in D
were utilized in these assays. At the indicated times after progesterone induction, oocytes were lysed and 20 mg of supernatants assayed to
measure Cdc2 and MAP kinase activities (graph). WP, white spot. Alternatively, 40 mg of the same samples was separated on SDS-
PAGE, blotted to nitrocellulose and probed with anti-Xenopus Mos (XeMos) or anti-phospho-MAP kinase (MAPK-P). Immunoreactivity
was detected by ECL plus.
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were kept constant for all experiments. Experiments
were standardized by using sections spaced at 1-µm in-
tervals using a ¥60/1.25NA UPlanFl fluorescence objec-
tive (Olympus). Images were processed by the confocal
software and Adobe Photoshop. 

Analysis of confocal images
Confocal images were analyzed to examine the extent of
p27BBP/eIF6 along cytokeratin fibres or in the whole 
cytoplasm. The analysis was performed using the confocal
software. Graphs of localization on cytokeratin filaments
were analysed by recording green fluorescence along a
fibre of cytokeratin traced by the confocal software.
Because cytokeratin fibres were of variable lengths, 
diverse traces were accumulated to form a total of 50 µm
of cytokeratin fibre length. Areas of p27BBP/eIF6 were 
defined as peaks of green fluorescence greater than 2000
fluorescence units (background fluorescence averaged
500 fluorescence units). For each analysis (a minimum of
three samples), ten single confocal sections were super-
imposed to provide the images used in the analysis. Peaks
of p27BBP/eIF6 fluorescence were again recorded over
2000 fluorescence units in an area of interest of the egg
cytoplasm, defined by the confocal software analysis pro-
gram. Here, single confocal slices were used to measure
the number of peaks. Where indicated, peripheral areas
immediately under the egg plasma membrane were mea-
sured and internal areas were measured 40 µm from the
plasma membrane, as visualized by the confocal section.

Results

p27BBP/eIF6 protein is in the oocytes and is modified 
after progesterone or TPA-induced oocyte maturation
Supernatants of previtellogenic and vitellogenic oocytes
(meiotic prophase I), unfertilized eggs (meiotic metaphase
II), early zygotes (meiotic telophase II-first cleavage
cycle) displayed a band of approximately 27 kDa by SDS-
PAGE and Western blotting, using either monoclonal 
or polyclonal anti-p27BBP/eIF6 antibodies and AP-conju-
gated secondary antibodies. In unfertilized and fertilized
eggs, a second band of about 29 kDa cross-reacted with
the same antibodies. The two bands were maintained
throughout development to the neurula stage (fig. 1A).
Similar results, i.e. the presence of a 27-kDa band and a
29-kDa band, were obtained by immunoprecipitation of
total extract of unfertilized eggs and fertilized eggs with
anti-p27BBP/eIF6 (fig. 1B). These samples were ECL-
developed. We noted that during immunoprecipitation,
the 29-kDa band was less efficiently recovered, sug-
gesting differential localization leading to antigenic
masking. We hypothesized that the 29-kDa band is a 
developmentally regulated post-translational modification
of p27BBP/eIF6.

In vitro maturation of st. 6 oocytes was induced by prog-
esterone or TPA (PKC agonist) treatment [32]. Mature
oocytes extracted and probed with a monoclonal p27BBP/
eIF6 antibody (fig. 1C) showed the 29-kDa band in prog-
esterone- and TPA-stimulated but not in untreated oocytes.
To determine at what stage the 29-kDa band appears along
the progesterone-induced pathway, hormone-exposed
samples were monitored until several hours after ‘white-
spot’ appearance, run in SDS-PAGE and analysed for
p27BBP/eIF6 (fig. 1D). Data indicated that the 29-kDa
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Figure 2. (A) Western blot of oocytes (o) and unfertilized eggs (u)
exposed to anti-phosphoserine (anti-Pser) or to anti-p27BBP/eIF6, as
indicated, and revealed by AP-conjugated secondary antibodies. In
the unfertilized eggs, the 29-kDa band cross-reacts with anti-p27BBP/
eIF6 and anti-phosphoserine. B. Western blot of unfertilized (u) and
fertilized (f) egg supernatants immunoprecipitated with anti-p27BBP/
eIF6 or with preimmune serum. The blot was first incubated with
anti-phosphoserine and revealed by protein A-peroxidase-ECL. The
same blot, after stripping, was incubated with p27BBP/eIF6 and sim-
ilarly revealed, showing that the upper part of the band of u and f
cross-reacts with anti-phosphoserine, as reconstructed in B1. In B,
pre-immune serum-precipitated (PI) unfertilized eggs are also shown
as negative control. (C) Western blots of unfertilized egg super-
natants immunoprecipitated with anti-p27BBP/eIF6 or with preim-
mune serum. Following immunoprecipitation, some samples were
treated with calf intestinal alkaline phosphatase (PPAse). The blotted
15% gel was run over the front line to improve resolution of the
29-kDa protein. The blots were incubated with anti-p27BBP/eIF6
and revealed by protein A-peroxidase-ECL. Lane 1, immunopre-
cipitate treated with PPAse; lane 2, untreated immunoprecipitate;
lane 3, Preimmune serum-precipitated sample; lane 4, total lysate
treated with PPAse; lane 5, untreated total lysate. The small bar on
the left panels indicates the 31-kDa Mr standard.
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band was visible already 2 h following progesterone
exposure. In aliquots of the same oocyte samples, Mos
and MAPK onset, as well as MAPK and Cdc2 activities
were determined (fig. 1E). A comparison of figures 1D
and 1E shows that the 29-kDa band was found when the
maturation markers started to appear and MAPK and
Cdc2 activities were at an initial stage, suggesting that
p27BBP/eIF6 undergoes a post-translational change during
oocyte maturation.

The 29-kDa band cross-reacts with anti-phosphoserine
and disappears following phosphatase treatment
Western blotting showed that the 29-kDa band cross-
reacted with anti-phosphoserine (fig. 2A) but not with
anti-phosphothreonine (data not shown). We immunopre-
cipitated p27BBP/eIF6 and probed it for phosphoserine.
Data showed that the 29-kDa band immunoprecipitated
by anti-p27BBP/eIF6 was recognized by phosphoserine
antibodies (fig. 2B). Furthermore, the 29-kDa band was
not recovered by immunoprecipitation with anti-p27BBP/
eIF6, if extracts were previously incubated with phos-
phatase (fig. 2C). Thus, data suggest that p27BBP/eIF6
is phosphorylated by a PKC pathway during oocyte 
maturation.

Protein localization varies according to meiotic stage
In toto confocal microscopy of oocytes showed immunos-
taining both in the whole nucleoplasm and in strings
surrounding the nucleoli (fig. 3a, b). In previtellogenic
oocytes, the immunostaining was evenly distributed
(fig. 3a). In vitellogenic oocytes, anti-p27BBP/eIF6 im-
munostaining was clearly present in follicle cells, in the
macrovilli of the follicle cells and at the oocyte periphery
both in the animal and vegetal hemispheres (fig. 3c, d).
However, at the final stages of oocyte growth, this protein
acquired a rather polarized distribution, like other mole-
cules and organelles [see ref. 18, 33]. In the animal half,
small dots of the immunostain were concentrated at the
oocyte surface and in a peripheral layer of 15–20 mm, while
sparsely distributed in the cytoplasm bulk (fig. 3c, d). In
the vegetal hemisphere, p27BBP/eIF6 distribution in the
peripheral layer was not evident and the immunofluo-
rescent dots were even less abundant (fig. 3e).
In unfertilized eggs, the immunostain was spread across
the cytoplasm from the periphery to the bulk of the cyto-
plasm in the animal half (fig. 3g, h). Immunofluorescent
dots were detected in the vegetal half and surrounded the
numerous yolk platelets appearing as pearl strings (arrow
in fig. 3i). One hour after fertilization, abundant immuno-
fluorescent dots were found in the animal half. Some of
them were concentrated in a fluorescent shell around
cytoplasmic organelles, such as yolk platelets (fig. 3k, l).
In the vegetal half, the fluorescence pattern was similar,
although dots were sparsely present in the cytoplasm
(fig. 3m, n). The immunostaining was specific (fig. 3f, j).

p27BBP/eIF6 binds 60S subunits, partially overlaps
with cytokeratin and is functionally linked to the CSK
In mammalian cells, p27BBP/eIF6 is associated with the
CSK. In addition, in yeasts and mammals, it is partially
linked to 60S ribosomal subunits [1, 2, 5]. In Xenopus,
immunoprecipitation of p27BBP/eIF6 leads to co-precipita-
tion of ribosomal protein L5 (fig. 4a), suggesting that, at
least part of p27BBP/eIF6 is bound to 60S subunits. Simi-
larly, in ribosome profiles, p27BBP/eIF6 sedimented with
the ribosomes, peaking at 60S–80S, was absent on poly-
somes and was present in the soluble phase (fig. 4b). Since
this analysis excludes cytoskeletal bound p27BBP/eIF6, we
conclude that p27BBP/eIF6 is present on 60S, absent from
polysomes (as in yeasts and mammals), but also present
in other compartments (soluble and insoluble). 
To gain information about the CSK association of
p27BBP/eIF6, which eludes ribosomal analysis, samples
were incubated with anti-cytokeratin and anti-p27BBP/eIF6
antibodies and observed by confocal microscopy. In st. 6
oocytes, some overlap of fluorochromes was recorded in
the follicle cells and oocyte membranes and in the sur-
rounding thecae. Furthermore, anti-p27BBP/eIF6-stained
dots were found mostly in the peripheral cytoskeletal 
network delimited by bundles cross-reactive with anti-
cytokeratin antibodies (fig 5a). Figure 5b is a control
section where staining is absent. In unfertilized eggs,
practically no overlap was observed of the two antibodies
(fig. 5c). In the animal halves of fertilized eggs, cytokeratin
was organized in short bundles immersed in the cytoplasm.
Figure 5d indicates contiguity or overlap between cytok-
eratin and p27BBP/eIF6, particularly around the yolk
platelets. In corresponding vegetal halves (fig. 5e, f), the
thick bundles of cytokeratin were spread across the zygote
periphery and co-localized with p27BBP/eIF6. The protein
was spot-like and decorated the cytokeratin bundles, ac-
quiring a yellow fluorescence (BODIPY FL and Texas
Red fluorescence), in contrast to the green fluorescence
(BODIPY FL-labelling) of p27BBP/eIF6 dispersed in the
cytoplasm (fig. 5f). A frequency trace of the p27BBP/eIF6
localization on cytokeratin fibres in oocytes and fertilized
eggs is shown in figure 5i (I, II, III). In samples treated
with 20 U RNAse  (fig. 5g, h), sites of co-localization
appeared to be sparser than in the untreated eggs. Indeed,
comparison of the frequency trace of RNAse-treated fer-
tilized eggs versus the trace of corresponding untreated
samples strongly suggests that the sites of co-localization
decreased following RNAse treatment (compare fig. 5i
IV, with 5i II and III). In this sense, p27BBP/eIF6 fluores-
cence peaks were higher in control images than in
RNAse-treated samples, with no distinction between the
peripheral and the internal cytoplasm (table 1). 
In cleaving embryos, cytokeratin and p27BBP/eIF6 were
mixed in the cytoplasm and appeared to colocalize in par-
ticular at the blastomere periphery (fig. 6a). In embryos
exposed to cytochalasin B at the two-cell stage, we found
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Figure 3. Confocal immunolocalization of p27BBP/eIF6 in oocytes and unfertilized and fertilized eggs with BODIPY-conjugated secondary
antibodies. Each image was elaborated using three optical sections 1-mm thick. Stage 2 oocyte showing a general cross-reactivity to the
antibody in the germinal vesicle (a) that is evident in thin chains (b, large arrow) that surround nucleoli (small arrow). The mitochondrial
cloud is indicated with an asterisk (a) and in the corresponding phase contrast image (a1): it is not immunoreactive. a, a1, ¥ 230; b ¥ 1000.
(c) Tangential view of the animal hemisphere of a st. 5 oocyte. The large arrow points to the theca and follicle cells whose boundaries are
immunoreactive. The arrowhead indicates the articulated peripheries of the oocyte and the follicle cells that are cross-reactive, similar to
the small dots in the peripheral cytoplasm (small arrow); ¥ 500. (d) Animal half of an oocyte where the somatic cells were removed. The
immunoreactive dots (small dots) are present in a layer of 15–20 mm; ¥ 500. (e) Vegetal half of the same oocyte shown in c, where the large
arrow points to the somatic tissue and the small arrow to the sparse immunoreactive dots in the peripheral cytoplasm; ¥ 500. ( f ) Control
image of the vegetal half of the oocyte where no staining is present; ¥ 500. (g) Optical section of the animal hemisphere taken at the equator
of an unfertilized egg. The immunofluorescence is relevant at the egg periphery (large arrow) and is also widespread in the rest of the
cytoplasm; ¥ 70. (h) The animal half periphery shows a high concentration of immunoreactive dots that may fuse together (large arrow);
¥ 850. (i) Vegetal half of the same egg as in h, showing that the immunoreactive dots form a string of pearls around organelles such as yolk
platelets (large arrow); ¥ 850. ( j) Control image of an egg animal half: the immunostain is absent; ¥ 850. (k) Tangential view of the ani-
mal hemisphere of a fertilized egg, showing an immunoreactive rim around cytoplasmic organelles, ¥ 300. At a higher magnification
(l) (¥1000) in addition to the fluorescence around the organelles (large arrow), immunoreactive dots are abundantly present (small arrow).
(m, n) Corresponding views of the vegetal side of the fertilized egg where the immunoreactive dots (small arrow) are less concentrated than
in the animal half (compare l with n). m ¥ 300, n, ¥ 1000.
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that, as expected, the cleaving furrows had disappeared
(fig. 6b). Here, the cytokeratin localization was strongly
affected, being located mostly at the embryo periphery.
p27BBP/eIF6 followed this distribution (fig. 6b). In an
optical section taken from the equator, in the animal half,
the finely intermingled co-localization of both proteins at
the cell periphery could be observed (fig. 6c). Figure 6d
is a control sample where the immunostain is absent.
Taken together, the data indicate that p27BBP/eIF6 associ-
ates with the CSK according to the developmental stage.
In addition, association with the CSK is impaired by
RNase treatment (see Discussion).

Discussion 

We studied p27BBP/eIF6 localization and post-translational
modifications during oogenesis and early embryonic
stages in X. laevis. Three properties have been described
in the past for p27BBP/eIF6: association with 60S and 
ribosomes in yeasts and mammals [4, 2]; PKC-dependent
modifications coincident with translation in human cancer
[5]; association with intermediate filaments in mammalian
cells [1, 34]. We observed that these properties are also
present in Xenopus. However, our data, the first in an in
vivo multicellular and developing system, suggest that
these properties are developmentally regulated.
The association of p27BBP/eIF6 with ribosomes has been
observed in yeasts and mammals. Here we confirm find-
ings from these systems. Importantly, we observe that
p27BBP/eIF6 is excluded from polysomes in line with the
notion that p27BBP/eIF6 must be released from 60S to start
translation [see ref. 5]. Additionally, we noted that, unlike
yeasts, the amount of p27BBP/eIF6 not bound to ribosomes
is higher [see ref. 5]. This observation suggests that dur-
ing evolution, p27BBP/eIF6 may have acquired novel func-
tions. We observe for the first time in vivo a develop-
mental change of p27BBP/eIF6 electrophoretic mobility. In
vitro maturation experiments coupled with Western blot-
ting showed that, upon oocyte stimulation by proges-
terone, a major post-translation change of p27BBP/eIF6
takes place, i.e. a higher-Mr band of 29 kDa appears, as a
result of its de novo serine phosphorylation. The 29-kDa
band is also observed in developing embryos, indicating
that it is produced as well by the zygotic genome. One in-
teresting possibility is that the kinase involved is PKC as
shown in mammalian cells [5] and this may have a major
functional role in oocyte maturation. In Xenopus oocytes,
progesterone is known to act synergistically to [35] or via
[9] PKC. In this work, the 29-kDa protein appears before
the ‘white-spot’ stage, suggesting that during oogenesis,
p27BBP/eIF6 phosphorylation occurs at the onset of the
major Mos/MPF activation events. No direct evidence is
yet available that the observed phosphorylation in serine
is caused by PKC. However, the fact that the 29-kDa pro-
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Table 1. Distribution of p27BBP/eIF6 after RNAse treatment of
fertilized eggs.

No RNAse RNAse p

Periphery 0.77 ± 0.12 0.4 ± 0.02 <0.001
(n = 60) (n = 60)

Internal 0.39 ± 0.01 0.23 ± 0.04 <0.001
(n = 60) (n = 60)

Values represent the mean ± SD of peaks of green fluorescence per
100 µm2 of cytoplasm. Data were collected using ten analyses of at
least three separate experiments. Internal regions are 40 µm inside
the egg cytoplasm.

Figure 4. p27BBP/eIF6 association with ribosomes. (A) Oocyte super-
natant immunoprecipitated with anti- p27BBP/eIF6, blotted and 
incubated with anti-L5 or anti-p27BBP/eIF6, as indicated. The blots
were ECL-revealed. 1, stage 4–6 oocytes total supernatant; 2, anti-
p27BBP/eIF6-immunoprecipitated oocyte supernatant; 3, oocyte super-
natant immunoprecipitated with preimmune serum; 4, anti-p27BBP/
eIF6-immunoprecipitated A431 mammalian cells, as positive
control. On the anti-p27BBP/eIF6-immunoprecipitated supernatant
of oocytes (2), a band immunoreactive with anti-L5 is detectable.
(B) Sucrose gradient analysis. Fractions from unfertilized eggs
were separated on 15–50% sucrose gradients. Gradient fractions
were collected while the optical density profile at 254 nm was
monitored (upper panel). Aliquots of each fraction were used for
immunoblotting with anti- p27BBP/eIF6 (lower panel).
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Figure 5. Confocal immunoco-localization of p27BBP/eIF6 and cytokeratin in st. 6 oocytes and unfertilized and fertilized eggs. The secondary
antibodies were BODIPY-conjugated anti-rabbit goat IgG for anti- p27BBP/eIF6 and Texas Red-conjugated anti-mouse goat antibodies for
anti-pan cytokeratin. Images were elaborated as indicated in figure 4. (a) Animal half of a st. 6 oocyte. Note a co-localization of both
antibodies in the somatic tissue (small arrow). Anti-p27BBP/eIF6-stained dots (asterisk) are embedded in the peripheral network of the CSK
delimited by anti-cytokeratin antibody-stained fibres (lage arrow). The arrowhead shows the ‘radii’ of the CSK where no co-localization
was found with anti- p27BBP/eIF6 antibodies. ¥ 350 (b) Control st. 6 oocyte, incubated with pre-immune serum. The staining is absent. ¥ 350.
(c) Animal half of an unfertilized egg, at the equator. The cytoplasmic organelles are surrounded by an anti-cytokeratin cross-reacting ring
(in red), where little or no co-localization (in yellow) with anti-p27BBP/eIF6 (in green) is present (small arrow). ¥ 1000. (d) Animal half of
a fertilized egg, at the equator. Cytokeratin surrounds the organelles as short bundles where some co-localization (in yellow) of the two anti-
bodies occurs (arrow). ¥ 1200. (e) Vegetal half of a fertilized egg. The optical section shows the conspicuous peripheral cytoskeletal net-
work that forms in this region following fertilization. ¥ 1100. ( f ) Higher magnification of the vegetal half of a fertilized egg. A dot-like
localization of p27BBP/eIF6 is spread throughout the cytoplasm, on the cytokeratin-containing fibres (arrow) and on the thinner CSK net-
work branching from the large one. ¥ 1700. (g) Vegetal half of a fertilized egg, treated with 20 U RNAse. ¥ 1100. (h) Detail of the sample
shown in g. Little co-localization of p27BBP/eIF6 and cytokeratin is seen (arrow). ¥ 1700. (a–h) Each figure was elaborated using 15 optical
sections. (i) Graphs are a representative example of the confocal green fluorescence (p27BBP/eIF6) output measured by following a trace of cy-
tokeratin fibres (red fluorescence). The top trace (I) shows the periphery of the animal half of the oocyte, the central trace (II) is the pe-
riphery of the animal half of the fertilized egg and the lower trace (III) is the periphery of the vegetal half of the fertilized egg. IV is a
trace of green fluorescence along a cytokeratin fiber after treatment of fertilized eggs (vegetal half) with 20 U RNAse. The trace is recorded
in an area 40 µm from the periphery of the egg. All traces are measured along a total of 50 µm cytokeratin fibres.
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tein is produced in the oocyte by TPA treatment argues in
favour of this hypothesis. Furthermore, in Xenopus, two
potential PKC phosphorylation sites in Ser were found in
p27BBP/eIF6 cDNA [M. C. Vaccaro et al., unpublished
data]. In vitro and in cancer cells, PKC-mediated phos-
phorylation of p27BBP/eIF6 is part of the major biological
role of p27BBP/eIF6 in mammals. In fact, PKC-mediated
phosphorylation of p27BBP/eIF6 results in its release from
60S and translation [5]. Data in this paper suggest the
first example where phosphorylation of p27BBP/eIF6 is
functional to the regulation of translation along a devel-
opmental pathway. Indeed, p27BBP/eIF6 phosphorylation
of X. laevis oocytes occurs following removal of the mei-
otic translation block at maturation, a time when the reg-
ulation of protein synthesis is orchestrated by new mech-
anisms [36]. Accordingly, we found a higher concentra-
tion of immunofluorescent dots, in the animal half
compared to the vegetal half after fertilization, and the
activity in protein synthesis of the animal half is higher
than in the vegetal half of Xenopus fertilized eggs [37].
Moreover, the coalesced configuration of p27BBP/eIF6
around cytoplasmic organelles and its co-localization
with the CSK occur after maturation, when the phospho-
rylated and the unphosphorylated forms of p27BBP/eIF6
are both present throughout the cytoplasm and the cy-
toskeleton is sharply rearranged [see ref. 20]. In contrast,
in the oocyte at prophase arrest, when only the unphos-
phorylated form is found, confocal microscopy showed
that p27BBP/eIF6 colocalizes with the CSK in the follicle
cells but not with the oocyte cytoplasmic CSK [see ref.
18]. Indeed, in the animal half, p27BBP/eIF6 is segregated
in a layer, intermingled but not co-localizing with a 
cytoskeletal network located therein [18, 19]. 

In yeast, phosphorylation in serine of Tif6p, the homologue
of p27BBP/eIF6, by casein kinase 1 was found to regulate
p27BBP/eIF6 nucleocytoplasmic distribution [38], suggest-
ing that this event may be similarly involved in regulating
protein distribution in Xenopus oocytes. This event being
mediated by casein kinase 1, it is unlikely to reflect the
PKC-stimulated appearance of the 29-kDa band, although
further studies would be required to reach a definitive
conclusion. 
The p27BBP/eIF6 co-localization with the CSK filament
network is, strikingly, developmentally regulated. It occurs
in fertilized eggs over spots aligned along the bundle axis,
while dots reactive uniquely with anti-p27BBP/eIF6 are
spread throughout the cytoplasm. Cytochalasin B experi-
ments and confocal microscopy suggest a functional asso-
ciation of p27BBP/eIF6 with the CSK. On the other hand,
RNAse depletion of the anti-p27BBP/eIF6-reacting spots
on cytokeratin fibres, as indicated by fluorescence fre-
quency analysis, strongly suggests that some of the p27BBP/
eIF6 is linked to RNA bound to those fibres. One should
note that, in our experiments, enzymatic treatment is
apparently effective in removing p27BBP/eIF6 also from
RNAse-sensitive sites throughout the cytoplasm. The
actual role of p27BBP/eIF6 binding to the CSK is unclear,
especially where b4 integrin is absent. We propose the
following hypothesis. In eukaryotic cells, the majority of
mRNAs and polyribosomes have been shown to be asso-
ciated with the cytoskeleton [reviewed in ref. 39]. In cell-
free extracts, 40S and 60S ribosomes bind to intermediate
filaments at the N-terminal head domain of cytokeratin
[40, 41]. As p27BBP/eIF6 binds to 60S in eukaryotic cells
[2], the intriguing possibility exists that p27BBP/eIF6 on
cytokeratin filaments observed in this study indicates
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Figure 6. Confocal immunocolocalization of p27BBP/eIF6 and cytokeratin in cytochalasin B-treated embryos. The secondary antibodies
were the same as indicated for figure 5. Images were elaborated as indicated in figures. 3 and 5. (a) Untreated cleaving embryo, animal
side, at the equator. Cytokeratin and p27BBP/eIF6 appear to co-localize both at the blastomere membranes (large arrow) and in the cytoplasmic
dots (small arrow). Arrowhead cleavage furrow. ¥ 900; (b) Cognate embryo where cleavage could not occur as a consequence of cytochalasin
B exposure. The optical section was taken at the embryo equator. Most p27BBP/eIF6 is at the membrane, where co-localization with cy-
tokeratin is evident (arrow). ¥ 760. (c) Detail of the co-localization of cytokeratin and p27BBP/eIF6 in a tangential view of a cytochalasin
B-treated embryo. ¥ 900. (d) Control sample of cleaving embryo. The immunostain is absent. ¥ 900.
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sites where p27BBP/eIF6 binds to 60S, forming 60S-p27BBP/
eIF6 complexes. If this is correct, then in early embryoge-
nesis, 60S-p27BBP/eIF6 may be stored at the cytoskeleton
and made available for use according to cellular needs.
Ceci et al. [5] showed that p27BBP/eIF6 binds to the 60S
subunits when it is not phosphorylated by PKC. Therefore
the cytokeratin-linked RNA-p27BBP/eIF6 complexes may
represent a storage of inactive 60S in Xenopus eggs. Our
next step will be to analyse cytokeratin-p27BBP/eIF6
binding under various experimental conditions.
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Expression of p27BBP/eIF6 is Highly Modulated
During Xenopus laevis Embryogenesis
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ABSTRACT Protein p27BBP/eIF6 is necessary
for ribosomal function of all cells. Previous data
showed that from mammals to yeast p27BBP/eIF6 is
involved in the biogenesis of ribosomal subunit 60S
and its association with the 60S prevents premature
80S formation regulated by PKC signaling, indicating
that phosphorylation of p27BBP/eIF6 is needed for
translation to occur. While in vitro p27BBP/eIF6 is
constitutively expressed, and it has a high level of
expression in cycling cells, in vivo its expression varies
according to tissues and appears regulated by factors
up to now unknown. p27BBP/eIF6 has never been
investigated in developing organisms where its upre-
gulation can be correlated with tissue growth and
differentiation. In this study we have sequenced
p27BBP/eIF6 cDNA and studied its expression during
development of Xenopus laevis, as the first step for
studying its regulation. The amino acid sequence is
highly conserved with two putative PKC phosphoryla-
tion sites in serine, one site being typical of Xenopus. At
the end of gastrulation, the p27BBP/eIF6 riboprobe
localizes in the neural plate and in the paraxial
mesoderm. In particular, from stage 24, a clear-cut
localization occurs in the perspective head. In embryos
exposed to teratogens, the localization of p27BBP/eIF6
riboprobe varies according to the change of head size
caused by the treatment. p27BBP/eIF6 expression is
particularly evident in differentiating olfactory pits, the
lens, otic vesicles, and in branchial arches. Features of
particular interest are p27BBP/eIF6 high level of
expression in the eye field, and in the mid-hindbrain-
boundary, two regions with high proliferative activity.
Altogether, data indicate that a modulated expression
of p27BBP/eIF6 occurs in developing anlagens in
addition to a basal level of expression, and may suggest
a correlation between p27BBP/eIF6 and proliferative
activity. Moreover, the X. laevis cDNA isolation and
characterization offer new hints for further studies in
relation to potential p27BBP/eIF6 phosphorylation.Mol.
Reprod. Dev. 73: 482–490, 2006.
� 2006 Wiley-Liss, Inc.

Key Words: embryonic development; serine phos-
phorylation; brain; eyes; mid-hindbrain transition;
somites

INTRODUCTION

Mammalian p27BBP/eIF6 protein interacts with the
cytoskeleton and the b4 integrin cytodomain in epithe-
lial cells (Biffo et al., 1997). However, itsmost conserved
function derives from its participation in 60S biogenesis
and its association with the 60S ribosomal subunit.
First, it is essential for the biogenesis of 60S (Sanvito
et al., 1999); second, when bound to 60S, p27BBP/eIF6
inhibits its interaction with 40S ribosomal subunits to
form 80S (Si and Maitra, 1999; Ceci et al., 2003).
Recently, it was shown in vitro and in cancer cells that
p27BBP/eIF6 release from 60S depends upon PKC
phosphorylation (Ceci et al., 2003). In synthesis,
p27BBP/eIF6 is necessary for ribosomal function of all
cells. However, since overexpression of p27BBP/eIF6
inhibits 80S formation in the absence of PKC regulation
(Ceci et al., 2003), its level must be tightly regulated.
The promoter of ITGB4BP, the gene encoding for the

human p27BBP/eIF6 protein, has features of house-
keeping genes. Accordingly, in ‘in vitro’ cycling cells the
steady-state levels of p27BBP/eIF6 mRNA and protein
are high, the protein is stable and is downregulated only
upon prolonged serum starving (Donadini et al., 2001).
However, the scenarios of p27BBP/eIF6 expression are
variable in ‘in vivo’ conditions. p27BBP/eIF6 decreases in
cells committed to apoptotic cell death and is highly
expressed during the progression of some human
cancer, its overexpression corresponding to mRNA
upregulation (Sanvito et al., 2000). In mammalian
normal tissues, p27BBP/eIF6 levels are variable among
cells. Moreover, high steady state levels of p27BBP/eIF6
protein and mRNA can be rapidly induced, in response
to external events such as the rupture of the epithelial
barrier (Wood et al., 1999) or differentiative events such
as mast cell activation (Cho et al., 1998; Oh et al., 2001)
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indicating that in vivo the gene is tightly regulated
(Donadini et al., 2001). The molecular mechanisms
underlying these regulations are completely unknown.
At the light of the recent data on the role of p27BBP/eIF6
in ribosome maturation (Ceci et al., 2003), it appears
that more studies are needed to establish whether, in
normal cells, conditions such as cell proliferation or
specific steps of cell differentiation coincide with high
levels of p27BBP/eIF6 expression, in relationship to an
increased need of protein synthesis regulation.
p27BBP/eIF6 expression has never been evaluated in

embryogenesis, a process where cells actively cycle
before/during various differentiation fates and high
expression of the protein may occur along selected
pathways. As first step of a project aiming to study
p27BBP/eIF6 regulation during development, in this
study we have sequenced p27BBP/eIF6 cDNA and
studied p27BBP/eIF6 expression during the embryogen-
esis of Xenopus laevis. In this system, p27BBP/eIF6
undergoes phosphorylation in serine at first meiotic
resumption, constituting an example where phosphor-
ylation of p27BBP/eIF6 may take part in protein synth-
esis regulation in vivo (Carotenuto et al., 2005). Data in
this study show that the messenger is present through-
out embryogenesis, as analyzed by RT-PCR. Moreover,
highexpression levels of p27BBP/eIF6 occur in theneural
plate and paraxial mesoderm, from the beginning of
their patterning and later in embryogenesis in develop-
ing anlagens, in agreement with the proposed role of
p27BBP/eIF6 in regulating protein synthesis (Ceci et al.,
2003; Carotenuto et al., 2005). In particular, p27BBP/
eIF6 can be included among the molecules highly
expressed in regions where high cell proliferation
occurs, such as the eye field and themidbrain-hindbrain
boundary.

MATERIALS AND METHODS

Collection of Embryos

Adult X. laevis females were obtained from ‘Rettili’
Varese, Italy. To obtain eggs, X. laevis females were
injected in the dorsal lymphatic sac with 500 units of
Profasi BP (Serono, Rome, Italy) in Amphibian Ringer
(111 mM NACl, 1.3 mM CaCl2, 2 mM KCl, 0.8 mM
MgSO4, 25 mM HEPES, pH 7.8). Testes were removed
frommales anaesthetizedwithMS122 (SigmaChemical
Co, St. Louis, MO). Uterine eggs were inseminated by a
sperm suspension obtained bymacerating testes in 1/10
of Ringer. Embryos were staged according to the normal
table of X. laevis development (Nieuwkoop and Faber,
1994).

Isolation and Sequence Analysis of X. Laevis
p27BBP/eIF6 cDNA

The X. laevis p27BBP/eIF6 sequence deposited in EST
BankwithaccessionnumberAW767577, corresponds to
the 50 region of cDNA. The remaining sequence was
obtained by 30 rapid amplification of cDNA ends using
the System for Rapid Amplification of cDNA ends
(InvitrogenLifeTechnologies, Carlsbad,CA). The cDNA
synthesis was performed according to the manufac-

turer’s recommendations with 5 mg of total RNA
extracted from embryo stage 19 using the following
gene specific forward primer RACE 1: 50-AGAACTTC-
TACAGTGTGTTTGAA-GG-30 and forward nested pri-
mer RACE 2: 50-GCCTTTAGTAACCAAGGAGGCC-30.
The cDNA amplified was cloned into pDRIVE vector
(Qiagen, Valentia, CA) and sequenced in both directions
by PRIMM (Naples, Italy). All sequence information
was processed using BLAST, TM prediction, and
ScanProsite program; the multiple aligmnents were
generating with ClustalW. The complete sequence was
deposited in Gene bank with accession number AY
383654.

RNA Extraction and Nonquantitative RT-PCR

Total RNA was extracted from several embryonic
stageswithTRIReagent (Sigma). RT-PCRwas perform-
ed with a Titan one-step system (Roche, Mannheim,
Germany) using 1 mg of total RNA and the X. laevis
p27BBP/eIF6 gene-specific oligonucleotide, primer for-
ward:50-GTGTG-TCGCTTGAGTGAGGA-30 and primer
reverse: 50-CAGTTGCTCGTGAAAGTCCA-30. The reac-
tion was performed according to the manufacturer’s
recommendations using the Perkin-Elmer gene Amp
PCR system 2400.

Sample Preparation for SDS–PAGE and
Western Blot

Embryos were homogenized in HEPES buffer pH 7.5
containing 900mMglycerol, 0.02mMNaN3, 1mMATP,
1 mM DTT, 5 mM EGTA, and the following protease
inhibitors (Sigma): 2 mM TAME, 5 mg/ml SBTI, 5 m/ml
aprotinin, and 10 mM E64. After centrifugation at
15,000g for 40 min at 48C, protein concentration was
determined in the supernatants with the BCA protein
assay reagent (Pierce, Rockford, IL). After boiling in
sample buffer with b-mercaptoethanol, aliquots of 30–
60 mm of proteins were submitted to SDS–PAGE
separation in 15% polyacrylamide, utilizing molecular
mass standards (200, 116, 97, 45, 31, 21, or 14 kDa) (Bio-
rad, Hercules, CA). Western blotting on nitrocellulose
membranewas performed as inCarotenuto et al. (2005),
using a rabbit polyclonal antiserum against p27BBP/
eIF6 C-terminus or a mouse monoclonal antibody
recognizing an epitope between p27BBP/eIF6 aa 135
and 200, followed by incubation in alkaline phosphatase
(AP)-conjugated antibodies. Both anti-p27BBP/eIF6
antibodies are a gift of P.C. Marchisio and S. Biffo
(DIBIT and University Vita-Salute San Raffaele
Milano, Italy).

In situ Hybridization

Embryos were fixed in MEMFA 1X and stored in
absolute ethanol. The full-length X. laevis p27BBP/eIF6
was obtained byRT-PCRand cloned into pDRIVEvector
(Qiagen). p27BBP/eIF6 sense and antisense digoxigenin
labeled RNA probes were synthesized with RNA T7 or
SP6 polymerases (Roche). Fluorescein labeled RNA
probes of X-Otx2 (kindly supplied by M. Pannese,
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Ospedale San Raffaele DIBIT, Milan, Italy), Xrx1, and
XFGF8 (generously supplied by R. Vignali e M.
Andreazzoli, University of Pisa, Italy) were synthesized
with T3, T7, or SP6 RNA polymerases (Roche).
Wholemountwas carried out as described byHarland

(1991) with the following modifications: the anti-DIG-
alkaline phosphates conjugated antibody (Roche) was
preadsorbed against X. laevis embryo powder before
incubation. AP detection was performed with BM-
purple color substrate (Roche) and after staining, the
embryos were bleached and cleared in benzyl alcohol:
benzylbenzoate (1:2).
For double whole mount in situ hybridization, the

embryos were hybridized simultaneously with both a
digoxigenin- and a fluorescein-labeled probe under
standard conditions. After detection of the first probe
with BM-purple, the AP was inactivated in 100 mM
glycine pH 2.2 and 0.1% Tween-20, then the embryos
were blocked in MAB (100 mM maleic acid, 150 mM
NaCl, pH 7,5) and blocking reagent. Following incuba-
tion with the second antibody, anti-fluorescein-alkaline
phosphates conjugated antibody (Roche), the AP reac-
tionwas performedwithmagenta-Phos (Sigma) orBCIP
(5-bromo-4-chloro-3-indolylphosphate) (Sigma).
For the in situ hybridization on sections, the embryos

were fixed in 4% formaldehyde at room temperature,
followed by overnight 30%w/v sucrose treatment at 48C.
After embedding in tissue tek, the samples were frozen
and cryostat sectioned to a thickness of 9–10 mm.
Sections were placed on Superfrost Plus slides (Carlo
Erba) and processed as previously described (Vaccaro,
2003), utilizing p27BBP/eIF6 cDNA as probe.

Retinoic Acid and Lithium Chloride Treatment

Thirty two-cells cleaving embryos were dejelled in
Ringer pH 9.00 containing b-mercaptoethanol and
exposed to l mM or 10 mM retinoic acid (all-trans RA,
Sigma) in 1% DMSO until neurula (st.14), (see Durston
et al., 1989; Papalopulu et al., 1991). After several
rinses, the embryos were raised in 1/10 Ringer, together
with untreated sibling embryos to monitor the stage of
development. In a second group of experiments, 32-cells
embryos were treated with 0.3 M LiCl for 10 min (see
Kao and Elinson, 1988; Pannese et al., 1995), exten-
sively rinsed and grown in 1/10 Ringer.

RESULTS

Isolation and Analysis Sequence of X. laevis

Full-length X. laevis p27BBP/eIF6 cDNA was isolated
from embryos RNA by 30 rapid amplification of cDNA
end. The complete sequence is 1084 bp containing an
open reading frame (ORF) of 245 amino acids (Fig. 1a).
The size was confirmed by Northern blot analysis (data
not shown). In the ORF, the nucleotide sequence shows
78% identity with the p27BBP/eIF6 in mammals (H.
sapiens and M. musculus). By contrast no identity is
found in the X. laevis 30 Untranslated Region (UTR) of
279 bases which is AU-rich with the particular motif
UUUUUAU, located 93 nucleotides downstream of the

common polyadenylation hexanucleotide AAUAAA.
Analysis in the Embnet database UTR site shows that
this motif is the typical consensus sequence of the
cytoplasmatic polyadenylation elements (CPE).
Xenopus deduced amino acid sequence is highly

conserved in living organism and shares 92% identity
with the mammalian sequence (H. sapiens and Mus
musculus), 72% with S. cerevisiae, 75% with D.
melanogaster, and 62% with C. elegans. In the men-
tioned organisms, the homology is related to the whole
sequence, with a percentage of identity in the protein C-
terminus region smaller than the N-terminus (Fig. 1b).
Xenopus p27BBP/eIF6 has one potential transmembrane
domain in the N-terminus region (position 21–40)
(Fig. 1a), two potential N-glycosylation sites, NNTT
(position 74–77), and NTTD (position 75–78) (Fig. 1a
and two potential protein kinase C phosphorylation
sites, 91 SvR and 235 SmR (Fig. 1a–b).

p27BBP/eIF6 Expression in Embryo Development

RT-PCR analysis showed that p27BBP/eIF6 messen-
ger is present throughout embryonic development, from
first cleavage to tadpole (Fig. 2a). ParallelWestern blots
indicate thatbothp27BBP/eIF6 isoformsof27and29kDa
are present in samples of the same stages, in agreement
with data previously reported by Carotenuto et al.
(2005), where it was shown that p29 is a phosphorylated
form of p27BBP/eIF6.

Stages 12.5–24

The expression pattern of p27BBP/eIF6 gene was
studied by whole mount in situ hybridization in
embryos, starting from stage 12.5 where the signal
was found in the neural plate and was particularly
evident in the anteriormost region (Fig. 3a). Xotx2 and
Xrx1 probes were used for double hybridization with
p27BBP/eIF6 to mark the anteriormost extension of
p27BBP/eIF6 expression. Xrx1 controls proliferation and
neurogenesis, andat the endof gastrulation is expressed
in the anterior neural plate in territories fated to give
rise to the retina, diencephalons and part of the
telencephalon, while Xotx2, expressed in the prospec-
tive anterior neuroectoderm, is repressed in the area of
Xrx1expression (Andreazzoli et al., 2003).Double in situ
hybridization with Xrx1 and p27BBP/eIF6 showed over-
lap of the probes in particular in the eye field area,
labeled by sharp Xrx1 expression (Fig. 3b). Double in
situ hybridization with Xotx2 and p27BBP/eIF6 probes
overlaps anteriorly: Xotx2 surrounds part of the ante-
rior p27BBP/eIF6 expression (Fig. 3c,d). Moreover,
p27BBP/eIF6 signal overcomes anteriorly Xotx2 expres-
sion (Fig. 3d), where the cement gland field is located, as
reported by other authors (Gammil and Sive, 1997;
Wardle et al., 2002). In later developmentp27BBP/eIF6 is
similarly expressed all along the antero-posterior axis of
the embryo (Fig. 3e,f,h). At stage 24, p27BBP/eIF6mRNA
is found in the developing brain area, in particular in
the eye primordia, anlagens of otic, and olfactory
vesicles, as well as in the somites (Fig. 3h,i). Starting
from this stage, p27BBP/eIF6 mRNA is constantly
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localized in the differentiating epidermis (Fig. 3g).
p27BBP/eIF6hybridization signal is specific, as indicated
by the absence of signal, when the sense riboprobe is
used (Fig. 3g).

Stages 32–36

As development proceeds, the head localization
becomes more evident. At stages 32 and 35–36, the
p27BBP/eIF6mRNA is found in this region, with a clear-
cut boundary at the trunk limit (Fig. 4). In particular,
the riboprobe is localized in the brain, otic vesicle,
periphery of the lens area and more faintly, in the optic
cup (Fig. 4a). To further check the specificity of the
riprobe localization in the head, in addition to control
sense riboprobe (Fig. 4b), we have used teratogens, such
as retinoic acid (RA) and lithium chloride. Depending
upon dosage, RA diminishes or impairs the head
formation, on the basis of its well-known action on Hox
genes (Durston et al., 1989; Papalopulu et al., 1991). In
embryos treated with 10 mM RA, the head is strongly
reduced in size, the encephalon is rudimental or absent
and p27BBP/eIF6 expression has a sharply reduced
extension, according to the change in the head size
(Fig. 4c). Conversely, embryos treated with 0.3 M LiCl,
with opposite action on the embryos (see Kao and
Elinson, 1988), display sharp reduction of the trunk
and oversized head where high expression of p27BBP/
eIF6 occurs (Fig. 4d).

Fig. 1. a: Deduced amino acid sequence of the cDNA of X. laevis
p27BBP/eIF6 (EST Bank with accession number AY 383654). The
potential transmembrane domain in the N-terminus region (position
21–40) are evidenced, the potential protein kinase C phosphorylation
sites are in boldface and the potential glycosylation sites (NNTT and
NTTD) are underlined. b: Clustal formatted alignment of X. laevis

p27BBP/eIF6 with H. sapiens, D. melanogaster, S. cerevisiae and C.
elegans homologs. The perfectly conserved position are evidenced, the
potential protein Kinase C phosphorylation site typical to X. laevis or
common to mammalian are marked respectively by symbol * and
symbol �o.

Fig. 2. Not quantitative RT-PCR analysis and Western blot of X.
laevis p27BBP/eIF6 in embryos of the stages: 2, 8, 14, 24, 41, 45. a: We
have amplified 900 bp of complete p27BBP/eIF6 cDNA from the total
RNA of the indicated embryos stage. In the lane‘water,’ total RNA was
not added. b: The two p27BBP/eIF6 isoforms of 27 and 29 kDa are
present in all the examined stages.
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In a dorsal view of the embryo, the hybridization
becomes evident in the forebrain, midbrain, and hind-
brain and a strong signal is present in the midbrain
posteriormost region (Fig. 4e). In order to investigate
whether the labeled region is coincident with the MHB
(midbrain-hindbrain boundary), the constriction in the
neural tube at the junction between these two brain

regions, sibling embryos were hybridized with the
riboprobe of a marker of this region, FGF8 (Riou et al.,
1998) (Fig. 4f) or double labeled with p27BBP/eIF6
and FGF8 riboprobes. Figure 4g indicates that the
domain of higher p27BBP/eIF6 expression coincides
with that of FGF8. p27BBP/eIF6 signal gradually
decreases in the hindbrain and in the spinal cord is

Fig. 3. Whole mount in situ hybridization of stages 12.5–24
embryos. a: Stage 12.5 embryo. Using p27BBP/eIF6 antisense probe
the hybrydization signal is present in the neural plate, whose
anteriormost portion is indicated by the arrow. b: At the same stage,
double in situ hybridization with Xrx1 and p27BBP/eIF6 riboprobes
shows that p27BBP/eIF6 expression occurs in the eye field marked by
Xrx1 expression (arrow). c: Stage 12.5 embryo labeled by Xotx-2
riboprobe, showing the ring-like expression that surrounds the eyefield
(arrow). d: The same embryo as in C labeled with p27BBP/eIF6 in
addition to Xotx-2 riboprobe. p27BBP/eIF6 label surrounds Xotx-2

expression (arrow). The arrowhead indicates that p27BBP/eIF6 is
further expressed anterioly to the eye field. A,B,C¼ 13x. e, f: p27BBP/
eIF6 expression in stage 14 and 19 embryos, respectively, occurs in the
whole neural tube and surrounding axial mesoderm (arrow) x¼ 14.
g: Whole mount in situ hybridization using sense probe in stage 19
embryos: the signal is absent. x¼ 14. h, i: p27BBP/eIF6 messenger in
stage 24 is present in the somites (s), anlagen of otic vescicles (ot. v.),
and optic vescicles (e.). The anlagen of cement gland (c.g.) is stained
h¼ 16x; i¼ 32x. [See color version online at www.interscience.wiley.
com.]
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Fig. 4. Expression ofX. laevis p27BBP/eIF6messenger in stage 35/36
embryos. a: Lateral view of embryos indicating the signal in the
somites, branchial arches (b.a.), otic vesicle (o.v.), lens, and retina areas
(insert). The cement gland (c.g.) is practically unstained. b: Control
embryo with sense probe. a�b¼ 10x. c: Embryos treated with 10 mM
RA: the head was strongly reduced in size in embryo 1 and practically
absent in embryo 2. An high p27BBP/eIF6 expression is found in the
head remnant x¼6. d: Embryos treated with 0.3 M LiCl, with sharp
reduction of the trunk and oversized head where high expression of
p27BBP/eIF6 occurs, in particular in the eye x¼ 6. e–h: Dorsal view of
the embryo. e: The signal is evident in the brain; in particular a strong

signal is present in the midbrain posteriormost region (arrow).
f: Embryo labeled by the FGF-8 riboprobe. Themiddle brain-hindbrain
boundary is labeled (m-h.b.). g: Double hybridization with p27BBP/eIF6
andFGF-8 riboprobes, showing coincident labeling at themiddle brain-
hindbrain boundary (m-h.b.). h: p27BBP/eIF6 riboprobe signal is absent
in the spinal cord (sp.c.) e–h¼15x. i: Lateral view of an embryo
showing hybridization signal in the somites s¼ 20x. j: Cement gland
section hybridized with the p27BBP/eIF6 riboprobe. The label is present
in particular in the lateral cells (arrow). Arrowhead¼ epithelial cells
x¼ 100. [See color version online at www.interscience.wiley.com.]



absent (Fig. 4h), while still present in the somites
(Fig. 4i). In the developing cement gland p27BBP/eIF6
riboprobe was better depicted in sections than in ‘whole
mounts.’ The hybridization is evident in the whole
region of the gland, in particular in the lateral
boundaries (Fig. 4j).

Stage 41–45

At stage 41, the trunk keeps a faint localization of the
messenger and in the head the strong hybridization is
restricted to the anteriormost region where the ribop-
robe labels the forebrain and midbrain, as well as the
pharynx region and the branchial arches (Fig. 5a,b). At
stage 45, the hybridization, while still notable in the
forebrain, is faintly present in the MDH region and
absent in thehindbrain.The label is particularly evident
around the lens, in the olfactory pits, branchial arches,
and in the miotomes (Fig. 5c,d,e). Figure 5f is a sample
exposed to the sense riboprobe, and no label is found.

DISCUSSION

Donadini et al. (2001) reported that, in contrast to
in vitro cycling cells, human p27BBP/eIF6 expression is
regulated in normal cells, suggesting that p27BBP/eIF6,
in addition to be being expressed at basal level,
consistent with the characteristics of the ITGB4BP
promoter, can be modulated according to tissue needs.
According to Ceci et al. (2003) and as tested during
oocyte oogenesis in Xenopus (Carotenuto et al., 2005),
phosphorylation of p27BBP/eIF6has an important role in
protein synthesis regulation. Therefore, in embryogen-
esis,major expression and post-translationmodification
of p27BBP/eIF6 are expected to occur according to
increased need of protein synthesis regulation along
tissue differentiation and proliferation. Data in this
study on the pattern of expression of total p27BBP/eIF6

during embryonic development appear to be in agree-
ment with this expectation. Moreover, X. laevis cDNA
isolationand characterization offernewhints in relation
to potential p27BBP/eIF6 phosphorylation.
While in the ORF the nucleotide sequence has high

identity with that of mammalian species,X. laevis has a
specific 30UTR of 279 bases, with a CPE domain
UUUUUAU, located downstream of the polyadenyla-
tion site. CPE elements have been reported to have the
general sequence UUUUUUAU. However the U-rich
motif is not identical in all mRNAs, and its position is
variable with respect to AAUAAA (Kuhl and Wedlich,
1995; Richter, 1991). The CPE domain is potentially
capable of stimulating elongation of the poly (A) tail that
regulates translation activation of maternal messenger
during oocyte maturation and early development (Fox
et al., 1989; Varnum et al., 1992; Hake and Richter,
1994).
The p27BBP/eIF6 deduced amino acid sequence shares

high identity with the protein of all the studied
organisms and, in particular, 92%percentage of identity
was found formammals. The identity is less strict in the
C-terminus region and high in the N-terminus, a
characteristic that accompanies all the studies on
p27BBP/eIF6 sequence homology (Biffo et al., 1997).
Regarding the two potential sites of protein kinase C
phosphorylation depicted in the N-terminus region, the
position S 235 is the same as in p27BBP/eIF6 of
mammalian species, and, interestingly, site S 91 is
typical ofXenopus. In connection, in this species amajor
phosphorylation in serine was found at oocyte matura-
tion undergoing a new form of p27BBP/eIF6 of 29 kDa.
The latter was hypothesized to be phosphorylated by
endogenousPKC (Carotenuto et al., 2005). The presence
of two potential sites of PKC phosphorylation, may lead
to speculation that inXenopus there is amore articulate

Fig. 5. a: In a stage 41 embryo the strong hybridization signal of the
head is restricted to the anteriormost region where some hybridization
is in the eye. In the somites a faint localization is found. c.g.¼ cement
glandx¼ 8.b: This stage 41embryo shows riboprobe labels in thebrain,
pharynx region (ph. r.), and stomodeum opening (st.) x¼10. c–e:
Dorsal views of a stage 45 embryo: the hybridization is in the optic cup,

around the lens (l.) and in the forebrain, in the olfactory pits (o.p). A
mild hybridization is present in the branchial arches (b.a.). d: The
hindbrain is unstained. e: The signal is in the miotomes (m.) x¼ 12.
f: There is no signal in the embryo hybridized with sense probe x¼ 8.
[See color version online at www.interscience.wiley.com.]
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regulation of p27BBP/eIF6 activity than found in mam-
mals where p27BBP/eIF6 impedes improper joining of
40S and 60S subunits, and PKC phosphorylation of
p27BBP/eIF6 allows the formation of 80S and protein
synthesis to occur (Ceci et al., 2003). However, much
work should bedone to ascertain the functionalmeaning
of the two potential sites of p27BBP/eIF6 phosphoryla-
tion during Xenopus embryogenesis.
The hybridization analysis conducted in this study

throughout Xenopus embryogenesis indicates that
p27BBP/eIF6 earliest expression is in the neural plate,
and includes the telencephalon and diencephalon area
and in particular the eye field. As the p27BBP/eIF6
mRNA is expressed also anteriorly to Xrx1 and Xotx2
sites of expression, itmaybe concluded thatp27BBP/eIF6
mRNA is probably located as well in the cement gland
field (see Gammil and Sive, 1997; Wardle et al., 2002).
p27BBP/eIF6 highest expression undergoes progressive
modulation and regionalization along embryogenesis in
developing neuroectoderm and dorsal mesoderm deri-
vatives, that is, in the brain, sensory organs, epidermis,
somites, and cement gland. The high expression levels
observed in the head are tightly linked to the brain
region, as shown by using teratogens (retinoic acid and
LiCl). It has been reported that genes encoding some
ribosomal proteins, such as 60S ribosomal protein 29
(Gawantka et al., 1998), have an expression pattern
similar to the above p27BBP/eIF6 pattern, suggesting
that p27BBP/eIF6 is expressed in several embryonic
anlagens according to its role of linker of 60S, and its
involvement in ribosome maturation.
Moreover, there are some features of specific interest.

In the first placewe should note the high level of p27BBP/
eIF6 expression in the MHB region. In vertebrates, this
zone is an important signaling center for patterning the
midbrain and anterior hindbrain, and for the formation
and maintenance of the MHB region itself. In MHB a
complex genetic network of expression exists, that
includes pax-2 (Lun and Brand, 1998), XEn-2, XWnt-1
(Hemmati-Brivanlou et al., 1991; Eizema et al., 1994),
XHRI (Shinga et al., 2001), as well as the signaling of
members of theFGFfamily (XFGF3,XFGF8,EFGF,Lee
et al., 1997; Riou et al., 1998). It appears that, in the
MHB region, during embryogenesis and in particular at
stage 35–41 an active proliferation occurs, needing
regulation of protein synthesis, in agreement with the
level of expression of p27BBP/eIF6 we have described.
Accordingly, it appears that p27BBP/eIF6 expression
decreases around stage 45, when most of the mesence-
phalon and hindbrain cell proliferation and patterning
has occurred. In contrast, in the forebrain, p27BBP/eIF6
expression is still high at this stage, probably in
agreement with the formation of cerebellum hemi-
spheres, beginning at stage 43.
Second, p27BBP/eIF6 expression is comprehensive of

the whole neuro-ectoderm territory and in particular, it
is always present in the eye field starting from its early
formation to the differentiation of retina and lens. The
early p27BBP/eIF6 expression in the eye field is consis-
tentwith the presence in the same region of several gene

activities related to proliferation including Xrx1 that
we showed colocalizing with p27BBP/eIF6. Therefore,
p27BBP/eIF6 can be included among the genes active
during retina and lens formation. In conclusion, this
study shows that p27BBP/eIF6 expression is modulated
during embryogenesis in differentiating anlagens
and preliminarily may suggest that this protein may
be included among markers of regions in active
proliferation.
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Erratum
M.C. Vaccaro et al. Expression of p27BBP/eIF6 is Highly Modulated During Xenopus laevis

Embryogenesis. Mol Reprod Dev 73:482–490, 2006. DOI: 10.1002/mrd.20449

The above-mentioned paper contained an error. The correct Figure 1a,b is published below.

� 2006 WILEY-LISS, INC.

Fig. 1. a: Deduced amino acid sequence of the cDNA of X. laevis
p27BBP/eIF6 (EST Bank with accession number AY 383654). The
potential transmembrane domain in the N-terminus region (position
21–40) are evidenced, the potential protein kinase C phosphorylation
sites are in boldface and the potential glycosylation sites (NNTT and
NTTD) are underlined. b: Clustal formatted alignment of X. laevis

p27BBP/eIF6 with H. sapiens, D. melanogaster, S. cerevisiae and
C. elegans homologs. The perfectly conserved position are evidenced,
the potential protein Kinase C phosphorylation site typical to X. laevis
or common to mammalian are marked respectively by symbol* and
symbol$.

Published online 8 August 2006 in Wiley InterScience
(www.interscience.wiley.com).
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p27BBP/eIF6 acts as an anti-apoptotic factor upstream
of Bcl-2 during Xenopus laevis development

N De Marco1, L Iannone2, R Carotenuto1, S Biffo3,4, A Vitale5 and C Campanella*,1

p27BBP/eIF6 (b4-binding protein/eukaryotic initiation factor 6) regulates the joining of 40S and 60S ribosomal subunits, on
receptor for activated C kinase 1 binding and protein kinase C phosphorylation in serine 235. In Xenopus, p27BBP/eIF6 is
abundantly expressed in the majority of the embryonic anlagen. Although p27BBP/eIF6 abundance may be required for a general
regulation of protein synthesis, our data suggest that p27BBP/eIF6 may target the translation of specific mRNAs. We injected
Xp27BBP/eIF6 mRNA in one blastomere of two-cell-stage embryos and obtained a bent phenotype, the curvature being lateral with
respect to the embryo antero-posterior axis. The injected side had fewer apoptotic cells than the uninjected side, whereas cell
proliferation appeared unaffected. Accordingly, in Xp27BBP/eIF6 morphants, endogenous apoptosis increased. Injection of
Xp27BBP/eIF6 point mutants indicated that the anti-apoptotic action of Xp27BBP/eIF6 requires the conserved S235. The bent
phenotype was also obtained with B-cell lymphoma gene-2 (Bcl-2) overexpression and was rescued by Bcl-2-associated X
protein (Bax)/Xp27BBP/eIF6 co-injection. In addition, embryos overexpressing Xp27BBP/eIF6 had a higher amount of Bcl-2 and an
unchanged amount of Bax with respect to controls. In Xp27BBP/eIF6 morphants, Bcl-2 levels were unaffected and Bax levels were
higher than in the controls. Thus, we propose that Xp27BBP/eIF6 is part of a mechanism acting on the specific translation of
messengers regulating cell survival. In particular, we suggest that Xp27BBP/eIF6 may regulate the translation of factors upstream
of Bcl-2/Bax.
Cell Death and Differentiation (2010) 17, 360–372; doi:10.1038/cdd.2009.128; published online 25 September 2009

Protein p27BBP/eIF6 (b4-binding protein/eukaryotic initia-
tion factor 6) is a highly conserved regulator of ribosomal
function. It regulates the binding of 40S and 60S ribosomal
subunits 1 and is necessary for the biogenesis of 60S and cell
growth in organisms as diverse as yeast2–4 and mammals.5

In the latter, p27BBP/eIF6 null mice are lethal before implan-
tation, whereas heterozygous mice, which present 50%
reduction of p27BBP/eIF6 levels in all tissues, show a decrease
in body mass.5 p27BBP/eIF6, when bound to 60S, act as
factors preventing 40S and 60S subunits from joining in the
80S assemblage. The assemblage of 80S is regulated by
Efl1p in yeast cells 3 and by receptor for activated C kinase 1
(RACK1)/protein kinase C (PKC) signaling in mammals.
In particular, in mammalian cells, on PKC phosphorylation of
serine 235, p27BBP/eIF6 is released from 60S to start
translation.6 Accordingly, a serine phosphorylated isoform
of p27BBP/eIF6 has been found in Xenopus laevis,7 in which
two potential PKC phosphorylation sites have been found,
that is, 235 SmR in common with mammals and 91SvR
specific to X. laevis.8,9

Although p27BBP/eIF6 is an essential gene,10 its expression
is variable. p27BBP/eIF6 mRNA and protein levels are high in
rapidly proliferating tumoral cells and low in cells committed to
apoptosis.11 In normal mammalian tissues, p27BBP/eIF6
levels are variable among cell types, suggesting that in vivo
its expression is tightly regulated.10,12

During Xenopus embryogenesis, chains of induction bring
to the construction of the body anlagen through proliferation,
apoptosis and differentiation. In this system, a modulated
expression of p27BBP/eIF6 occurs in developing anlagen
in addition to a basal level of expression. In particular,
p27BBP/eIF6 mRNA is abundant in the eye field and in
the mid-hindbrain boundary, two regions with high prolifera-
tion levels.8,9 Recently, the study of p27BBP/eIF6 has gained
new interest because this protein seems to regulate the
translation of specific mRNAs such as b-catenin mRNA, thus
modulating the fundamental signaling of the Wnt/b-catenin
pathway.13 Moreover, it has been proposed that p27BBP/eIF6
functions in miRNA-mediated post-transcriptional silencing
because it is part of RNA-induced silencing complex (RISC)
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and as such, in Caenorhabditis elegans, it specifically
represses the translation of LIN-14 and LIN-28 mRNAs
without an effect on the general translation.14 In other
experimental systems, p27BBP/eIF6 is not necessary for
miRNA-based translational repression.15 To reveal whether
p27BBP/eIF6 has a qualitative role in gene expression, we
studied the effects of ectopic overexpression of p27BBP/eIF6
in X. laevis development
The analysis of a mutated phenotype stemming out from

our study has highlighted a novel function for p27BBP/eIF6: its
potential role as an apoptosis inhibitor. Apoptosis is physio-
logically required for normal development during Xenopus
embryogenesis, where it occurs with a reproducible pattern,
starting from late gastrulation.16 In addition to its general role
in controlling the cell number in developing anlagen, apoptosis
participates in the process of neural determination,17 and is
essential for several processes including the removal of the
tail in anurans during metamorphosis and of the interdigital
membrane in the developing vertebrate limb.18 Here, we show
that p27BBP/eIF6 although overexpression does not induce an
increase in cell number, it does induce a decrease in apoptotic
nuclei. A similar effect is seen by B-cell lymphoma gene-2
(Bcl-2) overexpression.
p27BBP/eIF6 overexpressing embryos showed an increase

of Bcl-2 that was not found in p27BBP/eIF6 morphants.
In addition, although p27BBP/eIF6 overexpression did not
modify the levels of Bcl-2-associated X protein (Bax) expres-
sion, in the morphants, Bax mRNA and protein levels are
higher than in the controls, suggesting that p27BBP/eIF6 may
be upstream in the same apoptotic pathway. Moreover, the
S235A p27BBP/eIF6 mutant lacked an anti-apoptotic function,
indicating that S235A is the site responsible for this function
and suggesting that the anti-apoptotic role of p27BBP/eIF6
relies on its ribosome anti-associative function.

Results

p27BBP/eIF6 overexpression causes bending of the
embryo. We injected Xp27BBP/eIF6 mRNA (from 100pg to
500 pg) together with green fluorescent protein (GFP) mRNA
(300pg) in one blastomere of the two-cell-stage X. laevis
embryos to investigate the effects of its overexpression.
Given that the first cleavage plane divides the embryo in two
symmetrical halves, in these experiments the uninjected side
can be considered as the natural control of each test.
Xp27BBP/eIF6 expression was controlled by immuno-
fluorescence or western blot analysis with a specific
anti-p27BBP/eIF6 antibody and consistently indicated that
the injected part was expressing more protein as opposed to
the uninjected part (Figure 1). Two days after injection,
about 40% of st.28 embryos showed a marked bending
lateral with respect to the antero-posterior axis of the embryo
and the embryos became ring-shaped. The external, con-
cave side derived from the injected blastomere, as this side
was marked by GFP fluorescence (n¼ 80) (Figures 2a–c).
This phenotype was transient and recovered at stage 35.
Control experiments showed that the single injection

of GFP mRNA at the concentration described above
did not produce bent embryos or defective phenotypes

(see Figure 2a). When Xp27BBP/eIF6 mRNA was injected
before cleavage, at one-cell stage, no bending occurred in
st.28 embryos (Figures 2d and e), indicating that the bent
phenotype occurs when the mRNA is injected only on one
side of the embryo. Previous data have shown that the
endogenous Xp27BBP/eIF6 is abundantly expressed in
somites.8,9 Accordingly, to investigate whether the bending
might be due to defects of number, position or dimension of
the somite metameric pattern, we performed whole-mount
immunohistochemistry using an antibody directed against the
myotome protein 12/101, a somite marker. No difference or
defect was observed in the somites between the injected
and the control side (Figure 2f), suggesting that the bent
phenotype was because of an unbalanced number of cells
with respect to the embryo symmetry plane.

p27BBP/eIF6 overexpression does not increase
proliferation. As Xp27BBP/eIF6 is particularly abundant in
territories showing high proliferation,8,9 we asked ourselves
whether p27BBP/eIF6 overexpression causes an increase in
cell number on the injected side. First, we counted the nuclei
number in 40-6-diamidino-2-phenylindole (DAPI)-stained
p27BBP/eIF6 overexpressors. In Figures 3a–d, counts were
performed in serial sections of embryos (n¼ 15, Po0.05), in
areas of 3000 m2 settled through the Leica, Wetzlar,
Germany, Laser Microdissection LMD V6.5 software. The
number of cells was higher on the side of injection compared
with the uninjected side (Figure 3d), whereas in embryos
injected with GFP alone (n¼ 15, Po0.05), there was no
difference between the number of nuclei counted on the
injected and uninjected sides of the embryo (Figure 3e–h).
The embryos injected with Xp27BBP/eIF6 were then tested

for 5-bromo-20-deoxyuridine (BrdU) incorporation. At 2 h after
BdrU injection (see Viczian et al.19), the embryos were fixed
and cryostat-sectioned. We further stained the serial sections
with antibodies against BrdU or phospho histone 3 (pH3),
markers of mitotic cells. No difference was detected in BrdU-
positive cells on the injected side compared with the
uninjected side (Figures 3j). Counts of pH3-positive nuclei in
embryos entirely sectioned showed no significant difference in
the number of cycling cells between the control and injected
side (n¼ 30,Po0.05) (Figure 3k and l). Taken together, these
results suggest that p27BBP/eIF6 overexpression does not
lead to an increase of cells in the S phase. Therefore, the
observed increase in cell numbers leading to the bent
phenotype may be due to differences in the cell survival rates
on the two sides of the embryo, rather than proliferation.

Overexpression of p27BBP/eIF6 reduced endogenous
apoptosis in embryos. During Xenopus development,
apoptosis is first detected at gastrulation and later in develo-
pment, during the tailbud stage when it is found in the
developing brain, eyes, spinal cord and tail.20 The TUNEL
assay has proved to be effective and specific for detecting
apoptosis in Xenopus embryos16,20 as in other systems.21

We thus compared the incidence of TUNEL-positive nuclei
on the side of the embryos overexpressing p27BBP/eIF6
compared with the control side. The labeled apoptotic nuclei
were largely on the control side, whereas the injected side
showed little apoptosis, as observed in whole-mount

p27BBP/eIF6 anti-apoptotic role in Xenopus embryos
N De Marco et al

361

Cell Death and Differentiation



embryos and related sections (Figures 4a and b). We made
counts of TUNEL-positive nuclei in sections of injected
embryos fixed at stage st.28 and entirely sectioned (Figures
4c and d). We found a significantly lower percentage of
apoptotic nuclei on the Xp27BBP/eIF6-injected side compared
with the control side (n¼ 30, Po0.05) (Figure 4e). We did not
see differences in control embryos, either uninjected or
injected uniquely with GFP mRNA (n¼ 15, Po0.05)
(Figure 4f).
Caspase 3 is a polypeptide of 32 kDa that releases an active

peptide of 18 kDa on cleavage.22 During apoptosis, the
116 kDa form of the poly (ADP-ribose) polymerase (PARP1)
is cleaved to form a peptide of 85 kDa.23 We carried out
western blots to analyze the executioner caspase 3 and
PARP1 cleavage. Xp27BBP/eIF6-injected embryos showed
less active caspase 3 and more uncleaved PARP1 than did
uninjected or GFP-injected embryos (Figure 4g and h).
These results indicate that Xp27BBP/eIF6 overexpres-

sion exerts an anti-apoptotic action contrasting the
physiologically occurring apoptosis during X. laevis
embryogenesis.

We further checked whether p27BBP/eIF6 downregulation
of apoptosis depended on cell cycling, by treating the injected
embryos with hydroxyurea and aphidicolin (HUA), which
inhibits DNA synthesis in the early S phase of the cell cycle.24

Despite the decline in cell proliferation as shown by anti-pH3
staining of HUA-treated embryos, we observed a decrease in
the number of apoptotic cells on the side overexpressing
Xp27BBP/eIF6 (Figures 5a–c). We conclude that the anti-
apoptotic effect of Xp27BBP/eIF6 is independent of cell
cycling.

Downregulation of Xp27BBP/eIF6 increases endogenous
apoptosis. We injected Xp27BBP/eIF6 morpholino (7.5 ng)
together with GFP mRNA (200 pg) in one blastomere of a
two-cell-stage X. laevis embryos to investigate the effects of
p27BBP/eIF6 downregulation. As a control, a mispaired
morpholino (7.5 ng) was injected together with GFP mRNA
(200 pg) to distinguish the specific effects of Xp27BBP/eIF6
morpholino injection. The p27BBP/eIF6 downregulation was
monitored by immunofluorescence or western blot analysis
with the anti-p27BBP/eIF6 antibody (data not shown).

Figure 1 Xp27BBP/eIF6 overexpression. In serial cross-sections of Xp27BBP/eIF6 and GFP-injected embryos, the injected side is immunostained with anti-GFP (a) and
with anti-p27BBP/eIF6 antibodies (b). In the latter case, the lower level of immunostaining is on the uninjected side indicating the w.t. expression of Xp27BBP/eIF6. enc,
encephalon; ot.v, otic vesicle; end, endoderm. (c) Western blot with anti-p27BBP/eIF6 antibody indicates the major presence of protein in p27BBP/eIF6-injected embryos with
respect to uninjected embryos. Three sets of injected embryos were used in the blot. Normalization was performed with anti-a-tubulin antibody. D-V, dorsoventral axis. The
injected side is indicated (i.s)

Figure 2 Effects of Xp27BBP/eIF6 overexpression. Compared with GFP-injected embryos (a) (lateral and dorsal view), 40% of the Xp27BBP/eIF6 overexpressing embryos
showed a bent phenotype at st.28 (b), the side deriving from the injected blastomere being the external and concave side (c1) marked by GFP fluorescence (c2). When
Xp27BBP/eIF6 injection was performed at one-cell stage (d–e), no bending occurred in the embryos, suggesting that the bent phenotype occurs when Xp27BBP/eIF6 is
overexpressed only on one side of the embryos. Micrographs of the two sides (d–e) of the same embryo are given. Whole-mount immunohistochemistry with 12/101 antibody
showed no defects in size, number and morphology of the somite metameric pattern (f). H, head; T, tail; D-V, dorsoventral axis
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Although the morpholino control injection did not produce
defective phenotypes (Figure 6a), about 50% of st.28
morpholino-injected embryos showed a bent phenotype
symmetrical to the phenotype obtained by Xp27BBP/eIF6
overexpression, as the embryos were bent with the concave,
external side opposite to the injected side (Figure 6b).
TUNEL assay showed a major percentage of apoptotic nuclei
on the morpholino-injected side compared with the
uninjected one (n¼ 20, Po0.05) (Figures 6c,d and g), thus
confirming the anti-apoptotic role of Xp27BBP/eIF6.
In eIF6þ /� adult mice, specific organs, that is, the liver and

fat body, display reduction of cell proliferation.5 Thus, we
asked whether in Xp27BBP/eIF6 morphants a general
decrease in cell proliferation could be observed. Data
show that embryos injected with Xp27BBP/eIF6 morpholino
and GFP on the one side and with mispaired morpholino

(Figures 6e and f) on the opposite side had no differences in
the number of anti-pH3-positive nuclei (n¼ 20, Po0.05)
(Figure 6h). It should be noted, however, that specific counts
in hepatocytes and fat cells could not be performed in adult
Xenopus to parallel the eIF6þ /� mice observations.5 Indeed,
in Xenopus embryos, liver cells differentiate at stage 46,25

when the bent phenotype had recovered and fat cells
appear following metamorphosis (see Rot-Nikcevic and
Wassersug26).

S235A mutant loses the anti-apoptotic function. X. laevis
p27BBP/eIF6 cDNA has two serine embedded in a PKC
consensus phosphorylation site: one is serine 235 and is
conserved in mammals, and the other is serine 91 and
is typical of Xenopus.8,9 In mammalian cells, translation
occurs when p27BBP/eIF6 is released from 60S following

Figure 3 Proliferation assays on Xp27BBP/eIF6 overexpressing embryos. DAPI staining was carried out in bent embryos overexpressing Xp27BBP/eIF6 (a–c). Panels b
and c show embryo sections cut as shown in a. DAPI-stained nuclei were counted in 3000m2 areas, as indicated in panels b and c insets. The nuclei number is higher on the
injected side than on the uninjected side (d). The counts are statistically significant (n¼ 15, Po0.05). (e–g) DAPI staining in embryos injected uniquely with GFP. Counts of
nuclei in sections cut as shown in (e) indicate no differences in cell number between the uninjected and the GFP-injected side (h) (n¼ 15, Po0.05). (i–l) Panels j and k are
sections of Xp27BBP/eIF6 overexpressors cut as shown in (i). (j–k) Immunolocalization with anti-BrdU and anti-pH3 antibodies on the serial section of an Xp27BBP/eIF6-
overexpressing embryo (injected with BrdU at st.28). No difference was detected in BrdU- or pH3-positive cells (k) on the injected side, compared with cells of the uninjected
side. Nuclei are contrasted with DAPI (inset in k). (l) Counts of pH3-positive nuclei on a section of Xp27BBP/eIF6-overexpressing embryos showed no difference in cells in
mitosis between the injected and control sides (n¼ 30, Po0.05). D-V, dorsoventral axis. The injected side is indicated (i.s). enc, encephalon; e, eye; ph, pharynx; sp.c., spinal
cord; nc, notochord; end., endoderm; m, miotome
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phosphorylation in Ser235 through the RACK1–PKC path-
way. S235A mutants impair RACK1/PKC-mediated phos-
phorylation.6 We performed injections of p27BBP/eIF6 single
mutants (S235A or S91A) into one blastomere of two-cell-
stage Xenopus embryos. The mutant’s overexpression was

confirmed by immunofluorescence or western blot analysis
with anti-p27BBP/eIF6 antibody (data not shown). When we
injected S235A mRNA, the embryos did not show the bent
phenotype (n¼ 70) (Figure 7a1), as for embryos injected
uniquely with GFP (Figure 7a2). TUNEL assay and counts of

Figure 4 Apoptosis assays on embryos overexpressing Xp27BBP/eIF6. (a) Whole-mount TUNEL staining was performed on Xp27BBP/eIF6-injected st.19 embryo (neural
plate stage). (b) Cross paraffin section taken from the anteriormost part of the TUNEL-stained embryo showed in a. (c) st.28 embryo overexpressing Xp27BBP/eIF6, as
observed by anti-GFP staining. (d) TUNEL staining on section of same embryo. Enc, encephalon; e, eye; ph, pharynx. The injected side showed less apoptosis compared with
the control side, as counted in (e). Differences between injected and control sides are statistically significant (n¼ 30, Po0.05). (f) TUNEL-labeled nuclei were counted in
uninjected embryos and no significant difference in apoptotic nuclei was observed between the left and right sides (n¼ 15, Po0.05). In the ordinates of panels e and f
histograms, as well as in histograms of subsequent figures, the percentages are reported of apoptotic cells with respect to the total number of counted apoptotic cells (100%).
(g and h) Western blots of st.28 Xp27BBP/eIF6-injected and uninjected embryos exposed to anti-active caspase 3 specific for the cleaved form (g) or to anti-PARP1 (h)
antibodies. Xp27BBP/eIF6 overexpressing embryos showed less active caspase 3 (18 kDa) and cleaved PARP1 (85 kDA) compared with the uninjected ones. Normalization
was performed with an anti-a-tubulin antibody. In the caspase 3 western blot, the effect of Xp27BBP/eIF6 was underestimated because lysates were used, deriving from
experiments in which the injection was performed in one blastomere of stage 2 embryos, thereby containing both the injected and control sides. In the PARP1 western blots,
lysates were used, deriving from the injection of one-cell embryo. A-P, antero-posterior axis; D-V, dorsoventral axis
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apoptotic nuclei indicated no difference in apoptotic nuclei
between the injected and control sides (n¼ 30, Po0.05)
(Figure 7c; data not shown).When we injected S91A mRNA,
st.28 embryos showed the ring-shaped phenotype (n¼ 90)
(Figure 7b) and a decrease in TUNEL-stained nuclei on the
injected side (n¼ 30, Po0.05) (Figure 7d; data not shown).
We then carried out western blots to analyze caspase 3
activation and PARP1 cleavage in these samples. In S235A
mRNA-injected-embryos, the levels of active caspase 3 and
cleaved PARP1 were unaffected compared with uninjected
embryos (Figures 7e and f). S91A mRNA-injected-embryos
instead showed a decrease of active caspase 3 and cleaved
PARP1 compared with uninjected and S235AmRNA-
injected-embryos (Figures 7e and f).
Taken together, these results indicate that Ser 235 is the

site responsible for the anti-apoptotic function of p27BBP/eIF6.

Xp27BBP/eIF6 regulation of Bcl-2/Bax levels. Members of
the Bcl-2 family are key regulators in apoptosis, acting either
as pro- or anti-apoptotic factors. Bcl-2 and Bax proteins are
part of the core apoptotic machinery. At the functional level,
Bcl-2 inhibits apoptosis whereas Bax promotes it, although
the final decision of a cell to execute the cell death program
depends on the balance among all the proteins of the
apoptotic machinery.27,28 In X. laevis early embryogenesis,
Bcl-2 mRNA injection dramatically inhibits apoptosis,
whereas Bax mRNA injection moderately promotes it.29

When we injected 300 pg of mRNA encoding Bcl-2 in one
blastomere of two-cell-stage embryos, at st.28 these embryos
showed the same ring-shaped phenotype as the one
observed with Xp27BBP/eIF6 overexpression, being the
external side of the embryos marked by GFP fluorescence
(Figure 8a and b, embryos injected uniquely with GFP).
TUNEL staining and counts of apoptotic nuclei showed that
the Bcl-2 overexpression strongly inhibits apoptosis, as
expected,29 whereas pH3 immunofluorescence and counts
of mitotic nuclei showed that proliferation is unaffected (data
not shown).

To investigate whether p27BBP/eIF6 alters the level
of endogenous Bcl-2 and Bax proteins, we carried out wes-
tern blots, using anti-Bcl-2 and anti-Bax antibodies.
Embryos overexpressing Bcl-2 showed an increase of
Bcl-2 protein levels compared with uninjected embryos or
embryos uniquely expressing GFP (Figure 8c), whereas
Xp27BBP/eIF6 levels were unaffected (data not shown).
Embryos overexpressing p27BBP/eIF6 also showed an
increase of Bcl-2 but not of Bax protein levels, with res-
pect to uninjected embryos (Figures 8c and d). In contrast,
p27BBP/eIF6 morphants showed an increase of Bax but not
of Bcl-2 protein levels compared with uninjected embryos
or embryos expressing mispaired morpholino control
(Figure 8e). Then, we carried out analysis of Bcl-2 and Bax
mRNA levels in p27BBP/eIF6 overexpressors and morphants
to investigate whether p27BBP/eIF6 similarly regulates Bcl-2/
Bax expression. In Xp27BBP/eIF6-overexpressing embryos,
the level of Bcl-2 mRNA increased, whereas the Bax level
was unaffected. In morphants, an increase of Bax mRNA
occurred, whereas Bcl-2 was unaffected (Figure 8f).
Further, we carried out experiments to rescue the

p27BBP/eIF6-induced phenotype by co-injecting Xp27BBP/eIF6
mRNA (300 pg) and Bax mRNA (300 pg or 1 ng), together
with the GFP mRNA (300 pg). The phenotypes of the injected
embryos were not bent, similar to the embryos injected
uniquely with GFP (Figure 9a). In addition, a small percentage
(2–3%) of the injected embryos (n¼ 60) were bent with the
concave, external side opposite to the injected side
(Figure 9b). This phenotype was symmetrical to the pheno-
type obtained by Bcl-2 overexpression and identical to the
phenotype obtained by p27BBP/eIF6 downregulation.Western
blots using anti-p27BBP/eIF6 or anti-Myc antibodies on
extracts of embryos injected with Xp27BBP/eIF6/bax mRNAs
indicated that the embryos were successfully expressing both
proteins (data not shown). pH3 immunofluorescence and
counts of mitotic nuclei showed that Bax overexpression had
no effects on cell proliferation (data not shown). TUNEL
staining and counts of apoptotic nuclei showed that co-
injection of Bax mRNA and Xp27BBP/eIF6 reversed the

Figure 5 Embryos injected with Xp27BBP/eIF6 were treated with HUA at st.28 and the effects of such treatment on apoptosis were analyzed. (a) The injected side of the
embryos is labeled with GFP (arrow). (b) Section of the same embryo as in panel a exposed to anti-pH3 and DAPI. The HUA treatment dramatically reduced anti-pH3 staining
(arrows). Enc, encephalon; e, eye; ph, pharynx. (c) TUNEL staining showed a decrease in positive nuclei on the Xp27BBP/eIF6-injected side compared with the control side,
indicating that apoptosis inhibition is independent from cell cycling. A-P, antero-posterior axis. The injected side is indicated (i.s)
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Figure 6 Effects of Xp27BBP/eIF6 downregulation. (a) Control embryos injected with mispaired morpholino and GFP (lateral and dorsal views). (b) Morpholino-injected
embryos have an inverted phenotype with respect to the one obtained by Xp27BBP/eIF6 overexpression. In fact, the injected side marked by GFP fluorescence is the internal
side of the bent embryo. (c and d) Sections of morpholino-injected embryo, in (c) GFP immunofluorescence on the injected side, in (d and g) TUNEL and counts of labeled
nuclei. Apoptotic cells are more abundantly present on the injected side (i.s) (n¼ 20, Po0.05). (e and f) Embryos injected with morpholino and GFP on one side (Mo i.s) and
with mispaired morpholino on the opposite side. (f and h) Counts of pH3-positive nuclei show no difference in mitotic cells between the two sides of the embryo (n¼ 20,
Po0.05). H, head; T, tail; enc, encephalon; e, eye; ph, pharynx; D-V, dorsoventral axis
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Figure 7 Effects of Xp27BBP/eIF6 mutant overexpression. (a1) S235A-injected embryos displaying non-bending as for embryos injected uniquely with GFP (a2) (lateral
and dorsal views). (b) In all, 38% of S91A-injected embryos (n¼ 90) showed the curve-shaped phenotype as the one caused by Xp27BBP/eIF6 w.t. overexpression, with the
external concave side marked by GFP. H, head; T, tail. (c) In S235A-injected embryos (n¼ 70), counts of TUNEL-positive nuclei indicate no difference in apoptosis between
the injected and control sides (n¼ 30, Po0.05). (d) TUNEL staining and counts of apoptotic nuclei showed a decrease in apoptosis on the injected side, compared with the
control side (n¼ 30, Po0.05). (e) S91AmRNA-injected embryos showed a decrease of active caspase 3 (18 kDa) compared with uninjected and S235A mRNA-injected
embryos. (f) S91A-injected embryos showed more intact PARP1 compared with uninjected and S235-injected embryos. Normalization was performed with the anti-a-tubulin
antibody. In the caspase 3 western blot, the effect of Xp27BBP/eIF6 was underestimated because lysates were used, deriving from experiments in which the injection was
performed in one blastomere of stage 2 embryos, thus containing both the injected and control sides. In the PARP1 western blots, lysates were used, deriving from the injection
of the one-cell embryo
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inhibition of apoptosis produced by injecting Xp27BBP/eIF6
alone, as the number of apoptotic cells on the injected
side was higher than on the uninjected side (n¼ 30, Po0.05)
(Figures 9c–e). When we co-injected the mRNA of S235A-
mutated Xp27BBP/eIF6 with Bax mRNA, the number
of embryos (n¼ 48) showing a symmetrical phenotype
increased to 5 (data not shown). Altogether, these
data indicate that Bax is able to reverse the anti-apoptotic

action of p27BBP/eIF6 and suggest that p27BBP/eIF6 acts
upstream of Bcl-2/Bax machinery in apoptosis control.

Discussion

p27BBP/eIF6 function in regulating protein synthesis 6 may
explain why it is abundant in growing or differentiating tissues.
In fact, high expression of p27BBP/eIF6 is expected to occur
according to the increased need of protein synthesis regula-
tion along differentiation, cell growth and proliferation. Major
expression of Xp27BBP/eIF6 was indeed observed during X.
laevis embryonic development, in particular in the trunk region
and in the brain.8,9 Major expression of p27BBP/eIF6 is
similarly reported for a variety of somatic cells (see Donadini
et al.10). Moreover, a study by Sanvito et al.11 showed that in
cells progressing to malignancy, p27BBP/eIF6 is extremely
overexpressed while being downregulated in tissues
progressing to apoptosis.
Here, we studied a phenotype resulting from overexpres-

sing Xp27BBP/eIF6 in X. laevis embryos and found that
Xp27BBP/eIF6 is involved in protection from apoptosis, thus
lending support to the predictions of Sanvito et al.11 for cells
progressing to apoptosis. We did not observe an increase in
cell proliferation following p27BBP/eIF6 overexpression, im-
plying that endogenous Xp27BBP/eIF6 suffices for cell cycle
progression. In conditions of Xp27BBP/eIF6 downregulation,
our mitosis assays in Xp27BBP/eIF6 morphants did not show
differences in cell proliferation with respect to control
conditions. The situation is different from what is observed
in eIF6þ /� adult mice, where a decrease of 50% in the levels
of all tissues was accompanied by a reduction in cell proli-
feration in the liver, fat cells and cultured fibroblasts.5 The
difference in these two observations may be due to several
reasons: (i) the different way in which eIF6 was depleted,
chronic in mice versus acute in Xenopus; (ii) different organs
and time points analyzed; (iii) species-specific differences. It
is, however, possible that eIF6 depletion may affect the
translation of different classes of mRNA in different tissues,
depending on the relative abundance of each mRNA, and that
the phenotypic effects are the result of reaching thresholds
that may vary among tissues.

Figure 8 Effects of Xp27BBP/eIF6 on the Bcl-2/Bax levels. (a) In all, 50% of
embryos unilaterally injected with Bcl-2 mRNA show at st.28 the same bent
phenotype as the one caused by Xp27BBP/eIF6 overexpression, with the external
side marked by GFP (n¼ 60). (b) Control embryos injected uniquely with GFP,
lateral and dorsal views. (b–e) Western blots with anti-Bcl-2 or anti-Bax antibodies.
Three sets of Xp27BBP/eIF6-injected embryos (st.28) were used in the blots in
panels c and d. (c) Bcl-2 or Xp27BBP/eIF6-injected-embryos showed an increase of
Bcl-2 protein compared with uninjected embryos. (d) The level of Bax was
unaffected in embryos overexpressing Xp27BBP/eIF6, as well as in uninjected
embryos. (e) Levels of Bcl-2 and Bax were analyzed in embryos injected with
p27BBP/eIF6 morpholino or mispaired morpholino control. An increase of Bax but not
of Bcl-2 protein levels was shown, compared with uninjected embryos or embryos
expressing mispaired morpholino. Normalization was performed with the anti-a-
tubulin antibody. (f) Analysis of Bcl-2 and Bax mRNA levels in p27BBP/eIF6
overexpressors and morphants, compared with levels in uninjected embryos. In
Xp27BBP/eIF6-overexpressing embryos, the level of Bcl-2 mRNA increased,
whereas the Bax mRNA level was unaffected. In morphants, an increase of Bax
mRNA occurred, whereas Bcl-2 mRNA was unaffected. Normalization was
performed using H4 primers. These data underestimate the effect of Xp27BBP/eIF6
because entire embryos were used for the blots and RT-PCR preparation
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Figure 9 Bcl-2-associated X protein (Bax) rescues embryos injected with Xp27BBP/eIF6. (a) Control embryos injected uniquely with GFP (lateral and dorsal views).
Embryos (n¼ 60) co-injected in one blastomere at two-cell stage with Xp27BBP/eIF6 and Bax are not curved, yet in 2–3% of the co-injected embryos, an inverted phenotype
with respect to the one obtained by injecting only Xp27BBP/eIF6 is observed. The embryos were bent, but the external side originated from the uninjected blastomere (b).
H, head; T, tail. (c–e) On the injected side, marked by GFP (c), TUNEL staining (d) and counts (e) showed that the labeled apoptotic nuclei are more abundant on the injected
side, compared with the control side (n¼ 30, Po0.05). m, miotome; sp.c., spinal cord; A-P, antero-posterior axis. The injected side is indicated (i.s)
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In many vertebrates, apoptosis is needed for the correct
development of embryonic structures of several organisms,
both at the beginning of embryogenesis and in the morpho-
genesis of anlagen, such as the limb and kidney, as well as the
nervous system.30,31 In X. laevis, apoptosis is active in the
embryo starting at the beginning of gastrulation and its spatio-
temporal pattern has been thoroughly described until the
tadpole stage.20 Cell death and cell survival are regulated by
complex and interacting signals. Data by Finkielstein et al.32

and Yeo and Gautier 17 have indicated that, in X. laevis, after
MBT, Bcl-2 and Bax balance and downstream caspase
activation are the main mechanisms involved in the control
of apoptosis. These step-by-step controlled mechanisms
converge eventually to a yes-or-no result that can be
experimentally reverted. Accordingly, our data indicate that
Xp27BBP/eIF6 overexpression is able to shift the program of
cell death to cell survival, as shown by TUNEL staining,
caspase 3 activation and PARP1 cleavage. Consistently,
p27BBP/eIF6 loss-of-function experiments elicit an increase in
apoptosis accompanied by reversal of the phenotype. By
overexpressing the mRNA of the anti-apoptotic factor Bcl-2, a
bent phenotype was found as in the embryos injected with
Xp27BBP/eIF6 mRNA, and consistent differences in apoptotic
cell number were detected between the injected and
uninjected sides of the embryos. Xp27BBP/eIF6 appears to
be upstream in the Bcl-2 apoptotic pathway because
Xp27BBP/eIF6 overexpressing embryos show an increase of
Bcl-2 mRNA and protein, which does not occur in Xp27BBP/
eIF6 morphants. Consistently, although Xp27BBP/eIF6 over-
expressing embryos do not increase Bax expression,
Xp27BBP/eIF6 morphants have higher levels of Bax mRNA
and protein. When Bax mRNA was co-injected with Xp27BBP/
eIF6 mRNA, the bent phenotype recovered and a low
occurrence was observed of the reverted phenotype, the
same phenotype obtained in Xp27BBP/eIF6 downregulation
experiments. We reasoned that this result is a compromise
balance between the anti-apoptotic action of Xp27BBP/eIF6
and the pro-apoptotic action of Bax. In favor of this hypothesis,
when mutated Xp27BBP/eIF6 mRNA (lacking anti-apoptotic
function) was co-injected with Bax, the number of embryos
with reverted phenotypes increased. Altogether, these data
indicate that p27BBP/eIF6 may act by shifting the balance
between pro- and anti-apoptotic factors in favor of cell survival
and strongly suggest that Xp27BBP/eIF6 acts through an
upstream, yet unknown, regulator of the Bcl-2/Bax balance.
Moreover, in Xp27BBP/eIF6 overexpressors, the decrease in
apoptosis also occurred when the cell cycle was stopped,
following HUA exposure, indicating that the reduction in
apoptosis levels was independent from cell cycling as in
untreated Xenopus embryos.17

In mammalian cultured cells, on PKC phosphorylation
on serine 235, p27BBP/eIF6 is released from 60S, the 80S
formsand translation is started, whereas the S235mutant binds
the 60S but cannot be released.6 In a lentiviral rescue experi-
ment, the S235 mutant did not recover translation down-
stream of the growth factors, whereas the w.t. did.5 Together,
the data suggested that the regulated release of p27BBP/eIF6
from 60S positively affects translation, whereas the mutant
does not. In other terms, the current understanding is that the
regulated anti-association activity of w.t. p27BBP/eIF6

may positively affect translation, whereas the S235 mutant
does not. Yet it is not known whether p27BBP/eIF6 anti-
association activity equally affects the translation of all
mRNAs or is somewhat selective. Two potential PKC
phosphorylation sites are present in Xp27BBP/eIF6 cDNA,
that is, 235 SmR as in mammals and 91SvR typical of
X. laevis.8,9 In X. laevis, we also know that p27BBP/eIF6 is
associated with 60S polysome fractions and that a serine
phosphorylated isoform of p27BBP/eIF6, consequent on PKC
phosphorylation, is present all along embryogenesis. This
finding suggests a highly conserved function of Xp27BBP/eIF6,
depending on phosphorylation, in regulating the availability
of active ribosomes to the translation machinery.7 Therefore,
in our trials, it appeared of special interest to learn which of
the two potential sites of Xp27BBP/eIF6 phosphorylation was
responsible for the anti-apoptotic function of Xp27BBP/eIF6.
Our data indicate that the site is serine 235 SmR. In
fact, it is on injection of the 235 SmR mutant, and not of the
91SvR mutant, that straight st.28 embryos are obtained, in
contrast to the bent phenotype obtained by injection of
Xp27BBP/eIF6 w.t. Our data suggest that the anti-apoptotic
function of Xp27BBP/eIF6 depends on its role in regulating
protein synthesis, if we correctly hypothesize that also in
X. laevis the 235 SmR site is PKC-phosphorylated to allow
joining of the 40S–60S subunits. In other words, the specific
role of w.t. Xp27BBP/eIF6 in favoring cell survival would require
that its proper function be that of a regulator of protein
synthesis affecting the translation of mRNAs involved in
apoptosis, in contrast to the S235 mutant. Xp27BBP/eIF6
seems to be part of a mechanism acting at translation and
reverting cell death to cell survival, thus regulating the
apoptotic process during normal development and giving
way to a new interpretation for the major presence of this
protein in embryonic anlagen. In particular, considering the
conditions that our Xp27BBP/eIF6 gain-of-function and loss-of-
function experiments brought to a specific regulation of the
Bcl-2/ Bax levels, it will be important to establish the nature of
the factor(s) regulating this balance and the involvement of
p27BBP/eIF6 in regulating its translation.

Materials and Methods
Animals. Adult X. laevis females were obtained from ‘Rettili’ (Varese, Italy).
They were kept and used at the Department of Structural and Functional Biology,
the University of Naples, Federico II, according to the guidelines and policies
dictated by the University Animal Welfare Office and in agreement with European
Community laws.

To obtain eggs, X. laevis females were injected in the dorsal lymphatic sac with
500 units of Gonase (AMSA, Rome, Italy) in Amphibian Ringer (111mM NaCl,
1.3 mM CaCl2, 2mM KCl, 0.8 mM MgSO4, 25mM N-2-hydroxyethylpiperazine-
N0-2-ethanesulfonic acid (HEPES), pH 7.8). Fertilized eggs and embryos were
obtained by standard insemination methods and staged according to Nieuwkoop
and Faber.33

Microinjections. To generate pCS2p27BBP/eIF6, the cDNA cloned in pDrive8,9

was subcloned into the BamHI/XhoI sites of the pCS2þ vector. The complete
coding sequence of XBcl-2 was obtained by reverse transcriptase (RT)-PCR, using
the primers forward: 50-ACAATGGAGGGCAGCAGTAG-30 and reverse: 50-TTGC
AGAACTTCCTGGGTGT-30, on the basis of the sequence of the Xenopus homolog
of Bcl-2, XR11 (Accession Nos. X82461). The PCR products were cloned into the
pCRII vector (Invitrogen, Life Technologies, Carlsbad, CA, USA) and subsequently
subcloned into the BamHI/XhoI sites of the pCS2þ vector. The full-length clone was
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completely sequenced. The pCS2MTXBax plasmid was kindly offered by JL Maller
(University of Colorado, School of Medicine, USA).

Capped synthetic RNAs were generated by in vitro transcription using the Sp6
Message Machine kit (Ambion, Austin, TX, USA).

The p27BBP/eIF6 antisense morpholino used was 50-GCGGACGGCCATGTTGG
CTTCTTAG-30 (Gene Tools LLC, Philomath, OR, USA). The mispaired morpholino
control used was 50-GCcGACcGCCATcTTGcCTTCTaAG-30 (Gene Tools LLC).
pCS2MTGFP mRNA was always co-injected to label the injected side.

RNAs were injected into the animal hemisphere of a single cell of one- and
two-cell embryos using a Drummond ‘Nanoject’ apparatus (Drummond ‘‘Nanoject II’’
Cat.N.3-000-204). The amounts injected ranged between 100 pg to 1 ng, in most
cases 200–300 pg. In particular, for samples destined to western blots of Parp1,
injection were performed in one-cell embryos using 500 pg Xp27BBP/eIF6 to better
visualize the difference in Parp1 cleavage between injected and uninjected embryos.
During injection, embryos were cultured in 3% Ficoll in 0.1% Ringer. The phenotype
of the injected embryos was scored when the uninjected embryos reached stage 28.
The samples were photographed at the Leica MZ16F UV stereomicroscope,
equipped with a Leica DFC 300Fx camera and IM50 image manager software.

RNA extraction and RT-PCR. Total RNA was extracted from st.19 embryos
using Tri Reagent (Sigma, St Louis, MO, USA) according to the manufacturer’s
recommendations. RT-PCR was carried out using the Super Script VILO cDNA
synthesis kit (Invitrogen, Carlsbad, CA, USA) and primers to detect Bcl-2 (forward:
50-ACAATGGAGGGCAGCAGTAG-30 and reverse: 50-TTGCAGAACTTCCTGG
GTGT-30), Bax (forward: 50-AGGCATCTCCCAACAGAGTG-30 and reverse: 50-C
TTCCAGATGGCAAGAGAGG-30) or H4 (forward: 50-CGGGATAACATTCAGG
GTA-30 and reverse: TCCATGGCGGTAACTGTC-30).

PCR site-directed mutagenesis. Site-directed mutagenesis to generate
S235A and S91A was performed as in De Marco et al.34 The following oligo-
nucleotides were used to introduce the S235A mutation into pCS2p27BBP/eIF6 wild
type: 50-CCTAGTACTATTGCCACCGCCATGAGGGGCTCCCTC-30 and 50-GAGG
GAGCCCCTCATGGCGGTGGCAATAGTACTAGG-30. The following oligonucleotides
were used to introduce the S91A mutation into pCS2 p27BBP/eIF6 wild type: 50-GAA
ACAGCTTGCCCGACGCCGTGCGAATTCAGAGAG-30 and 50-CTCTCTGAATTCGC
ACGGCGTCGGGCAAGCTGTTTC-30.

The DNA sequence of the mutants was confirmed by sequence analysis.

Sample preparation for SDS-PAGEandwestern blot. Embryos were
homogenized in HEPES buffer pH 7.5 containing 900mM glycerol, 0.02mM NaN3,
1mM ATP, 1mM DTT, 5mM ethylene glycol tetraacetic acid (EGTA) (buffer I) and
the following protease inhibitors (Sigma): 2 mM Na-(p-toluene sulfonyl)-L-arginine
methyl ester (TAME), 5mg/ml soybean trypsin inhibitor (SBTI), 5mg/ml aprotinin and
10mM E64. Protein concentration was determined in the supernatants following
centrifugation (15 000� g for 40min at 4 1C) with the BCA protein assay reagent
(Pierce, Rockford, IL, USA). After boiling in sample buffer with 1mM DTT, aliquots of
40mg of proteins were analyzed through SDS-polyacrylamide gel electrophoresis
(PAGE) 8% or 15% polyacrylamide using standard Tris glycine buffer and using
molecular mass standards (200, 116, 97, 45, 31, 21 or 14 kDa) (Bio-rad, Hercules,
CA, USA). Western blotting on nitrocellulose membrane was carried out as in Maturi
et al.35 Incubation with the antibodies was carried out using an anti-p27BBP/eIF6
antibody (1 : 1000 dilution v/v),1 rabbit anti-Caspase 3 Active, specific for the cleaved
form of caspase (1 : 400 dilution, v/v) (Sigma C8487), mouse anti-a-tubulin (1 : 500
dilution, v/v) (Sigma), anti-PARP H-250 polyclonal antibody (1 : 500 dilution, v/v)
(Santa Cruz Biotechnology, Heidelberg, Germany), anti-Bcl-2 monoclonal antibody
(1 : 250 dilution, v/v) (Santa Cruz Biotechnology) and polyclonal anti-Bax (1 : 200
dilution, v/v) (Calbiochem, Darmstadt, Germany). Antibody binding was detected with
secondary anti-mouse or anti-rabbit IgGs coupled with horseradish peroxidase
(Pierce) and revealed with the enhanced chemiluminescence kit (Pierce).

BrdU and HUA experiments. Xp27BBP/eIF6 overexpressing embryos were
injected at st.28 with BrdU (Roche, Mannheim, Germany) in the gut, fixed 2 h later
and cryostat-sectioned. Preliminary experiments showed that at this stage cell
division occurs in a few minutes (see also Viczian et al.19). Sections were washed
with 2 N HCl for 45min and then neutralized with several phosphate-buffered saline
(PBS) washes. The mouse anti-BrdU antibody (Sigma) was added at 1 : 500 dilution
and the sections were incubated at 4 1C overnight. Staining was completed
by incubation with BODIPY FL goat anti-mouse IgG (Invitrogen). To block DNA
synthesis, embryos were incubated in a solution of 20mM HUA (Sigma) and

150mM aphidicolin (Sigma) in 0.1� Ringer as described in Harris and
Hartenstein.24 Aphidicolin was diluted from 10mg/ml stock in dimethyl sulfoxide.
Embryos were kept in HUA at 16 1C for 5 h until fixation.

TUNEL staining. TUNEL staining for the identification of apoptotic cells was
carried out using the ApopTag Peroxidase In situ Apoptosis Detection Kit
(Chemicon International, Inc., Temecula, CA, USA) in accordance with the
manufacturer’s instructions. Counts of TUNEL-positive nuclei in sections of fixed
embryos were reported in histograms in which the ordinates indicate percentages of
apoptotic cells with respect to the total number of counted apoptotic cells (100%).
The data were statistically validated by PAIRED t-test analysis.

The whole-mount TUNEL staining protocol was performed as described in
Hensey and Gautier.16 Detection and chromogenic reaction was carried out as
in Harland.36 The embryos were blocked in 20% goat serum, followed by incubation
with the anti-digoxigenin antibody coupled to alkaline phosphatase (Roche).
Staining was developed using BM-purple (Roche). Embryos were viewed following
dehydration in methanol and mounting in benzyl benzoate/benzyl alcohol 2 : 1.
Whole mounts were photographed at the Leica MZ 16F. Some embryos were
cleared, paraffin-embedded and sectioned.

Immunofluorescence. X. laevis embryos were fixed in 4% formaldehyde at
4 1C and stored in 100% methanol at �20 1C. Frozen sections of 10-mm thickness
were obtained for immunofluorescence after embedding and freezing in Killik
(Bio Optica, Milan, Italy). Nonspecific background was blocked by incubating the
sections for 30min in normal goat serum 3% in PBS, 0.5% BSA, 0.1% Tween before
exposure to O/N at 4 1C to rabbit anti-p27BBP/eIF6,1,7 rabbit anti-GFP (Molecular
Probe, Milan, Molecular probes-Invitrogen) or to polyclonal anti-pH3 antibody
(UPSTATE, Lake Placid, NY, USA), diluted 1 : 500 in PBS containing 0.5% BSA and
0.1% Tween. Staining was completed by incubating the samples with anti-rabbit
goat IgG BODIPY FL-conjugated or Texas-Red-conjugated (Molecular Probe),
followed by nuclei counterstaining with DAPI and mounting in PBS/glycerol (9 : 1, v/v).
Sections were observed and photographed using a Leica CTR 6500 UV microscope
equipped with a Leica application suite.

The number of anti-pH3-positive nuclei counted in sections of fixed embryos was
reported in histograms in which the ordinates indicate percentages of labeled cells
with respect to the total number of labeled cells (100%) counted in an embryo
entirely sectioned. All the data are statistically validated by PAIRED t-test analysis.

Immunohistochemistry. Whole-mount antibody staining was performed
following standard procedures for indirect immunohistochemistry using an anti-
muscle ATPase monoclonal antibody 12/101 at 1 : 10 dilution. This antibody was
developed by Dr JP Brockes (Department of Biochemistry and Molecular Biology,
University College London, London, UK), obtained from the Developmental Studies
Hybridoma Bank (under the auspices of the National Institute of Child Health and
Human Development, NIH) and maintained at the University of Iowa, Department of
Biological Sciences, Iowa City, IA, USA. The protocol was completed by incubating
the samples with the biotinylated secondary antibody and the avidin-biotinylated
peroxidase complex (Vector Laboratories, Inc, Burlingame, CA, USA). The reaction
product was visualized by incubation in diaminobenzidine (Vector Laboratories).
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In X. laevis embryos high levels of the anti-apoptotic factor
p27BBP/eIF6 are stage-dependently found in BrdU and
TUNEL-reactive territories
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Summary
p27BBP/eIF6 (β4 binding protein/eukaryotic initiation factor 6) is a highly conserved protein necessary
for cell life. In adult eIF6 mice, a 50% decrease in the protein levels in all tissues is accompanied
by a reduction in cell proliferation only in the liver, fat cells and cultured fibroblasts. During
X. laevis embryogenesis expression of p27BBP/eIF6 is abundant in high proliferative territories.
However, in Xenopus cell proliferation appears unaffected following p27BBP/eIF6 over-expression
or down-regulation. Indeed, p27BBP/eIF6 is an anti-apoptotic factor acting upstream of Bcl2 that
reduces endogenous apoptosis. We studied p27BBP/eIF6 protein localization in wild type embryos
and compared it to proliferation and apoptosis. At the beginning of embryogenesis, high levels of
p27BBP/eIF6, proliferation and apoptosis overlap. In later development stages high proliferation levels
are present in the same regions where higher p27BBP/eIF6 expression is observed, while apoptosis
does not appear specifically concentrated in the same sites. The higher presence of p27BBP/eIF6 would
appear related to an increased need of apoptosis control in the regions where cell death is essential for
normal development.

Keywords: Apoptosis, p27BBP/eIF6, Proliferation, TUNEL, Xenopus laevis

Introduction

In building an embryo, complex mechanisms operate
to increase, model and attribute specific traits to
developing anlagen. Proliferation and apoptosis are
the main sculptors acting in this process. In Xenopus
laevis embryogenesis, apoptosis controls the absolute
cell number and its occurrence is regulated in time and
during development, starting from the beginning of
gastrulation (Hensey & Gautier, 1997). Bcl-2 and Bax
balance and activation of downstream caspases are the
main mechanisms involved in the control of apoptosis
in this organism (Finkielstein et al., 2001; Yeo & Gautier,
2003). It was recently suggested that apoptosis may
be further modulated during X. laevis development

1All correspondence to: N. De Marco. Department of Struc-
tural and Functional Biology, University of Naples Federico
II, Naples, Italy. Tel: +39 081 679189. Fax: +39 081 679233.
e-mail: nademarc@unina.it
2Department of Structural and Functional Biology, Univer-
sity of Naples Federico II, Naples, Italy.

through p27BBP/eIF6 (β4 binding protein/eukaryotic
initiation factor 6), which inhibits cell death by acting
upstream of Bcl2 (De Marco et al., 2010).

p27BBP/eIF6 is a highly conserved protein neces-
sary for cell life (Sanvito et al., 1999; Gandin et al., 2008).
It regulates translation by preventing the interaction of
40S ribosomal subunits with 60S subunits through its
binding to 60S ribosomes. In mammalian cells, upon
PKC phosphorylation in serine 235, p27BBP/eIF6 is
released from 60S to start translation (Ceci et al., 2003;
Miluzio et al., 2009). This phosphorylative event may
occur downstream of extra-cellular signalling such as
insulin/growth factors indicating that p27BBP/eIF6
is a 60S-associated initiation factor able to modulate
translation in vivo (Gandin et al., 2008). The 235 SmR
potential PKC phosphorylation site is also found
in Xenopus p27BBP/eIF6 cDNA, in which a serine
phosphorylated isoform has been reported as well
(Carotenuto et al., 2005; Vaccaro et al., 2006a,b).

Significantly, p27BBP/eIF6 appears to be selective
in regulating translation of certain mRNAs, as in the
case of β-catenin (Ji et al., 2008) and of a factor acting
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upstream of Bcl-2 (De Marco et al., 2010). Moreover,
its expression is variable among cell types (Donadini
et al., 2001) and p27BBP/eIF6 mRNA and protein
levels are high in rapidly proliferating cancer cells and
low in cells committed to apoptosis (Sanvito et al.,
2000).

During Xenopus embryogenesis, modulated expres-
sion of p27BBP/eIF6 occurs in developing anlagen
in addition to a basal level of expression. In
particular, p27BBP/eIF6 mRNA is abundant in the
eye field and in the mid-hindbrain boundary, two
regions with high proliferation levels suggesting a
correlation between p27BBP/eIF6 and proliferative
activity (Vaccaro et al., 2006a,b). In Xenopus embryos,
following p27BBP/eIF6 ectopic over-expression or
down-regulation, cell proliferation appears unaffected
(De Marco et al., 2010), suggesting that under these ex-
perimental conditions, cell proliferation and apoptosis
inhibition are uncoupled events. However, at present
it is not known whether, during development of wild
type embryos, the higher presence of p27BBP/eIF6
coincides with high activity of cell proliferation or low
apoptosis levels, suggesting the existence of complex
physiological co-ordination of such events.

In this paper we performed immunofluorescence
with anti-p27BBP/eIF6-specific antibody, BrdU
injection and TUNEL staining to investigate the
correlation of p27BBP/eIF6 protein localization with
proliferation and apoptosis levels in developing
Xenopus embryos. Our data indicate that p27BBP/eIF6
is present throughout embryogenesis. However,
the presence of this protein varies according to the
sites where high proliferative activity occurs. Cell
death appears variously associated to proliferative
evidence and p27BBP/eIF6 localization. Indeed, at
the beginning of embryogenesis a high concentration
of p27BBP/eIF6 is correlated with high levels of both
apoptosis and proliferation. Late in development,
greater presence of p27BBP/eIF6 is always coincident
with high mitotic activity whereas cell death decreases
and is ubiquitously present.

Material and methods

Animals

Adult Xenopus laevis females were obtained from
‘Rettili’ Varese, Italy. They were kept and utilized
at the Department of Structural and Functional
Biology of the University of Naples, Federico II,
according to the guidelines and policies dictated by
the University Animal Welfare Office and in agreement
with international rules.

To obtain eggs, X. laevis females were injected in the
dorsal lymphatic sac with 500 units of Gonase (AMSA)

in amphibian Ringer’s solution (111 mM NaCl, 1.3 mM
CaCl2, 2 mM KCl, 0.8 mM MgSO4, 25 mM HEPES,
pH 7.8). Fertilized eggs and embryos were obtained by
standard insemination methods (see De Marco et al.,
2010) and staged according to Nieuwkoop & Faber
(1967).

Immunofluorescence

X. laevis embryos were fixed in 4% formaldehyde
at 4◦C and stored in 100% MetOH at –20◦C. For in
toto immunofluorescence after incubation in hydrogen
peroxide/methanol 1:2 (v/v) for about 2 days, the
samples were incubated with rabbit anti-p27BBP/eIF6
antibody (Biffo et al., 1997; Carotenuto et al., 2005)
or polyclonal anti-pH3 antibody (UPSTATE) diluted
1:500 PBS/0.5%BSA/0.1% Triton X-100. The secondary
antibody was goat anti-rabbit IgG BODIPY FL-
conjugated (Molecular Probes). The embryos were
then dehydrated in graded methanol and cleared
in benzyl alcohol/benzyl benzoate 1:2 (v/v). Whole
mounts were photographed with a Leica MZ 16F. For
immunofluorescence on frozen section 10 µm-thick
sections were obtained after embedding and freezing
in Killik (Bio Optica). Non-specific background was
blocked by incubating the sections for 30 min in
normal goat serum 3% in PBS, 0.5% BSA, 0.1%
Tween, prior to exposure O/N at 4◦C to rabbit anti-
p27BBP/eIF6 diluted 1:500 in PBS containing 0.5%
BSA and 0.1% Tween. Staining was completed by
incubating the samples with anti-rabbit goat IgG
BODIPY FL-conjugated (Molecular Probes), followed
by nuclei counter-staining with DAPI and mounting
in PBS/glycerol (9:1, v/v). Sections were observed
and photographed with a Leica CTR 6500 UV
microscope equipped with the Leica application
suite.

TUNEL staining

TUNEL staining to identify apoptotic cells was
performed using ApopTag Peroxidase In Situ Ap-
optosis Detection Kit (Chemicon), in accordance
with the manufacturer’s instructions. The whole-
mount TUNEL staining protocol was performed as
described in Hensey & Gautier (1997). Detection
and chromogenic reaction were carried out according
to Harland (1991). The embryos were blocked in
20% goat serum, followed by incubation with anti-
digoxigenin antibody coupled to alkaline phosphatase
(Roche). Staining was developed using BM-purple
(Roche). Embryos were viewed following dehydration
in methanol. Whole mounts were photographed on a
Leica MZ 16F.
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Figure 1 In toto immunofluorescence with anti-p27BBP/eIF6 antibody of stage 14 embryo, dorsal (a) and lateral (b) view.
Staining is relevant in the neural plate (arrow) and in the anteriormost region indicated by the arrowhead. (c) Apoptosis
detected by in toto TUNEL assay at stage 14 embryo. A strong signal is present in the neural plate (arrow) with the most intense
staining corresponding to the anteriormost portion (arrowhead). (d) immunofluorescence with anti-pH3 antibody. At the early
neurula stage numerous mitotic cells are present in the whole embryo. The strongest staining is localized in the developing
neuroepithelium (arrow for posteriormost and arrowhead for anteriormost neuroepithelium). (e) In toto immunofluorescence
using only secondary antibody BODIPY-conjugates anti-rabbit goat IgG. Staining is absent.

BrdU experiments

Embryos were injected with BrdU (5-bromo-2�-
deoxyuridine, Roche) in the gut, fixed 2 h later and
cryostat sectioned. Preliminary experiments showed
that cell division occurs in a few minutes (see also
Viczian et al., 2003). Sections were washed with 2 N
HCl for 45 min and then neutralized with several
PBS washes. The mouse anti-BrdU antibody (Sigma)
was added at 1:500 dilution and the sections were
incubated at 4◦C overnight. Staining was completed
by incubation with BODIPY FL goat anti-mouse IgG
(Invitrogen, Molecular Probes).

Results

Stage 14

p27BBP/eIF6 localization was studied by in toto im-
munofluorescence in stage 14 embryos. The immuno-
staining was highly concentrated in the neural plate
along the anteroposterior axis of the embryo and in
the anteriormost region in territories fated to develop
eyes and part of the encephalon (Fig. 1a,b). Apoptosis
was detected by in toto TUNEL-staining. Labelled cells
were found in the dorsal region where they appear to
mark the neural plate, being highly concentrated at its
anterior edge (Fig. 1c). We performed immunostaining
with an antibody against phosphorylated histone H3,
which specifically recognizes mitotic chromosomes.
High levels of cell proliferation were present in
whole embryos and were mostly localized in the
developing neural plate (Fig. 1d). The immunostaining
was specific, as indicated by the absence of a signal,
when the primary antibody was absent (Fig. 1e).
Therefore, at the beginning of embryogenesis, high
levels of p27BBP/eIF6, proliferation and apoptosis are
coincident.

Stage 24

At tailbud stage p27BBP/eIF6 in toto immunofluores-
cence was detected throughout the developing brain,
otic and optic vesicles, branchial arches and somites
(Fig. 2a). In particular, the pattern of p27BBP/eIF6
distribution was studied during brain and eye
formation. At stage 24, the neural tube is fully
formed and differentiated into forebrain, midbrain
and hindbrain. The optic vesicle has evaginated
from the prosencephalon and makes contact with
the overlying epidermis. The retina consists of a
single population of neuroepithelial cells (Nieuwkoop
& Faber, 1967; Holt et al., 1988; Eagleson et al.,
1995). Immunofluorescence was performed, as well,
on embryo frozen sections. Extensive p27BBP/eIF6
labelling was observed in all brain regions and
in the undifferentiated cells of the optic stalk,
presumptive retinal pigment epithelium and neural
retina (Fig. 2b,c). BrdU and TUNEL experiments were
performed on serial section of stage 24 embryos. BrdU
labelling showed mitotic cell throughout the brain
and eye. Indeed, at this stage most of the cells are
still actively proliferating. However, TUNEL assay
showed diffuse staining in the developing brain and
eye and no tissue-specific localizations were found
(Fig. 2e). The immunostaining was specific (Fig. 2f,g).
Therefore while the greater presence of p27BBP/eIF6
and proliferation are coincident, apoptosis diminishes
in the brain and eyes and does not appear to have
specific localizations.

Stage 32

The general pattern of the brain and connected
sensorial placodes is established at about stage 28
(Nieuwkoop & Faber, 1967). At stage 32, the eye cup
is formed and cells are being generated in the central
retina while some cells continue to divide in the ciliary
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Figure 2 (a) At stage 24, in toto immunofluorescence shows
the presence of p27BBP/eIF6 in somites (s), branchial arches
(ba) and in the anlagen of optic (e) and otic (otv) vesicles.
(b) immunofluorescence with anti-p27BBP/eIF6 antibody on
a section of a stage 24 embryo. The protein is abundant
in developing brain (arrow) and retina (arrowhead). (c)
DAPI staining of section (b). BrdU immunolocalization
(d) and TUNEL assay (e) was performed in serial cross-
sections of stage 24 embryos. High proliferation rates are
present in developing brain (arrow) and eye (arrowhead),
while apoptosis levels are reduced compared with earlier
stages of neurulation both in brain and in retina (e).
Immuno-fluorescence controls using only anti-rabbit goat
IgG BODIPY-conjugates as control for anti-p27BBP/eIF6
immunofluorescence (f) and anti-mouse goat IgG BODIPY-
conjugates as control for anti-BrdU immunofluorescence (g).
Staining is absent.

marginal zone (CMZ), the most peripheral region of
the retina (Straznicky & Gaze, 1971; Wetts et al., 1989).
High levels of p27BBP/eIF6 were expressed in the
brain, otic vesicle, optic cup as well as in branchial
arches and somites (Fig. 3a). In particular, anti-
p27BBP/eIF6 immunostaining detected high concen-
trations of the protein in more restricted regions than
in earlier stages. Indeed the stain was segregated in the
dorsal region of the brain and in the CMZ (Fig. 3b,f,i).
BrdU and TUNEL experiments on serial sections of
stage 32 embryos showed that higher proliferation and
apoptosis rates were found in the dorsal with respect to
the ventral region of the brain (Fig. 3d,e,h,j). In the eye,
many cells were post-mitotic and the majority of the
BrdU immunostaining was found in the CMZ, while
TUNEL-positive nuclei were detected in the whole
developing retina including the CMZ (Fig. 3d,e,j,k).
Taken together, these data show that in the brain
the levels of p27BBP/eIF6, proliferation and apoptosis
are nearly overlapping. In contrast, in the eye the
TUNEL reaction is found in the whole retina and does
not appear specifically concentrated in the same sites
where strong localization of both anti-BRDU and anti-
p27BBP/eIF6 immunostaining was found.

Stage 45

In the stage 45 brain, p27BBP/eIF6 immunofluor-
escence was abundant in the subependymal layer
(Fig. 4a), cell division and apoptosis were localized
as well in the subependymal layer as revealed by
intense BrdU and TUNEL signals close to the ventricle
(Fig. 4c,d). At the same stage, the retina is fully
laminated, with three distinct nuclear layers separated
by two plexiform layers where retinal cell types can
be distinguished by morphological and cytological
criteria (Straznicky & Gaze, 1971). In the mature retina
p27BBP/eIF6 was localized in the CMZ (Fig. 4e), where
high proliferative activity was demonstrated by the
presence of BrdU staining (Fig. 4g). TUNEL signal
was detected in all layers of the retina including
the CMZ (Fig. 4h). Therefore, at stage 45, higher
p27BBP/eIF6 presence, proliferation and apoptosis are
fully overlapping in the brain. However, in the eye
high levels of p27BBP/eIF6 and mitosis are restricted
to the CMZ while cell death is widespread and not
layer-specific as in previous stages.

Discussion

In adult eIF6+/− mice, while the eIF6 level is 50%
lower in all tissues, the cell proliferation rate is largely
unchanged except for a reduction in the liver, fat
cells and cultured fibroblasts (Gandin et al., 2008). In
contrast, in p27BBP/eIF6 morphants of Xenopus laevis,



p27BBP/eIF6 in X. laevis embryos 161

Figure 3 p27BBP/eIF6 localization in stage 32 embryos. (a) A
strong signal is present in somites (s), branchial arches (ba)
and developing eye (e). (b) Immunofluorescence on sections
shows that p27BBP/eIF6 label is more abundant in dorsal
region of the brain (arrow) and in ciliary marginal zone
of the eye (arrowhead). (c) DAPI staining of section (b).
Immunostaining with anti-BrdU antibody (d) and TUNEL

cell proliferation levels are unchanged with respect to
controls (De Marco et al., 2010). It should be observed
that the conditions of down-regulation experiments
are not fully comparable in the mouse and the frog.
Indeed, in eIF6+/− mice, p27BBP/eIF6 haploidism is
genetically fixed and leads to chronic depletion of
eIF6 in contrast to Xenopus p27BBP/eIF6 morphants
where depletion is acute. Moreover, different organs
and time-points were analyzed (Gandin et al., 2008;
De Marco et al., 2010). In the opposite condition,
i.e., when p27BBP/eIF6 is over-expressed, the data
available for Xenopus embryogenesis indicate that any
increase in cell proliferation occurs in p27BBP/eIF6
over-expressors. Yet in these experimental conditions,
the induced high levels of p27BBP/eIF6 expression
were found to reduce endogenous apoptosis, acting
upstream of Bcl2 (De Marco et al., 2010).

In the present paper we studied p27BBP/eIF6
protein localization in wild-type embryos and com-
pared it to proliferation and apoptosis, in light of
the recent data on the role of p27BBP/eIF6 as an
anti-apoptosis factor and taking into consideration
that in natural conditions high levels of p27BBP/eIF6
expression occur in developing anlagen of Xenopus
laevis (Vaccaro et al., 2006a,b). We focused on brain and
eye development because they are excellent models
for studies of cellular proliferation and differentiation.
Indeed, these organs have reproducible stereotypic
pattern of cell division and apoptosis required for
their morphogenesis (Eagleson et al., 1995; Hensey &
Gautier, 1998; Yeo & Gautier, 2003).

Immunofluorescence data showed that high levels
of p27BBP/eIF6 protein are present in the neural
tube and the presumptive eye field from the start of
neurulation. Similarly, high proliferation levels were
observed in the majority of cells of stage 14 embryos
and these rates are greatest in antero-dorsal areas
i.e. coincident with the localization of p27BBP/eIF6.

assay (e) on serial sections of a stage 32 embryo show
that proliferation and apoptosis are overlapping in the
brain. In contrast, in the eye anti-BRDU immunostaining
is restricted to CMZ, while TUNEL staining is diffuse in
the whole retina. (f) Higher magnification of the brain
showed in b. Most anti-p27BBP/eIF6 immunostaining is
next to the ventricle in dorsal region of the brain (arrow).
(g, h) Details of parts (d) and (e) respectively show that
BrdU and TUNEL assays stain the same sites (arrows)
strongly labelled by anti-p27BBP/eIF6 antibody. (i) Higher
magnification of eye showed in section (b). High levels
of p27BBP/eIF6 are present in CMZ (square). (j) detail of
section (d) shows a strong localization of mitotic cells in CMZ
(square) overlapping with p27BBP/eIF6 immunostaining. (k)
detail of section (e) shows that apoptotic cells are diffuse in
all developing retina including CMZ. D-V, dorsoventral axis.
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Figure 4 p27BBP/eIF6 (a); DAPI staining (b); BrdU immunofluorescence (c); and TUNEL assay (d) in brain of stage 45 embryo.
Most p27BBP/eIF6, BrdU and TUNEL signals are close to the brain ventricle (arrow). In the fully laminated retina p27BBP/eIF6
(e) and BrdU (g) staining is restricted to CMZ (arrowhead), whilst the TUNEL signal (h) is present in the whole retina. (f) DAPI
staining.

In these embryos, dorsal embryonic regions are also
heavily labelled with TUNEL assay, in agreement
with previous studies where a possible interaction
was suggested between apoptosis and proliferation in
regulating the physiological number of cells within the
developing neuroectoderm (Yeo & Gautier, 2003).

At stage 24, high levels of proliferation are
present in the same regions where p27BBP/eIF6
major expression is observed, while cell death was
considerably reduced compared with earlier stages of
neurulation. This finding may be because, at this stage,
p27BBP/eIF6 activity as a modulator of apoptosis
becomes evident.

In later stages of development (stages 32–45) when
the brain acquires most of its form and structure
(Nieuwkoop & Faber, 1967), the cell proliferation
rate and p27BBP/eIF6 presence are restricted to
specific areas of the brain. Indeed, the BrdU-detected
mitoses localize in selected areas such as the sub-
ependymal layer of CNS and the CMZ of the eye,
a perpetually self-renewing proliferative neuroepithe-
lium at the perimeter of the retina in amphibians
and fish (Straznicky & Gaze, 1971; Johns, 1977; Reh
& Kljavin, 1989; Wetts et al., 1989). Apoptosis is
similarly localized, but it is more widespread and not
restricted to the same areas highly reactive with anti-
p27BBP/eIF6 and anti-BrdU antibodies. We surmise
that high levels of p27BBP/eIF6 are required for fine
regulation of apoptosis which appears to play a pivotal
role in the morphogenesis of the brain (Hensey &

Gautier, 1998). Indeed, apoptosis regulates primary
neurogenesis at the level of neuronal determination
(Yeo et al., 2003).

In conclusion this study shows that high levels
of p27BBP/eIF6 are present in highly proliferative
regions, where apoptosis is also physiologically
required for normal development. We hypothesize
that p27BBP/eIF6 finely regulates the development
machinery in stages of neural differentiation and
organogenesis by acting through its ability to switch
the apoptotic Bcl-2-Bax balance to cell survival.
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a b s t r a c t

The translation initiation factor eif6 has been implicated as a regulator of ribosome assembly, selective

mRNA translation and apoptosis. Many of these activities depend upon the phosphorylation of eif6

serine 235 by PKC. Previous data showed that eif6 binds to the 60S ribosomal subunit when

unphosphorylated, inhibiting assembly with the 40S subunit. Phosphorylation of Ser235 releases eif6

from the 60S subunit and allows assembly. eif6 acts as an anti-apoptotic factor via regulation of the

bcl2/bax balance and acts selectively upstream of bcl2. This activity also depends upon phosphorylation

of eif6 Ser235. One of the consequences of eif6 overexpression in Xenopus embryos is aberrant eye

development. Here we evaluate the eye phenotype and show that it is transient. We show that the

whole eye, particularly the retina layers, of the embryos injected with eif6-encoding mRNA recover by

stage 42. Embryos over-expressing eif6 have normal expression of anterior- and brain-specific markers,

indicating that outside the eye field, other neural regions appear unaffected by the eif6 injection. No eye

defect was detected when morpholinos were used to reduce eif6 protein synthesis. We tested how two

known pathways of eif6 function with respect to alteration of eye development. We found that

injection of bcl2 did not produce the eye phenotype and eif6-bax co-injection did not rescue the eye

defect, suggesting that the eye phenotype is not bearing on the anti-apoptotic role played by eif6 is not

linked to its role as an anti-apoptotic factor. We also determined that PKC-dependant phosphorylation

of Ser235 in eif6 is not required to produce defective eye development. These results indicate that the

aberrant eye phenotype, produced by eif6 overexpression, is not directly linked to the PKC-regulated

effects of eif6 on translation and ribosomal subunit interaction or on eif6 anti-apoptotic properties.

& 2011 International Society of Differentiation. Published by Elsevier Ltd. All rights reserved.

1. Introduction

P27BBP/eif6 (b4 binding protein/eukaryotic initiation factor 6)
or eif61 is a protein necessary for cell life and is highly conserved
from yeast to Homo sapiens (Sanvito et al., 1999; Gandin et al.,
2008). Eif6 binds to the 60 S ribosomal subunit when it is
unphosphorylated, inhibiting assembly with the 40S subunit. In
mouse cells, Ceci et al. (2003) showed that, upon PKC phosphor-
ylation of serine 235, Eif6 is released from the 60S ribosomal
subunit and translation can initiate. In Xenopus, eif6 is similarly
present in the 60S subunits. In this system, immunoprecipitation
of eif6 leads to co-precipitation of ribosomal protein L5. In
ribosome profiles, eif6 sediments with ribosomes, peaks at

60–80S and is absent in polysomes. Moreover, the Ser235 PKC
phosphorylation site is also found in Xenopus eif6 cDNA, and a
serine-phosphorylated isoform of eif6 is detectable in embryo
lysates (Carotenuto et al., 2005; Vaccaro et al., 2006).

PKC phosphorylation may occur downstream of extra-cellular
signalling such as insulin/growth factors, indicating that Eif6 is able
to modulate translation in vivo upon specific or integrating stimula-
tion (Gandin et al., 2008). Significantly, EIF6 appears to be selective
in regulating the translation of certain mRNAs, as in the case of
b-catenin (Ji et al., 2008). This intriguing selectivity in regulating
translation is not fully understood, but it may entail the above-
mentioned phosphorylation of Ser235 and/or a role associated with
mi-RNAs. EIF6 is, in fact, part of the RISC (RNA-induced silencing
complex), which also contains the 60S ribosomal subunit and may
inhibit translation by blocking ribosome recycling on selected target
mRNAs (Chendrimada et al., 2007; Ji et al., 2008). However, in other
systems, eIF6 does not appear to be necessary for mi-RNA-based
translation repression (Eulalio et al., 2008).

The Xenopus laevis embryo is a useful model to explore the
selectivity of eif6 action. In this embryo, a modulated expression of
eif6 occurs in the developing anlagen, in addition to a base level of
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expression. In particular, eif6 mRNA is abundant in the dorsal
mesoderm, in the eye field and the mid-hindbrain boundary
(Vaccaro et al., 2006). Overexpression of eif6 in the Xenopus embryo
produces two altered phenotype features: a bending of the embryo
along the right/left axis and a defect in eye formation. While no data
are available for the eye defect, previous experimentation indicated
that, in eif6 overexpressors, the bending is due to a decrease of
apoptosis in the injected side (De Marco et al., 2010a). In Xenopus

embryogenesis, apoptosis controls the absolute cell number and its
timing is regulated during development (Hensey and Gautier, 1997).
eif6 inhibits cell death by acting upstream of bcl2, suggesting that
apoptosis may be further modulated during X. laevis development
by fine tuning this protein. The anti-apoptotic action of eif6 requires
the conservation of Ser235. As eif6 overexpression causes an
increase in both the mRNA and the protein levels of bcl2, it was
concluded that eif6 acts through an unknown factor that selectively
acts upstream of bcl2 (De Marco et al., 2010a,b).

In this paper, we found that eif6 overexpression affects eye
development. We investigated whether the defect in the eye
correlates with the observed decrease in apoptosis occurring in
the injected side of the embryo (De Marco et al., 2010a). Indeed, Yeo
and Gautier (2003) demonstrated that apoptosis regulates primary
neurogenesis at the level of neuronal determination, indicating that
apoptosis is essential for proper morphogenesis of neural tube-
derived organs. We therefore hypothesised that the reduction in cell
death due to eif6 overexpression may correlate to the eye defect in
morphogenesis. In contrast, our data indicate that the altered eye
phenotype caused by eif6 overexpression cannot be mimicked by
bcl2 overexpression. Moreover, we show that in embryos injected
with eif6 morpholino the eye phenotype does not differ from that of
w.t. embryos while, following injection of different dosages of eif6, it
was found that even a minor increase in eif6 level produces altered
eye phenotypes. Therefore, we concluded that for proper eye
development the eif6 level should be kept within or below the
physiological range. Embryos injected with eif6 mutated in Ser235
showed the altered eye phenotype, suggesting that the eye defect is
not related to eif6 impairment of ribosomal subunit association
through PKC phosphorylation (Ceci et al., 2003).

2. Materials and methods

2.1. Animals

Adult Xenopus laevis females were obtained from Rettili,
Varese, Italy. They were kept and utilised at the Department of
Structural and Functional Biology at the University of Naples
Federico II, according to the guidelines and policies dictated by
the University Animal Welfare Office and in agreement with
international regulations.

To obtain eggs, X. laevis females were injected in the dorsal
lymphatic sac with 500 units of Gonase (AMSA, Rome, Italy) in
Amphibian Ringer (111 mM NaCl, 1.3 mM CaCl2, 2 mM KCl,
0.8 mM MgSO4, 25 mM Hepes, pH 7.8). Fertilised eggs and
embryos were obtained by standard insemination methods and
staged according to Nieuwkoop and Faber (1967).

2.2. Microinjections

The pCS2eif6, pCS2bcl2 and pCS2S235A plasmids were used, as
described in De Marco et al. (2010a). The pCS2MTXBax plasmid
was kindly offered by JL Maller (University of Colorado, School of
Medicine, USA). The pCS2bgal was generously supplied by M. Ori
(University of Pisa, Italy). Capped synthetic RNAs were generated
by in vitro transcription using the Sp6 Message Machine kit
(Ambion, Austin, TX, USA). The eif6 antisense morpholino used

was 50-GCGGACGGCCATGTTGGCTTCTTAG-30 (Gene Tools LLC,
Philomath, OR, USA). The mispaired morpholino control used
was 50-GCcGACcGCCATcTTGcCTTCTaAG-30 (Gene Tools LLC).
pCS2MTGFP or pCS2bgal mRNA was always co-injected to label
the injected side. RNAs were injected into the animal hemisphere
of a single cell of one- or two-cell embryos using a Drummond
‘Nanoject’ apparatus. During injection, embryos were cultured in
3% Ficoll in 0.1% Ringer. The phenotype of the injected embryos
was scored when the un-injected embryos reached stage 35/36.
The samples were photographed with a Leica MZ 16F UV stereo-
microscope, equipped with a Leica DFC 300Fx camera and IM50
image manager software.

2.3. In situ hybridisation

In situ hybridisation was performed as described (Vaccaro et al.,
2006). Antisense digoxigenin-labelled RNA probes of rax, pax6,
six3, sox2, rbpms, nrl, fgf8 (generously supplied by R. Vignali,
M. Andreazzoli, University of Pisa, Italy and S. Casarosa, University
of Trento, Italy) and otx2, en2, egr2 (kindly supplied by M. Pannese,
Ospedale San Raffaele DIBIT, Milan, Italy) were synthesised with
RNA T7 or SP6 polymerases (Roche, Mannheim, Germany).
b-galactosidase activity was visualised in embryos using Red-Gal
(Biosynth, Staad, Switzerland). Sections were observed and photo-
graphed using a Leica 6500 microscope. Whole mounts were
photographed with a Leica MZ 16F.

2.4. Immunofluorescence

X. laevis embryos were fixed in 4% formaldehyde at 4 1C and
stored in 100%methanol at 20 1C. Frozen sections of 10 mm thickness
were obtained for immunofluorescence after embedding and freezing
in Killik (Bio Optica, Milan, Italy). Non-specific background was
blocked by incubating the sections for 30 min in normal goat serum
3% in PBS, 0.5% BSA, 0.1% Tween before exposure overnight at 4 1C to
rabbit anti-Eif6 (1:500 dilution v/v; generous gift of P.C. Marchisio
and S. Biffo, DIBIT, Milan, Italy) and rabbit anti-GFP (1:500 dilution
v/v; Invitrogen). Staining was completed by incubating the samples
with BODIPY FL-conjugated or Texas-Red-conjugated anti-rabbit goat
IgG (Invitrogen, Life Technologies, Carlsbad, CA, USA); nuclei were
counter-stained with DAPI. Sections were observed and photo-
graphed using a Leica CTR 6500 UV microscope equipped with a
Leica application suite.

2.5. TUNEL staining

TUNEL staining for the identification of apoptotic cells was
carried out using the ApopTag Peroxidase In situ Apoptosis
Detection Kit (Chemicon International, Inc., Temecula, CA, USA)
in accordance with the manufacturer’s instructions.

2.6. Western blot

For western blot experiments the embryos were injected on
both sides of the two-cell stage and harvested until stage 28.
Embryos were homogenised in HEPES buffer pH 7.5 containing
900 mM glycerol, 0.02 mM NaN3, 1 mM ATP, 1 mM DTT, 5 mM
ethylene glycol tetraacetic acid (EGTA) and protease inhibitors as
described in De Marco et al. (2010a). Western blotting on
nitrocellulose membrane was carried out as in De Marco et al.
(2010a). Antibody incubation was carried out using rabbit anti-
Eif6 antibody (1:1000 dilution v/v), mouse anti-b catenin (1:500
dilution v/v; Santa Cruz Biotechnology, inc.), mouse anti-Bcl2
(1:250 dilution v/v; Santa Cruz Biotechnology, inc.), mouse anti-
myc (1:1000 dilution v/v; Sigma) and mouse anti-a-tubulin
(1:500 dilution, v/v; Sigma, St. Louis, MO, USA). Antibody binding
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was detected with secondary anti-mouse or anti-rabbit IgGs
coupled with horseradish peroxidase (Pierce, Rockford, IL, USA)
and revealed with the enhanced chemiluminescence kit (Pierce).

2.7. RNA extraction and RT-PCR

Total RNA was extracted from batches of five embryos using Tri
Reagent (Sigma) according to the manufacturer’s recommendations.
RT-PCR was performed using the Super Script VILO cDNA synthesis
kit (Invitrogen Life Technologies) and primers for b-catenin (forward:
AGATGCAGCAACTAAACAGGA and reverse: GTACTGCATTTTGAGC-
CATCT ) histh4 (forward: CGGGATAACATTCAGGGTA and reverse:
TCCATGGCGGTAACTGTC).

3. Results and discussion

3.1. Overexpression of eif6 affects eye development

The endogenous eif6 mRNA and corresponding protein are
constantly present in the eye field during its early formation and

in the neuroectoderm region (Vaccaro et al., 2006; De Marco et al.,
2010b). Our preliminary results indicated that eif6 mRNA,
injected into a blastomere at the onset of development (stage 2),
interferes with eye formation; in stage 35 the eye of the injected
side displays an altered morphogenesis. However, at stage 42, the
eye recovers in all the observed cases, suggesting that the eye
phenotype is due to a delay in eye morphogenesis. In this study,
we injected eif6 mRNA (100 pg to 400 pg), together with GFP

mRNA (300 pg) or ß-galactosidase mRNA (400 pg), into a blas-
tomere of the two-cell stage X. laevis embryo to investigate the
effects of eif6 overexpression on eye development. In these
experiments, the uninjected side can be considered to be the
natural control of each assay because the first cleavage plane
divides the embryo into two symmetrical halves. When injected
embryos were scored at stage 35 we observed that eye formation
was markedly affected with high dosages of the injected mRNA.
Indeed, in 70% (n¼98) of embryos receiving 400 pg of eif6 mRNA,
the eye derived from the injected blastomere was reduced in size
or apparently absent (Fig. 1a–f). Even when we injected the
blastomere with a lower dosage (100 pg) of the mRNA, 50%
(n¼90) of the embryos showed a defective eye phenotype.

Fig. 1. Effects of eif6 overexpression on eye formation. (a)–(f) Three different embryos injected with 400 pg eif6mRNA and 300 pg GFP mRNA into one blastomere of the

two-cell stage and harvested at stage 35. Micrographs of the two sides (a and b; c and d; e and f) of the same embryos are shown; (a), (c), and (e) are the injected sides. The

eif6 overexpressors showed a range of the defective eye phenotype (arrowheads in a, c, e). The injected sides were marked by GFP fluorescence (inset in a, c, e).

(g) GFP-injected side (fluorescence in the inset) and un-injected side (h) of the same embryo: overexpression of GFP alone did not affect eye development.

(i)–(j) Micrographs of the two sides of the eif6-injected embryo harvested at stage 42. The eye of the injected side marked by GFP fluorescence (inset in i) recovers

normal morphology. (k)–(p) Cryostat sections of stage 35 eif6-injected embryos showed a reduced eye in the injected side. Magnification of reduced eye in insets of figures

k–n. (k) DAPI staining. Dasher lines border the entire thickness of neural retinas. The eye marker pax6 (l) was present in both injected and un-injected eye. However the

retina layer markers showed a difference between injected and un-injected eye. Indeed, in the small injected eye otx2 (m) was diffuse and not localised in the central retina

as in the un-injected eye. rbpms, (n) becomes evident only in the un-injected side. The encephalon structures were morphologically normal, forebrain (o) and midbrain

(l) were labelled with pax6, hindbrain (p) was marked by egr2. (q)–(t) Cryostat sections of stage 42 eif6-injected embryos. (q) DAPI staining shows a normal stratification of

retina in the injected eye compared to the control eye. (r)–(t) In situ hybridisation with rbpms, nrl, an outer nuclear layer marker and otx2, showed no difference between

injected and un-injected eye, indicating that the recovered retina is structurally similar to the control retina. i.s :eif6-injected side.
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Control experiments showed that a single injection of GFP mRNA
at the concentration of 400/700 pg did not produce defective
phenotypes (Fig. 1g and h). At stage 42, when the retina is mature,
the eye of the eif6-injected side appeared morphologically similar
to that of the control side (Figs. 1i and j). In vertebrates, the
mature retina is organised into three distinct cellular layers: the
outer nuclear layer (ONL), the inner nuclear layer (INL) and
the ganglion cell layer (GCL). nrl can be used as a marker
of the ONL, otx2 as a marker of the INL and rbpms as a marker
of the GCL. These layers organise gradually during retinogenesis.
At stage 35 the GCL is in the process of differentiation and the INL
starts segregating into the central portion of the retina (see
Decembrini et al., 2006). We performed in situ hybridisations
with the early eye field marker pax6 and retinal differentiation
markers (otx2, rbpms) on frozen sections of eif6 overexpressors
at stages 35 (Fig. 1k–n). While pax6 is evenly distributed in
the eye anlagen of both sides of the embryo (Fig. 1l), otx2 and
rbpms localise in the expected sites in the un-injected side of the
embryo (Fig. 1m and n) in contrast to the delayed eye of
the injected side, where the markers are sparsely distributed or
have not yet appeared. The retinal pigment epithelium (RPE)
is evident in both sides of the embryo. Moreover, in situ analysis
of the brain markers pax6 (expressed in the brain and in the eye)
at the forebrain and midbrain level, and egr2 (hindbrain and
neural crest) at the hindbrain level, indicate that the brain is
morphologically normal in eif6 overexpressors (Fig. 1o and p).
In situ analyses of rbpms, otx2, nrl expression were also performed
to ascertain whether anatomical recovery of the eye at stage 42
correlates with the correct structure of the retina. Indeed,
the eif6-injected side displays identical in situ hybridisation

patterns, in both the eif6-injected eye and in the un-injected side
(Fig. 1q–t).

To characterise the eye phenotype further we performed in situ

hybridisation in stage 19 embryos with rax, pax6, otx2 (forebrain
and eye marker), six3 (eyes and ventral forebrain), sox2 (a general
neural marker), fgf8, en2 (mid/hindbrain boundary markers) and
egr2. Moreover we injected ß-galactosidase as a tracer (Fig. 2b
and d) to check whether the injected RNA was in more than just
the eye field. The ß-galactosidase activity was measured in situ

(red) followed by whole-mount hybridisation. In the injected side,
the expression of rax (75%, n¼80 Fig. 2b) was strongly reduced in
the eye field of the experimental side compared to the control
side, consistent with the eye phenotype observed at stage 35 in
the eif6-injected side. Furthermore, expressions of pax6 (70%,
n¼80 Fig. 2d), otx2 (65%, n¼60 Fig. 2f) and six3 (71%, n¼30
Fig. 2h) were reduced in the presumptive eye domain, in contrast
to the prosencephalon and spinal cord regions, which were
unaffected (Fig. 2). Importantly, the reduction in the expression
of the eye field markers we detected is also consistent with a
delay in RPE pigmentation at stage 35 (see Westenskow et al.,
2009). We examined the expression of the specific neural marker
sox2 (n¼30 Fig. 2j), fgf8 (n¼30 Fig. 2l), en2 (n¼30 Fig. 2n) and
egr2 (n¼30 Fig. 2p) and found no difference between the injected
and un-injected side. Therefore, outside the eye field, other neural
regions appear unaffected by eif6 injection.

To study the endogenous function of eif6 in eye development,
we performed loss-of-function experiments injecting eif6 mor-
pholino antisense oligonucleotides (7.5 ng, n¼60) or mispaired
morpholino control (7.5 ng, n¼60) together with GFP mRNA
(200 pg) into a blastomere of a two-cell-stage embryo as

Fig. 2. eif6 overexpression specifically inhibits eye development. (a)–(j) Embryos were injected with eif6 (400 pg) and bgal (400 pg) or GFP (400 pg) alone into one

blastomere of the two-cell stage and harvested at the neurula stage. Whole mount in situ hybridisations were performed for rax (a), (b), pax6 (c), (d), otx2 (e), (f), six3 (g),

(h) and sox2 (i), (j), fgf8 (k), (l), en2 (m), (n), egr2 (o), (p).GFP overexpression did not affect the expression of rax (a), pax6 (c), otx2 (e), six3 (g), sox2 (i), fgf8 (k), en2 (m), egr2

(o). Inset in (a) shows diffusion of GFP fluorescence in the whole injected side (i.s.) of a neurula. eif6 overexpression specifically reduced rax (b), pax6 (d), otx2 (f) and six3

(h) expression within the presumptive eye field (arrowheads), while neural expression of the same markers was unaffected (arrows). (j) No expression difference was

found for the specific neural markers sox2, fgf8 , en2, egr2 between the eif6-injected and un-injected side.
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described in De Marco et al. (2010a). The eif6 downregulation was
monitored by immunofluorescence (Fig. 3a and b) or western blot
analysis with the anti-Eif6 antibody (Fig. 3d). Surprisingly, uni-
lateral injection of eif6 morpholino did not cause apparent eye
defects (Fig. 3e and f), while a curvature of the embryo occurred,
as expected, because of an increase of apoptosis in the injected
side (data not shown and Fig. 3c), in agreement with De Marco
et al. (2010a). Consistently, the expressions of rax (n¼40), pax6
(n¼40) and otx2 (n¼40) were unchanged in the eif6 morpholino-
injected side compared to those in the un-injected side (Fig. 3i–n).

Our results indicate that eif6 overexpression reduces eye size
in early developing embryos, which recover and form normal
sized eyes by stage 42. The eye development is delayed as a result
of eif6 overexpression and eif6 downregulation, at the concentra-
tion tested, does not produce eye defects.

It should also be considered that the reduction of eif6 level
produced by the used dosage of eif6 morpholino may be not
sufficient to generate an eye phenotype. Higher dosages of eif6

morpholino antisense oligonucleotides were not employed
because they produced aspecific phenotypes (data not shown;
for a review see Heasman, 2002).

Altogether, it appears that eif6 levels below a physiological
threshold are sufficient for the correct timing of eye morphogen-
esis, while levels over this threshold induce the abnormality
observed in ectopically expressed eif6. Accordingly, it can be
hypothesised that eif6 overexpression affects the translation of

different classes of mRNA in different tissues, depending upon the
relative abundance of each mRNA, and that the phenotypic effects
are the result of reaching thresholds that may vary among tissues.
A tissue-specific, dose-dependant effect of Eif6 was demonstrated
in Eif6þ /� mice, where a 50% decrease in the levels of protein in
all tissues was accompanied by a tissue-specific effect, i.e., a mass
reduction and impaired G1/S phase progression in only the liver
and adipose tissue (Gandin et al., 2008).

3.2. The role of eif6 in eye formation is independent of its anti-

apoptotic function

During X. laevis embryogenesis, apoptosis presents a stereo-
typical, reproducible pattern. At the neurula plate stage, apoptosis
is detected exclusively within the presumptive neuroectoderm. In
particular, apoptosis regulates primary neurogenesis at the level
of neuronal determination (Yeo and Gautier, 2003). At later stages,
apoptosis remains localised to specific brain regions and is always
abundant in the developing eye. At the neurula stage, the
apoptosis pattern is known to overlap with expression of Pax6,
the eye master gene (Hirsch and Harris, 1997). Pax6 is expressed
throughout eye development, as well as in cells destined to form
part of the brain, suggesting that cell death here plays a role in the
eye placode and brain (Hensey and Gautier, 1998).

We hypothesised that reduction in cell death due to eif6

overexpression could cause the described eye defect. Indeed, we

Fig. 3. Effects of eif6 downregulation. (a), (b) Serial cross-sections of stage 28 eif6-direct morpholino and GFP-injected embryo were immunostained with anti-GFP, with

anti-eif6 antibodies and with TUNEL assay. The lower level of eif6 immunostaining (b) is present in the injected side (i.s.) marked by GFP (a). An increase of apoptotic

nuclei is evident in the injected side (c). (d) Western blot with anti-eif6 antibody indicates that the level of protein in eif6 morpholino-injected embryos was lower than

that in mispaired morpholino-injected embryos. Three sets of injected embryos were used in the blot. Normalisation was performed with anti-a-tubulin antibody.

(e)–(h) Experimental and control side of the same embryo injected with eif6-direct morpholino (e), (f) or control mispaired morpholino (g), (h) in one blastomere at the

two-cell stage and harvested at stage 35. No eye difference was evident between the injected side (e), (g) marked by GFP fluorescence (inset) and the un-injected side (f),

(h). (i)–(n) In situ hybridisation of morpholino (i, k, m) or mispaired morpholino (j, l, n) injected embryos at the neurula stage. The expression of anterior markers rax (i), (j),

pax6 (k), (l) and otx2 (m), (n) was not affected by depletion of eif6.
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previously reported that a decrease of apoptosis occurs in eif6
overexpressors (De Marco et al., 2010a) including the eye terri-
tory (data not shown). Because eif6 is an anti-apoptotic factor
acting upstream of bcl2 (De Marco et al., 2010a), we injected
300 pg of bcl2, together with 300 pg of GFP mRNA, into a
blastomere of a two-cell stage embryo. bcl2 overexpression was
examined by western blot analyses, which consistently indicated
that bcl2-injected embryos showed more protein compared to

GFP-injected embryos (Fig. 4a). The bcl2-injected embryos dis-
played the bent phenotype (data not shown) and a TUNEL
reduction in the injected side, including the eye (Fig. 4b and c)
At the neurula stage, the eye-markers, rax (n¼40), pax6 (n¼40)
and otx2 (n¼40), had similar expressions in the injected and un-
injected sides, and consistently, at stage 35, the eyes of these
embryos appeared morphologically normal (Fig. 4d–i and data
not shown). Moreover, to investigate whether normal expression
of eye markers is restored at neurula stage by pro-apoptotic
agents, we co-injected eif6 and bax. In Fig. 4j and k, the bax-
injected side shows an increase of apoptosis, including the eye
territory, as observed by TUNEL experiments (see also De Marco
et al., 2010a). Fig. 4l indicates that, in bax overexpressors, the
myc-tagged bax protein appears. In bax-eif6-b-gal co-injected
neurulae, normal expression of rax is not restored in the injected
side (Fig. 4m).

Our data show that the delay in eye morphogenesis caused by
eif6 overexpression does not appear related to the previously
reported anti-apoptotic action of eif6 upstream of bcl2 (De Marco
et al., 2010a).

3.3. Ser235 phosphorylation site is not required to produce

the eye phenotype

In mammalian cells, translation occurs when Eif6 is released
from the 60S ribosomal subunit following phosphorylation on
Ser235 through the RACK1–PKC pathway. S235A mutants are
impaired in the RACK1/PKC-mediated phosphorylation (Ceci
et al., 2003). In Xenopus, the Ser235 site is conserved and may
be reasonably considered the target of PKC phosphorylation
leading to initiation of translation, as shown in mammalian cells
(Ceci et al., 2003).

Previous data showed that Ser235 is necessary for the eif6
apoptotic function, leading to the conclusion that eif6 acts as a
regulator of protein synthesis affecting the translation of mRNAs
involved in apoptosis (De Marco et al., 2010a). However, in
Xenopus eif6 activity in regulating translation via PKC phosphor-
ylation was not fully investigated (see Carotenuto et al., 2005).

In the present study, we test the known action of eif6 in
inhibiting the translation of b-catenin in mammalian cells (Ji
et al., 2008). We found that the same holds true for b-catenin in
our system and that Ser235 is necessary for this function (Fig. 5a
and b). Accordingly, we hypothesised that the eye defect was
correlated to the eif6 activity in regulating translation via PKC
phosphorylation.

In contrast with the above hypothesis, embryos injected with
S235A mRNA produced defective eye phenotypes at the tadpole
stage, as occurs in embryos injected with wild type eif6 (Fig. 5c–h).
Indeed, 70% of embryos injected with 400 pg of S235A (n¼55) and
45% of embryos injected with 100 pg of S235A (n¼98) showed the
eye phenotype (from reduction in size to an apparently absence in
the whole-mount samples). Also in these embryos the eye
recovers at stage 42. At the neurula stage, a reduction in rax

(n¼50), pax6 (n¼50) and otx2 (n¼50) expressions in the injected
side was observed (Fig. 5i–n). The data are consistent with those
shown in Fig. 1, using w.t. eif6. They indicate that the PKC
phosphorylation site is not involved in the production of the
eye phenotype, suggesting that eif6 acts through a mechanism
unrelated to the control of the association of the 60S and 40S
ribosomal subunits (Ceci et al., 2003). Further studies should
investigate whether, in our system, eif6 mediates miRNA transla-
tional repression, as was shown to occur during C. elegans

development (Chendrimada et al., 2007). Interestingly, Wnt-b-
catenin controls differentiation of RPE in vertebrate development
(Westenskow et al., 2009). However, our data (Fig. 5) lead to
conclude that this signalling is not involved in the generation of

Fig. 4. Apoptosis reduction is not involved in the eye defect. Embryos were

injected with bcl2 (300 pg) and GFP (200 pg) or GFP (400 pg) alone in one

blastomere of the two-cell stage. (a) Western blot with anti-Bcl2 antibody

indicates the greater presence of protein in bcl2-injected embryos with respect

to GFP-injected embryos. Two sets of bcl2-injected embryos were used in the blot.

Normalisation was performed with anti-a-tubulin antibody. GFP immunofluores-

cence (b) and TUNEL staining (c) on sections of bcl2-injected embryo. The injected

side, marked by GFP fluorescence, showed fewer apoptotic nuclei compared with

the control side. At the neurula stage, whole mount in situ hybridisations were

performed for rax (d), (e), pax6 (f), (g) and otx2 (h), (i). bcl2 overexpression did not

reduce rax (e), pax6 (g) or otx2 (i) expression in the injected side compared to the

control side. (j)–(l) Embryo were injected with myc-bax (1 ng) and GFP (200 pg).

The injected side, marked by GFP (j) showed an increase of TUNEL-positive nuclei

(k). Western blot with anti-myc antibody indicates the presence of exogenous bax

in the injected embryos (l). bax-eif6 co-injection does not restore normal

expression of rax (m).
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the eye phenotype induced by eif6 overexpression. Indeed, S235A
overexpressors present eye defects without a reduction of
b-catenin translation.

In this paper, we showed that the effect of eif6 overexpression
is related to the morphogenesis of the eye and does not affect the
surrounding tissue. Moreover, we found that eif6 morpholino has
no effect on eye morphogenesis at the concentration tested.
Therefore, the levels of eif6 appear to be highly regulated
during development and instrumental for proper morphogenesis
of the eye placode. Because eye formation is regulated by Igf
signalling (Richard-Parpaillon et al., 2002; Pera et al., 2001; Wu
et al., 2006) and Eif6 is able to modulate the translation of spe-
cific mRNA upon stimulation of a growth factor such as Igf
(Gandin et al., 2008), future experimentation should investigate
in particular whether a relationship exists between Igf signal-
ling and the regulation of eif6 steady–state in proper eye
morphogenesis.
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performed using histh4 primers. (c)–(h) Micrographs of the two sides (c and d; e and f; g and h) of the same stage 35 embryo are given. S235A overexpressors show a

reduction in eye size (arrowheads) of the injected side (c), (e), marked by GFP fluorescence (inset), compared to the uninjected side (respectively

d, f). (g), (h) Injection of GFP alone (fluorescence in inset of Figure e) did not affect eye development. (i)–(n) Whole mount in situ hybridisations were performed for
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(n) was inhibited in the eye field (arrows) of the S235A-injected side.
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Involvement of the eukaryotic initiation factor 6 and kermit2/
gipc2 in Xenopus laevis pronephros formation
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ABSTRACT  The translation initiation factor Eif6 has been implicated as a regulator of ribosome 
assembly, selective mRNA translation and apoptosis. Many of these activities depend upon the 
phosphorylation of eif6 Serine 235 by protein kinase C (PKC). Eif6-60S is probably part of the RNA-
induced silencing complex (RISC). eif6 over-expression in Xenopus embryos causes aberrant eye 
development. kermit2/gipc2  morphants have an eye phenotype similar to that of the eif6 overex-
pressors. Eye formation is regulated by insulin growth factor (IGF) signalling. eif6 interacts with 
the IGF receptor (IGFR) and kermit2/gipc2, which also binds to igfr. eif6 over-expression in Xenopus 
causes also the formation of antero-ventral oedema, suggesting a malfunction of the excretory 
system. Here we evaluated the pronephros phenotype. The oedema grows into the nephrocoel, 
expanding its boundary and is accompanied by a strong reduction of the pronephros. The three main 
components of the pronephros are severely impaired in eif6 over-expressors, while are not affected 
in eif6 morphants. Conversely, gipc2 depletion induces the oedema phenotype and reduction of 
the pronephros, while gipc2 overexpression does not. p110*, a constitutively active p110 subunit of 
the PI3 kinase partially recovers the oedema phenotype. We also determined that PKC-dependent 
phosphorylation of Ser235 in eif6 is not required to produce defective pronephroi. These results 
indicate that the levels of eif6 are highly regulated during development and instrumental for proper 
morphogenesis of the pronephros. Moreover, it appears that for proper pronephros development the 
gipc2 level should be kept within or over the physiological range and that the oedema phenotype 
is partly due to the inhibition of IGF signalling.

KEY WORDS: pronephros, Xenopus laevis, eukaryotic initiation factor 6, kermit2/gipc2

Eif6 1(eukaryotic initiation factor 6) is a protein essential for cell 
survival that plays important roles in ribosome biogenesis and 
translation (see Ceci et al., 2003). In particular, it is associated 
with the plasma membrane where it interacts with 4 integrin as 
well as the cytoskeleton (Biffo et al., 1997). Eif6 can be regulated 
by extracellular signals, such as IGF (Gandin et al., 2008), and 
is itself a regulator of translation at the 60S ribosomal subunit. 
When unphosphorylated, it impedes the joining of the 60S with 
the 40S ribosomal subunit. When phosphorylated by PKC, Eif6 
separates from the 60S subunit. As a consequence, ribosomal 
subunits 60S and 40S may join, allowing mRNA translation to 
occur (Ceci et al., 2003). Eif6-60S is probably part of the RISC 
(RNA-induced silencing complex) and as such may regulate the 
availability of mRNAs for translation (Chendrimada et al., 2007). 
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et al., 2008; De Marco et al., 2010), the study of this protein in 
embryogenesis is quite appealing because it may help to explain 
steps of anlagen determination or differentiation.

We previously showed that, in Xenopus laevis, eif6 is a factor 
regulating apoptosis upstream of bcl-2/bax (De Marco et al., 2010). 
Moreover, eif6  over-expression causes a delay in eye develop-
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ment, evident at stage 35, independent of the eif6-regulated 
apoptosis. Analyses of eif6 over-expressors and morphants led 
to the conclusion that eye morphogenesis is achieved only at a 
tightly regulated level of eif6 (De Marco et al., 2011). In Xenopus, 
eye formation is regulated by igf signalling (Pera et al., 2001; 
Wu et al., 2006), and eif6 is able to modulate the translation of 

(Gandin et al., 2008). Recently, it was found that eif6 interacts 
with igf receptor (igfr) and kermit2/gipc2 (GAIP interacting protein, 
C terminus) (Wu et al., 2006; De Marco et al., in preparation), 
which also binds to igfr (Booth at al. 2002). gipc2 morphants have 
an eye phenotype similar to that of the eif6 gain-of-function em-
bryos (Wu et al., 2006; De Marco et al., in preparation). It should 
be mentioned that the gipc2 protein is a powerful modulator of 
signals as it interacts not only with igfr but also with a variety of 
molecules implicated in cell signalling, such as semaphorins-F 

and 4C (Wang et al., 1999), and integrins (Spicer et al., 2010) 
(see Wu et al., 2006, for detailed references).

In addition to the above-mentioned effects, eif6 over-expression 
in Xenopus causes the formation of antero-ventral oedema, 
suggesting a malfunction of the excretory system. Importantly, 
Wu et al., (2006) showed that a gipc2 riboprobe labels X. laevis 
pronephroi, where igfr is expressed as well (Groigno et al., 1999). 
The connections existing between eif6 and gipc2 prompted us 
to investigate whether these two proteins have a role in the 
pronephros formation, highlighting the interesting possibility that 
they act along the igf pathway.

The pronephros is the embryonic kidney, present and fully 
functional in amphibian tadpoles. It originates mostly from the 
intermediate mesoderm. At metamorphosis, the pronephros re-
gresses, and its function is replaced by the adult mesonephros. 
Importantly, as many events regulating pronephros induction, 
patterning and differentiation have been revealed, it is now evi-
dent that the genetic programs underlying pronephros formation 
are conserved across evolution, being similarly present in the 
kidneys of higher vertebrates (Vize et al., 
Xenopus pronephros is composed of the pronephric corpuscle, 

is the nephrocoel, initially contiguous to the coelom. Later, the 
nephrocoel and the coelom will separate into two distinct cavi-
ties. Splanchnic mesoderm surrounds the glomus (Vize et al., 
1997). Convoluted pronephric tubules are composed of ciliated 
nephrostomes and connecting tubules linked to a common tubule 

of pronephric development occurs around stage 21 when cells 
begin to condense away from the intermediate mesoderm below 
somites 3 to 5. These cells will form the main body of the pro-
nephros. At about the same time, below somites 5 to 7, a similar 
cellular condensation occurs that will give rise to the pronephric 
duct. The primordia of these two structures fuse, and the body 
of the pronephros forms a lumen. 

Fig. 1. The pronephros phenotype in eif6 overexpressors. (A-E) eif6 
mRNA and protein are expressed in the pronephros (arrows) of stages 
24, 32 and 38 Xenopus laevis embryos. (A,B) Immunofluorescence using 
anti-Eif6 antibody of section (A) or whole mount (B) of respectively stage 
24 and stage 32 embryos indicating that eif6 is present in the pronephros 
as well as in most tissues; the arrows indicate the pronephros anlagen. (C) 
Whole mount in situ hybridisation using eif6 antisense probe (stage 38). 
(D,E) Immunofluorescence with anti-Eif6 antibody of whole mounts (D) or 
sections (E) of stage 38 embryo. (D’) Whole mount immunofluorescence 
using only secondary antibody BODIPY-conjugates as negative control. 
Staining is absent. (F) Oedema formation (arrowhead) is present in embryos 
injected with 400 pg of eif6 and 300 pg of GFP into one blastomere at 
the two-cell stage and harvested at stage 38. (G) Histology with haema-
toxylin and eosin on the embryonic sections showed in (F). A reduction 
of pronephric tubules is evident. The arrow indicates that the glomus is 
not surrounded by the splanchnic mesoderm, as the oedema has grown 
in the nephrocoel, expanding the splanchnic mesoderm boundary (see 
also K). (H) A stage 38 embryo injected with eif6 morpholino: there is no 
oedema. (I) A section of the same embryo stained with haematoxylin and 
eosin. eif6 depletion did not produce oedema. (J,K) Embryos injected with 
400 pg of S235A and 300 pg of GFP show the oedema (arrowhead). (J) 
The pronephric reduction is evident in the histological section of embryo 
shown in (K). The arrow indicates that the glomus is not surrounded by 
the splanchnic mesoderm. pn, pronephros.
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In this study, we found that the oedema phenotype is pres-
ent in eif6 over-expressors and gipc2 morphants and is due to 
a defect of the pronephros. Indeed, in situ hybridisation showed 
that the three main components of the pronephros are severely 
impaired in eif6 over-expressors, while in eif6 morphants the 
oedema is absent. Conversely, gipc2 depletion induces the oe-
dema phenotype and gipc2 gain-of-function has no effect on the 
pronephros. A constitutively active p110 subunit (p110*) of the 
PI3 kinase partially recovers the oedema phenotype, suggesting 
that the oedema is at least partly due to the inhibition of the igf 
signalling. Therefore, the interplay between igfr, eif6 and gipc2 
appears to be relevant during pronephric development.

Results

The pronephros phenotype in eif6 gain-of-function and gipc2 
loss-of-function embryos

Anti-eif6 immunostaining shows the pronephric anlagen in 
stage 24 and 32 embryos (Figs. 1A-B). The pronephros of stage 
38 embryos is marked by eif6 riboprobe in eif6 whole mount in 
situ hybridisation, (Fig. 1C, and see Vaccaro et al., 2006) as 
well as by anti-eif6 immunostaining (Fig 1D,D’,E). It should be 
observed that eif6 is present in most tissues at various level in 
agreement with previous data (Biffo et al., 1997; Vaccaro et al., 
2006) (Figs. 1). Overall, 65% of the embryos injected with eif6 
(400 pg; n=91) displayed oedema in the antero-ventral region, 
a condition often caused by impaired osmoregulatory function 
of the pronephros. Indeed, upon sectioning, we found a strong 
reduction of the pronephric tubules in the injected side. More-
over, in contrast to the uninjected side, the splanchnic mesoderm 
delineating the nephrocoel does not surround the glomus. The 
oedema grew into the nephrocoel, expanding its boundary (Figs. 
1F,G). The eif6 morpholino does not cause oedema. Accordingly, 
in eif6 loss-of-function embryos, the pronephros of the injected 
side was not affected (Figs. 1H,I). 

Previous data showed that, in X. laevis, PKC-dependent 
phosphorylation of Ser235 is necessary for regulating both 
translation and the anti-apoptotic activities of eif6, but it is not 

required for proper eye development (De Marco et al., 2010). Here, 
by injecting the mutated form of eif6, S235A, the oedema and 
pronephric reduction are present as well (Figs. 1 ), indicating 
that phosphorylation of Ser235 in eif6 is not required to produce 
defective pronephros development. Therefore, the aberrant kid-
ney phenotype produced by eif6 over-expression is not directly 
linked to the PKC-regulated effects on translation and ribosomal 

for the eye phenotype in eif6 over-expressors (De Marco et al., 
2011). As gipc2 depletion leads to an eye defect similar to eif6 
over-expression (Wu et al., 2006; Marco et al., 2011), we inves-
tigated the involvement of gipc2 in the pronephros phenotype. 
We injected gipc2-morpholino (40 pg, n=82) and found that in 
65% of the morphants, oedema develops similar to the oedema 
found in eif6 over-expressors but not in the embryos injected 
with gipc2 mismatch-morpholino (Fig. 2). The phenotype ap-
pears at stage 32, when the pronephros starts functioning, and 
is particularly evident at stage 38 in both gipc2 morphants and in 
eif6 over-expressors (Fig. 2). It should be mentioned that gipc2 
over-expressors do not display oedemas (data not shown and 
see Wu et al., 2006).

eif6 over-expression and gipc2 depletion affect pronephros 
markers

The primordia of the pronephros starts forming at stage 21 
(see Vize et al., 1997). Whole mount in situ hybridisation of 
stage 22 eif6 over-expressors using lhx1, an early marker of 
the pronephros anlagen (Agrawal et al., 2009) was performed. 
Staining shows that the pronephric anlagen of the injected side 
is markedly less extended with respect to the contra-lateral 
uninjected side (70% n=60) (Fig. 3A,B). It should be noted that, 
according to Wu et al., (2006), although the pronephros is not 
marked by gipc2 in situ hybridisation before stage 33, gipc2 is 
maternally detected and expressed throughout early develop-
ment. At stage 22 of gipc2 morphants, the injected side shows 
little evidence of the pronephric anlagen (66% n=60) (Fig. 3C). 
Previous data showed that the gipc2 morpholino phenotype can 
be rescued by coinjection of gipc2 RNA lacking the morpholino 

Fig. 2. Oedema phenotype in eif6 
overexpressors and in gipc2 loss-of 
–function embryos. (A-D) Stage 32 
and stage 38 embryos (E-H) injected 
into one blastomere at the two-cell 
stage with 400 pg of GFP alone (A,E), 
400 pg of eif6 and 300 pg of GFP 
(B,F) 40 ng of gipc2 morpholino and 
300 pg of GFP (C,G) or 40 ng of gipc2 
mispaired morpholino and 300 pg of 
GFP (D,H). In the eif6 over-expressors 
(B,F) and gipc2 morphants (C,G), the 
oedema phenotype (arrow) appears at 
stage 32 and increases at stage 38.
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target sequence (Wu et al., 2006). This phenotype is not related 
to the closely positioned paraxial mesoderm. Indeed, embryos 

myod1, have identical 
hybridisation patterns in the injected and uninjected side, both 
in the case of eif6 over-expressors (n=50) and gipc2 morphants 
(n=50) (Figs. 3D-F).

The pronephros is organised along its proximal-distal axis in 
a manner that is highly similar to the metanephric nephron, thus 
allowing the use of molecular markers of metanephric terminal 

Vize, 2004). By using nephrin (nphs1) as marker of the glomus (see 

injected side appears reduced when compared to the uninjected 
side in eif6 over-expressors (78% n=70) (Figs. 4B,B’) and gipc2 
morphants (78% n=60) (Figs. 4C,C’). The proximal tubule marker 
slc5a9 
affected by eif6 over-expression (Figs. 4E,E’) (60% n=70) as well 
as by gipc2 depletion (62% n=70) (Figs. 4F,F’). Whole mount in situ 
hybridisation was performed using a clcnkb or cdh16 riboprobe, 
both markers of intermediate and distal tubules and the duct. In 

eif6 over-expressors, the pronephric anlagen of the injected side 
is markedly less developed with respect to the counter-lateral 
uninjected side (81% both clcnkb n=65 and cdh16n=70) (Figs. 
4H,H’,K,K’). Very similar hybridisation patterns are obtained in 
the injected side of gipc2 morphants (Fig. 4I,I’,L,L’).

It is known that eif6 interacts with igfr and gipc2 and that gipc2 
binds to igfr, leading to the activation of the tyrosine kinase pi3/
akt kinase pathway (Wu et al., 2006; De Marco et al., in prepa-

Fig. 3. eif6 over-expression and gipc depletion affect lhx1 expression. 
Embryos injected into one blastomere at the two-cell stage with GFP 
(A,D), eif6 (B,E) and gipc2 morpholino (C,F). gal mRNA was co-injected 
for tracing lineage (stained red). (A-C) Embryos were cultured until stage 
22 and whole mount in situ hybridised for expression of lhx1, an early 
marker of the pronephric anlagen. Injection of the GFP alone had no effect 
on lhx1 expression (A). eif6 over-expression (B) and gipc2 depletion (C) 
inhibited most pronephric anlagen formation (arrow). The white lines in 
the inset of (B) surround the reduced pronephric anlagen. (D-F) Embryos 
were cultured until stage 25-26 and whole mount in situ hybridised for 
expression of myod1, a marker of differentiating muscle. No difference in 
the myod1 expression pattern was found in the eif6 over-expressors (E) 
and gipc2 morphants (F).

Fig. 4. Whole mount in situ hybridisa-
tion for markers of terminal proneph-
ros differentiation. Stage 38 embryos 
injected with GFP alone (A,D,G,J), eif6 
(B,E,H,K) or gipc2 morpholino (C,F,I,L). 
Micrographs of the two sides of the 
same embryos are shown (A,A’, B,B’, 
etc.). Co-injection of  (D-F) GFP mRNA 
as tracer, and (G-I) gal mRNA (stained 
red). It should be observed that the red 
stained tissue distributed in the most su-
perficial tissues is often partially removed 
during manipulation. The glomus, (arrow) 
marked by nephrin; proximal tubule (aster-
isk), marked by slc5a9; intermediate and 
distal tubule domain (arrowhead), marked 
by clcnkb and cdh16, respectively, were 
reduced in eif6 over-expressors and in 
gipc2 morphants.
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ration). To investigate whether the pronephric defect from eif6 
over-expression is related to a decrease in akt phosphorylation/
activation, we used a constitutively active p110 subunit (p110*) 
of the pi3 kinase, which is upstream of akt and downstream of 
igf1r. Indeed, when we coinjected embryos with eif6 and p110* 
and compared to eif6 over-expressors, a partial rescue of the 
oedema phenotype and clcnkb marker expression was obtained 
(72% n=60) (Fig 5). Thus, p110* partially recovers the oedema 
phenotype, suggesting that this phenotype is at least partly due 
to the inhibition of the pi3 kinase/akt pathway.

Discussion

In conclusion, our results indicate that in Xenopus eif6 over-
expression produces an aberrant kidney phenotype that is not 
directly linked to the pkc-regulated effects of eif6 on translation and 

apoptotic function and to the translation of b-catenin that require 
the conserved S235 in Xenopus embryogenesis (De Marco et al., 
2010, 2011). Our data suggest that eif6 regulates gipc2 levels in 
Xenopus embryogenesis through a different mechanism. In fact, 
for the kidney phenotype, eif6 may act through RISC (Chendri-
mada et al., 2007; De Marco et al., 2011) down-regulating gipc2 
translation. Indeed, analyses of the 3’UTR of gipc2 through the 
miRBase (www.mirbase.org) and miRanda (www.microrna.org) 
programs depict binding sites for miRNAs implicated in kidney 
and eye development. Examples of miRNA regulation include 
the following: the miR-30 family (Agrawal et al., 2009), which ap-
pears to regulate Xenopus pronephros development; miR467e*, 
which is implicated in eye development of the mouse (Karali et 
al., 2010); and miR-532-5p, which is involved in kidney cancer 
and human retinoblastoma (Hoon and Kitago, 2010).

In embryos injected with eif6 morpholino, the pronephros does 
not differ from that of w.t. embryos, leading us to speculate that 
the levels of eif6 are highly regulated during development and 
instrumental for proper morphogenesis of the pronephros. This 

development (De Marco et al., 2011). On the other hand, this 
result also suggests that gipc2 expression beyond threshold 
levels is necessary for pronephric formation.

Is igf signalling involved in the pronephric formation? gipc2 binds 
to igfr and is involved in the maintenance of igf/pi3k/akt stimuli. 
Embryos coinjected with gipc2 morpholino and p110* partially 
recover the defective eye phenotype of gipc2 morphants (Wu et 

al., 
a partial rescue of the pronephric defect upon coinjection of eif6 
and p110*. In Xenopus, igfr (Groigno et al., 1999) as well as the 
adaptor proteins of the igfr substrate family (IRS-1 family) are 
expressed in the pronephros. However, it has not been determined 
whether IRS-1 acts through the pi3k/akt pathway. Because two 
organs, the eye and pronephros, are regulated by eif6 and gipc2 
(this paper and De Marco et al., in preparation), the question can 
be raised as to whether any other anlagen development is also 
dependent upon the interaction of these two molecules. Comparing 
the major expression patterns of gipc2 and eif6 suggests that this 
could be the case (Vaccaro et al., 2006; Wu et al., 2006). Further 
studies should establish the functionality of these colocalisations 
and whether eif6 and gipc2 interactions are required for igf sig-
nalling. As the gipc2 protein is a potential interactor not only of 
igfr but also of a variety of molecules implicated in cell signalling, 
we hypothesise that during Xenopus embryogenesis the eif6/
gipc2 partnership is a crucial step for anlagen development. In 
fact, eif6 may regulate the gipc2 levels, consequently leading to 

Materials and Methods

Animals
Adult Xenopus laevis females were obtained from Nasco (Fort Atkin-

sons, Wisconsin, USA). They were kept and utilised at the Department of 
Structural and Functional Biology of the University of Naples, Federico II, 
according to the guidelines and policies dictated by the University Animal 

X. laevis females were injected in the dorsal lymphatic sac with 500 units 
of Gonase (AMSA) in amphibian Ringer’s solution (111 mM NaCl, 1.3 mM 
CaCl2, 2 mM KCl, 0.8 mM MgSO4, and 25 mM Hepes, pH 7.8). Fertilised 
eggs and embryos were obtained by standard insemination methods (see 
De Marco et al., 2010) and staged according to Nieuwkoop and Faber. 

Microinjections
The pCS2eif6 and pCS2S235A plasmids were used as described in 

De Marco et al., (2010). The pCS2p110* plasmid was a generous gift of 
Laurent Kodjabachian (Université de la Méditerranée, France). The pC-
S2 gal was kindly supplied by M. Ori (University of Pisa, Italy). Capped 
synthetic RNAs were generated by in vitro transcription using the Sp6 
Message Machine kit (Ambion, Austin, TX, USA). gipc2 antisense mor-
pholino (5’-AGAGGCATCTTTCTTTCAGCGAAGG-3’), eif6 antisense mor-
pholino (5’-GCGGACGGCCATGTTGGCTTCTTAG-3’) and the mispaired 
morpholino control (5’-GCcGACcGCCATcTTGcCTTCTaAG-3’) were 
purchased from Gene Tools LLC, Philomath, OR, USA. pCS2MTGFP or 

Fig. 5. p110* partially recov-
ers the phenotype in eif6 
overexpressors. (A-F) Stage 
38 embryos injected into one 
blastomere at the two-cell 
stage with 400 pg of GFP only 
(A,D), 400 pg of eif6 and 300 
pg of GFP (B,E), or 400 pg of 
eif6, 300 pg of GFP and 1 ng 
of p110* (C,F). (D-F) Whole 
mount in situ hybridisation for 
clcnkb, an intermediate and 
distal tubule marker (arrow). 
p110* partially recovers the 
oedema phenotype (C) and 
clcnkb expression (F).
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pCS2 gal mRNA was always co-injected to label the injected side. RNAs 
were injected into the animal hemisphere of a single cell of one- or two-
cell embryos using a Drummond ‘Nanoject’ apparatus. During injection, 
embryos were cultured in 3% Ficoll in 0.1% Ringer. The phenotype of 
the injected embryos was scored when the uninjected embryos reached 

stereomicroscope, equipped with a Leica DFC 300Fx camera and IM50 
image manager software.

X. laevis C and stored in 
100% MetOH at –20 C. For in toto 
were incubated in hydrogen peroxide/methanol 1:2 (v/v) for about 2 days, 
then incubated with rabbit anti-Eif6 antibody (a gift of PC Marchisio and 
S. Biffo, DIBIT, Milan, Italy) diluted 1:500 in PBS/0.5%BSA/0.1% Triton 
X-100. The secondary antibody was goat anti-rabbit IgG BODIPY FL 
conjugated (Molecular Probes). Next, the embryos were dehydrated 
in graded methanol and cleared in benzyl alcohol/benzyl benzoate 1:2 

m-thick sections were obtained after embedding and freezing in Killik 
(Bio Optica). For histology, sections were stained with haematoxylin and 

incubating the sections for 30 min in normal goat serum, 3% in PBS/0.5% 
BSA/0.1% Tween, prior to exposure O/N at 4ºC to rabbit anti-Eif6 (gener-
ous gift of P.C. Marchisio and S. Biffo, DIBIT, Milan, Italy) diluted 1:500 
in PBS/0.5% BSA/0.1% Tween. Staining was completed by incubating 
the samples with anti-rabbit goat IgG BODIPY FL-conjugated (Molecular 
Probes) and mounting in PBS/glycerol (9:1, v/v). Sections were observed 
and photographed with a Leica CTR 6500 UV microscope equipped with 
the Leica application suite.

In situ hybridisation
In situ hybridisation was performed as described previously (Vaccaro et 
al., 2006). Antisense digoxigenin-labelled RNA probes of lhx1, myod1 (a 
gift from M. Ori, University of Pisa, Italy) slc5a9, clcnkb, cdh16 (generously 
supplied by O. Wessely, LSU, New Orleans, USA) and nphs1 (courtesy 
of European Xenopus Resource Centre, University of Portsmouth) were 
synthesised with RNA T7 or SP6 polymerases (Roche, Mannheim, Ger-
many). -galactosidase activity was visualised in embryos with Red-Gal 
(Biosynth, Staad, Switzerland). Sections were observed and photographed 
using a Leica 6500 microscope. Whole mounts were photographed with 
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Final remarks

I often think of my past students. Their personalities and their work in 
my lab remain vivid in my memory. I remember their attitudes to tackling 
new work, solving problems and their readiness to admit mistakes or use ob-
servations to back up their learning, in such very different ways according 
to their personalities. I also remember their eyes while we were talking, or 
while they were learning for the first time the remarkable phenomena that oc-
cur during animal development. They taught me that a teacher should have a 
great sense of responsibility in education during the difficult transition from 
young adult to adult. This is the part of my academic life I miss and the rea-
son I still think that learning, teaching and working in a lab at University is 
a great opportunity for teachers and students alike. 

I would like to mention two people who were particularly important for 
me and for my work in Naples. Peppe Falcone was our department’s pho-
tographer: in the old days of developing negatives, Peppe was able to work 
miracles with his exposure camera, and then develop and print photos. With 
his attitude towards his work and his ability to penetrate into the research of 
others, Peppe set an outstanding example of quality and dedication. He was 
quite attracted by digital techniques, and adopted them with so much ability 
that he became the top expert in this field at the University of Naples. When 
we were working together on images I had the chance to discuss many things 
related to life in general or to academia. He was a real master of life. He died 
suddenly one day in September. The day before we had worked together on 
an eif6 paper and he had sent me his last file: “All the work by Falcone”.

Annamaria Cirillo was as beautiful as she was intelligent. She was tak-
ing care of the English style and grammar of our publications. Upon her ar-
rival in department, responding to our impelling calls, she used to sit with 
her cigarette at the computer and immediately to scan with her intelligent 
green eyes the text in the screen. I remember in particular when I needed to 
review an important manuscript on August 3rd, a time during the summer re-
cess when nobody was around in the Department and the conditioners were 
out of use. She came without a murmur and did a fantastic job. She used to 
concede from time to time breaks for the two of us at the computer. In these 
intervals she used to talk about her major interests: fighting for the rights of 
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people, and in particular, for Rom in Naples. She was one of the few entrust-
ed with communicating with the local Rom, especially in matters concerning 
their health and children’s education. She was adored by them and invited 
to their country of origin for a wedding. Annamaria told me about the joy, 
the colours, the music of that people on that occasion. One day she failed to 
turn up to a meeting we had. She had found out she was suffering from se-
vere lung cancer, a tragedy for her and her family. I will never forget the way 
she hugged her daughters, while lying in bed, hoping to see them just a little 
more. A big piece of my heart is there, with Annamaria.  

As a final remark, I would like to point out how delighted I am by the 
lack of boundaries in the scientific community. Every time I send an e-mail 
to a colleague, even if I do not know her or him personally, I receive prompt 
answers and quite often we exchanges probes, antibodies and so on. To me it 
feels as natural as communicating with one’s own brothers and sisters, which 
gives me the wonderful sense of the universality of knowledge.
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