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.. ABSTRACT 

In the urchin Strongylocentrùtus purpurat\.ls, the exprl'!>SlOIl of 

the ~pec3 gene is associated with the growth of c ilia, olle of rh,. 

first morphogenetic events during development The procluct of tlu,> 

gene was characterized using an antiserum raised against a peptidt> 

corresponding to the predicred amino-terminal portion of dIe proteln 

This thesis describes the localization of the Spec3 protein ,Il 

different stages during embryonic development Immunocytochemisrrv 

indlcated that the prote in lS associated with cllia <Incl C;()l~',l 

complexes of ectùdermal cells Agents that inhibit proteln svnrhl'<'!!-. 

and Golgi secretlon also altered its normal dis t r 1 1)1' t 10 Il 

Fractionation of cilia and imr.,unoblotting indicate that the protl'lll 

is associated with the ciliary axoneme and that it behaves as il 1 a 1[',(' 

aggregate, 
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RESUME 

Chez l'oursin Strongylocentrotus purpura tus , l'expression du 

gene Spec3 est associee à l'apparition de cils caractéristiques du 

debut de la morphogenese Pour etudier le produit de ce gène, J'ai 

utllise un antlserum obtenu à partir d'un peptide correspondant à 

l'extremite amino de la sequence presumée de la protéine. Dars cette 

these, je decris la distribution de la protéine Spec3 dans l'embryon 

a différents stades de son développement, L'analyse 

lmmunocytochlmique revele que la proteine se retrouve dans les clls 

et l'apparell de GOlgl des cellules de l'ectoderme Sa distribution 

es t pertubee par des drogues qUl inhibent la synthèse des proteines 

et la secretion à partir de l'appareil de Golgi. Le fractionnement 

des cils et l' immunotransfert après électrophorèse des differentes 

fl'actions revele que la protéine Spec3 est associee à l'axonème des 

Clis et qu'~lle se comporte comme un aggregat 
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'. PREFACE 

This thesis is a prolongation of the work that Ellzabeth 

Dolliver Eldon started in W.H. Klein's laboratory In her Ph D 

thesis, she described the structure and expression of the Spec3 gene 

She aiso raised an antibody against a peptide corresponding to the 

predicted N-terminai region of the proteln She used this antibodv to 

cha'-acterize the localization of the Spec3 proteln in the sea urchin 

embryo. Durino:, a sabbatical leave, Dr Bruce Brandhorst, my thesis 

1 supervisor, started to do experiments on Spec3 using rlrugs such as 

monensin and colcemid. l will describe their results in more details 

in the introduction to this work. 

During the course of my work. l made several observations that 

added new elements to previous knowledge on the Spec3 protein. 

l Iocalized Spec3 on cilia in the ciliary band of pluteus 

larvae and observed a structure in ciliary band basal cells that 

reacts with the Spec3 antiserum as well as wlth an anti-tubulln 

antiserum Using ethidlum bromide to stain nuclel, l confirmed that 

Spec3 lS present ln each ectodermai ("ell, res1ding in the GOlgi 

comple~. a structure that lies ln close appositlon to the nucleus l 

characterized in detall the distribution of Spec3 in blastulae and 

correlated changes in distribution of Spec3 with the patterns of 

movement at the pre-hatching, hatching and mesenchyme blastula 

stages l also descnbed the distribution of Spec3 in 16 cell stage 

~mbrvos and metamorphosing Iarvae 

l analyzed the effect of monensin and decillation on c1llan' 

growth and the 10caI1zation of Spec3. l found that monenSln inhlb1ts 

clllary regeneration under certain conditions 
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l found that inhibition of protein svntheslS call~l'~. .11\ 

accumulation of Spec3 at the tip of cilia and that this effC'ct 1<, 

revers ible. 

By immunoblotting, l showed the enrichment of Spec3 in cilia 

and the accumulation of Spec3 in cilia during embryonlc development 

l fractionated ctliary prote ins in several ways and showed thdt tilt' 

Spec3 protein is strongly assoclated wlth the insoluble fraction nt 

the axone me . 

Part of the work reported in thls thesis has been accepted tOI' 

publication in the Journal Genes and Development under the followillg 

tttle: 

Eldon. E D. l C Montpetit, T Nguyen, G Decker. :1 (: 

Valdizan, WH Kleln and B P Brandhorst (1989) LocaltzdtlOn nt rhl' 

sea urchin Spec3 prote in ta cilia and Golgi complexes of em~rV(lIlI( 

ectoderm cells. 
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INTRODUCTION AND LITERATURE REVIEW 

INTP0DUCTION 

The study of development is as old as the science of biology. 

Developmental biologists are still trying to answer the fundamental 

question of their discipline how does a single cell, the egg, change 

to become an organism with many cel1 types and functions. 

Over the centuries, the theoretical frames used by biologis ts 

lnfluenced their approach ta the study of development (Moore, 1987, 

Oppenheimer, 1971) For example, the popular question of epigenesis 

versus preformation raised much activity among embryologists who were 

trylng to find out whether the adu1t organism is a1ready present in 

mlniature in the egg or is shaped as development proceeds In the 

absence of approprlate experimenta1 tools, the argument remained 

theoretical for many centuries 

The publication of Darwin's theory of evolution popularized the 

concept of recap i tul a t ion. Embryology put aside mechanistic 

lnterrogations ta search for as many natural histories as possible in 

order ta validate the notlon that "Ontogeny recapltulates phylogeny" 

The abll i ty ta perform experiments on embryos generated many 

questions on the mechanlsms of developrnent. Followlng the production 

of fate maps for dlfferent ernbryos, the concept of ce1l determination 

\oJas investigated. Several lines of evidence showed that the fate of 

certain ce Ils in sorne embryos is determined and cannat be changed. 

The fate of other cells depends on external factors and can be 

clunged by varying those factors Certain cells influence the fate of 

their neighbors, a process called lnduction. 

1 



The understanding of genetic inheritance and the avallabi 1 i tv 

of molecular tools in biology has given rise to a current model for 

development: ce Il differentiation is the result of differentldl 

temporal and spatial gene activity (Davidson, 1986) Cells become 

different because they express different genes. In that context, i t 

is important to identify genes whose activity varies in space and 

time during development, The Spec3 g~ne of sea urchins, whose product 

is the subJect of this thesis, is such a genet Its transcript appears 

in the embryo just before the differentiation of the ectoderm and lt 

becomes localized exclusively in ectodermal cells 

The fact that the expression of the Spec3 gene is lntlmately 

related to ectodermal differentiation raises the question of lts 

function Eldon et al (1987) found that its expression is associatc'd 

with the appearance of cilia 

l wanted to investigate the characteristics of the Spec~ 

protein It was found that it is present on cilla and ln the G01~1 

apparatus of ectodermal cells (Eldon et al, 1989) l made 1110 t'(· 

detailed observations on the localization of the Spec3 protein ln 

different cell types at various stages of development, l looked dt 

the effect of drugs that perturb prote in metabolism on lill' 

1 

localization of the Spec3 protein. and l fractlonated lsolated C 111 d 

to determine where the protein is located in the ciliary structltrp 

f 
.! 
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LITERA TURE REVIEW 

Sea urchin development 

The developmental program of the sea urchin Stron~ylocentrotus 

purpura tus is aimed at the formation of a mature pelagic ciliated 

larva that eventually metamorphoses into an adult urchin Most of the 

embryonic structures disintegrate at metamorphosis when the adult 

urchin emerges from a rudiment formed inside the larva Most of what 

is known about sea urchin development relates to the embryonic and 

larval stages Programs of gene expression after metamorphosis have 

not been studied yet. 

Echinoid development has been reviewed by many authors The 

following description is based on Czihak (1971), Giudice (1973, 

1986) Davidson (1986) and Wi1t (1987). 

The egg of the sea urchin Stron~ylocentrotus purpura tus is 

about 80 Ilm in dlameter and contains a store of mRNAs and proteins 

suff1cient to allow the embryo to develop until it is able to start 

feeding. After ferti1ization, a tough enve10pe rises around the 

zygote The firs t two c1eavages take place along the pre -1ocalized 

animal-vege tal axis. The third c1eavage is equatorial The four th 

c leavage is meridional in the blastomeres from the animal half, 

giving rise to 8 mesomeres but in the vegetal half, the plane of 

cleavage is parallel to the equator and separates the blastomeres 

inequally into 4 smal1 micromeres at the vegetal pole and 4 

macromeres adjacent to the mesomeres 

Cell d1V1sion is synchronous until the 9th or 10th cleavage 

t?'\.cept for the micromeres whose cleavage lS delayed w1th respect to 
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other blastomeres. The 4 micromeres undergo one cell division OnE' 

daughter cell enters the primary mesenchyme skeletogenic 1 ine'1/;e 

whereas the other divides once more and then exits the cleavage 

program. Much later, at the feeding larva stage, i t resumes ce 11 

aivision to form a part of the coelomic sac constituents which give 

rise to the imaginaI rudiment of the adul t ur ch in (Pehrso" and Cohen, 

1986). 

When the cleavage becomes asynchronous, the embryo is a hollow 

ball of cells, the blastula CLliogenesis begins in all cells exc~pt 

the 8 micromeres that have stopped dividing after the 6th cleavag~ 

In sorne species, the micromeres are also ciliated (Masuda, 1979) The 

formation of cilia allows the embryo to spin inside the fertllizatlon 

envelope At the animal pole sorne cilia grow longer than the 

others, forming the apical tuft The blastula synthesizes and 

secretes a protein, the hatching enzyme, which diges ts the 

fertilization envelope, liberating the swimming blastula in S0d 

water 

After hatching (or sometimes before), the vegetal reg10n 

flattens, forming the vegetal plate In this regLon of the embryo, 

sorne cells lose their cilia and begin to migra te in the blastocoel 

These mesenchyme cells eventually form the embryonlc 5keleton Al 

that stage, there are two germ layers the ectoderm on the externJl 

surface and the mesoderm comprising the mesenchymal cells 

Invagination of the vegetal plate ini tlates gas trulat 1011 

Invagination and reorganization of cells result in the formatlon of 

the archenteron, the endoderm At the tip of the forming archenteroll, 

secondary mesenchyme cells are continuously released They arE' the 
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>4. precursors of the pigment cells of the larval epithelium, the 

esophagal muscle and sorne of the coelomic sac constituents, sorne of 

WhlCh give ri se to the adult rudiment. 

As the primitive gut reaches to one side of the blastocoel, the 

mouth forms where it touches the ectodermal wall. The other end of 

the archenteron becomes the anus, a characteristic of Deuterostomes. 

As the larval ske1eton develops, the shape of the embryo changes 

Four arms form around the mouth, framing the oral area. As oral arms 

grow, the apical tuft of cilia disappears. The opposite side of the 

embryo, the abora1 end, e10ngates and becomes pointed at the apex 

The larva looks llke an easel, whence its latl.n name pluteus. It 

feeds on phytoplankton and small suspended particles (Strathman, 

1975) 

The oral field of the pluteus is surrounded by the ciliary 

band. Each cell of this band has one motile cilium (Strathman, 1975, 

NakaJima, 1986a) In the preoral area, addi tional coiled cilia are 

embedded in the hyaline layer at the surface of epithelia1 cells 

(Nakaj ima, 1986a) 

When a food particle reaches the ciliary band, several cilia 

change their pattern of beating to bring the food to the mouth When 

food particles are retained by the ring of cilia that immediately 

surrounds the mouth, they are eaten readily (Strathman, 1975) 

Larvae can SWlm backward by reversing their ciliary beat along 

most of the ciliary band (Strathman, 1975) Such reversa1 of ciliary 

movement can be triggered by stimulation of the larva. During ciliary 

reversal, electrica1 actlvity can be recorded. Moreover, magneslum 

ch1oride, a suppressor of nervous activity in invertebrates, prevents 
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.- ciiiary reversai from taking place Thus, ciliary reversdl is 

associated with nervous activity (Mackie et al, 1969). Cell~ of the 

ciiiary band are associated with axonal bundles and neural receptor 

ceils (Burke, 1978,1983, Nakajima, 1986b) 

In sorne urchin speCles, parts of the ciliary band separa te trom 

the rest of the band. These epaulettes are involved ln locomotlon 

rather than particle capture (Strathman, 1975) 

The adult rudiment develops from the union of a small part of 

the ectoderm and one of the coelomic pouches adj acent to the gut 

(Hinegardner, 1975) \o1hen the larva is ready to metamorphose, after 

several weeks of feeding, the larval ectoderm shrlnks and the 

developing ventral half of the ltttle adult with its spines, tube 

feet and pedlcellaria emerges (Czihak, 1971, Cameron and Hinegardner, 

1974, Hinegardner, 1975). The remaining adult structures develop 

after metamorphosis (Hinegardner, 1975) 

Lineage specific markers 

Evidence discussed in Davidson (1986) suggests that the fate of 

sorne of the cells of the early embryo is determined by maternai 

cytoplasmic factors. The micromere iineage epitomizes this process of 

determination: even when cultured in isolatlon, microrneres form 

skeletai elements. Their fate seems to depend on maternal cytcplasmic 

determinants locallzed ln the vegetal pole of the egg and lnhûrlted 

by micromeres during early cleavage. Class Ica 1 transp lanta t lOIl 

experiments have shown that such determined cells have inductlV(' 

interactions with their more plastic neighbors and intluence thûu­

fate (reviewed in Czihak, 1971) Thus, the development of the sea 
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urchin embryo depends on determinants localized in the egg as well as 

cell-cell interactions. In the undisturbed embryo, cell lineages are 

established quite early (Cameron et al, 1987) al though not 

irreversibly (Ettensohn and McClay, 1988) 

By microinjecting fluoresceinated dextran into individual 

blastomeres at various stages of development, Cameron et al (1987) 

showed that embryonic tissues are clonal in origin. For example, the 

oral and aboral ectoderm lineages are specified as early as the 5th 

and 6th cleavages although expression of ljneage specific genes 

cannat be detected until much later Oral ectoderm derives 

exclusively from animal cells whereas both animal and vegetal cells 

contribute to the aboral ectoderm 

Lineage specifie markers are useful tools to estimate the level 

of cammitment of a cell to a specifie differentiation pathway Much 

effort has been devoted to the identification of genes or gene 

prodllcts that are specifie for certain embryonic tissues Cytoplasmic 

actin genes CyIIla and b (Cox et al, 1986) and the Spec genes 

( Bruskin et al, 1981, 1982) are examples of genes expressed 

spec i flcally in ectoderm cells. 

Spec3 

In an attempt to identify markers of ectoderm and 

mesodermjendoderm differentiation, Bruskin et al (1981) isolated five 

cDNAs corresponding to mRNAs enriched in ectoderm fractions of the 

sea urchin L purpura tus relative to endodermjmesoderm fractions 

They refered to this set of cDNAs as Specl, 2, 3, 4 and 5 Spec 

stdnds for L purpuratus ectoderm. 
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The Specl and Spec2 genes code for small acidic cdlcium blndlng 

proteins related to the troponin C family (Carpenter et al, 1984) 

Eldon et al (1987) presented evidence that Spec3 is involved in 

ectodermal ciliogenesis. Transcribed from a single gene, the Spec3 

message is present at low level before fertilization and during the 

first 4 or 5 cleavages Then its level increases rapldly to reach a 

maximum at the blastula stage when It is 50 times more abundant than 

in unfertilized eggs. After a rapid decline to about 25% of lts 

maximum by gastrula, it accumulates again at prism and pluteus 

stages. During this second phase of accumulation. the Spec3 message 

reaches about half the maximum level observed at the blastula stage 

In SItu hvbridization of a Spec3 probe to sections of embryos 

at different stages showed that the Spec3 transcript is present ln 

all cells of the very early blastula but eventually becomes limited 

to the ectodermal lineage (Eldon et al, 1987) In sections of 

mesenchyme blastulae, the probe did not detect the Spec3 transcript 

in the vegetal plate region or in the mesenchyme cells At the 

gastrula stage, grain density was high in the region of the 

presumptive clliary band, but there was no signal in the preswnpllve 

oral ectoderm, the endoderm or the mesenchyme cells In p1utei, tlH' 

signal was very intense in thp region of the ciliary band 

Since the pattern of accumulation and of localization of the 

Spec3 message is very similar to that of tubulin and lranscrlptlOl\ 

from both types of genes Increases in response to dec lllat Ion (Hdr lo'",,; 

and Nemer, 1987, Gong and Brandhorst, 1987), Eldon et al (19Rl) 

concluded that Spec3 is probably involved ln ectodermal cillogenesls 
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Eldon et al (1989) looked at the localization of the Spec3 

protein by immunofluorescence staining of fixed embryos with an 

,mtiserum raised against a peptide corresponding to the predicted 

amino terminal region of the Spec3 protein. The pattern of staining 

at gastrula stage is striking (see Fig. 1 in the Results section) 

The embryo ectoderm is regularly spotted. A different plane of focus 

shows that ectodermal cilia are also stained. 

The localization of the bright spots in the apical region of 

the cell at the basis of each cilium, along with evidence from drug 

treatments and immunogold labeling indicate that these structures 

correspond to Golgi complexes When Brandhorst (Eldon et al, 1989) 

treated embryos wi th colcemid, a microtubule disrupting agent, the 

pattern of stalning wlth the Spec3 antiserum was modified. instead of 

a regular array of bright spots, ectodermal cells exhibit a flne 

punctate staining of the cytoplasm, analogous to the labeling of the 

GOlgl complex in mammalian cells treated wi th microtubule 

dep01ymerizing agents (Lin and Queally, 1982, Lipsky and Pagano, 

1985, Allan and Kreis, 1986) Thus, results from Brandhorst wlth 

colcemld are conslstent with the localization of Spec3 ln the Golgi 

.1pparatus WhlCh is held in place by microtubules StalOing of the 

cilia lS not altered by colcemid treatment ~fuen Decker labeled thin 

sections of embryos with colloidal gold (Eldon et al 1989), the only 

cvtoplasmlc structures that were conslstently labeled were the Golgi 

clsternae Flnally. when Brandhorst (Eldon et al, 1989) treated 

pmbrvos wlth monensin. an lnhibitor of Golgi mediated protein 

( secretion. he observed swelling of the bright spots, again 

suggestlng that Spec3 is localized in the Golgi complex 

9 , 
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Sea urchin cilia 

The flrst detectable morphogenetic Event in the developing 

embryo is the growth of cilia at the blastula stage, Depending on 

urchin species, cilla are present on all cells in the bla~tula or on 

aU cells except the micromeres (Masuda, 1979) Collectively, they 

beat ln a wave-like progression called metachronal movement. 

propelling the embryo in sea water Metachro~ism regulates the flow 

of water around the embryo (Sleigh and Aiello, 1971) 

At the animal pole, the apical tuft cllia are lmmotlle and 

therefore termed stereocilia Trypsin or concanavalin A treatment at 

the blas tula stage causes animalization of the embryo, a condi t ion 

characterized by the elongation of cilla all around the Llastula 

Other animalizing agents, such as zinc or thiocyanate have no effect 

50 late in development, Upon trypsin treatment, short and moti le 

cllia become longer and unable to move (Burns, 1979, Riederer­

Henderson and Rosenbaurn, 1979), Curiously, if such animalized embrvos 

are deciliated wlth hypertonic sea water and allowed to regeneratc· 

their cilia in the absence of trypsin, they regenerate long and 

immotlle cilia (Riederer-Henderson and Rosenbaum, 1~79) Tryps III 

treatment thus appears to change irreverslbly the progralll th,1t 

determines the length of cilia Evidence from Burns (1973, 1979) and 

Stephens (1977b) in sea urchin and other systems (reviewed by 

Lefebvre and Rosenbaum, 1986) indicates that the size of the clliary 

precursor pool lS not a factor in determlning the length of cllla or 

flagella, 

In sea urchin embryos, a large pool of ciliary protelns (Raft, 

1975, Bibring and Baxandall, 1981) and mRNAs (Alexandraki and 
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) .... Ruderman, 1985) is present before ci1iogenesis. Ci1iary regeneration 

can take place in the presence of inhibitors of RNA synthesis 

(actinomycin 0) and protein synthesis (puromycin) (Auclair and 

Siegel, 1966) However, if protein synthesis is inhibited with 

pactamycin just before regeneration, cilia do not grow (Child and 

Apter, 1969), suggesting that there is a time window when critica1 

components for ciliary assembly are synthesized 

Stephens (1972, 1977a) analyzed the timing of ciliary protein 

~vnthesis by labellng the proteins of developing embryos with pulses 

of radioactive precursors at various time points during the course of 

ciliogenesis and by measuring the incorporation of label in ciliary 

proteins He identified four different types of ciliary proteins 

relative to the timing of their synthesis: proteins that pre-exist in 

the unfertillzed egg, proteins that are synthesized continuously 

before ciliogenesis, proteins that appear to decrease with time and 

protelns that are synthesized de nova during ciliogenesis 

In another series of experiments, Stephens (1977b) deciliated 

embryos and labeled ciliary proteins durlng regeneration. He 

decillated embryos again and allowed them to regenerate their cilia 

ln the absence of labeled precursors In general, there lS a decrease 

ln the intensitv of labeling of clliary proteins after the second 

regeneration. A subset of proteins is labeled with a high specific 

~ctivity during the pulse and their labeling declines abruptly during 

the second regeneratlon. as lf most of the proteins synthesized 

durlng the pulse were lncorporated in the first regeneration and only 

Ilt'wlv syntheslzed. unlabeled proteins contributed to the second 

f0generatlon This subset includes a component of the protofilament 
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-" ribbon at the junction of the A and B tubules, probably tektins, the 

protein nexin; and other unidentified components of the t\ ,l11d B 

tubules Stephens (19 77b) proposes that these proteins 

synthesized in 11miting amounts during a specific br1ef period after 

deciliation and have a critical role in initiating cilia format1on 

Other proteins such as tubulin and dynein are more abundant in cilia 

harvested after the cold regener.tion than in cilia grown during the 

pulse. Stephens (1977b) suggests that this delayed utilization could 

be due to a lag in synthesis or processing or to compartmental1zatlon 

after synthesis 

Structure of the ciliary and flagellar axoneme 

Cilia and flagella are filamentous motile organelles thdt 

project out of the cell body Their structure lS very slInlldr in .li 1 

eukaryotic organisms They have ln common many proteins and a 

characteristic structure the axoneme Flagella are usually 2 ta 

times longer than cilia and they beat with a continuous, sinusoidal 

pattern whereas ciliary movement is biphasic with a power stroke dnd 

a recovery stLoke (Stephens, 1977c) analogous to breast strokp 

swimming. Usually, numerous cilia cover large eplthelial surfaces 

whereas flagella are present in small numbers on unlcélllliar 

organisms. However, in practice there is a continuum between the t'No 

extremes, in terms of length and motion patterns (Slcq;h, 1()74) 

Cavalier-Smith (1982, 1986) argues that there is no ratlOnal bdSl<, 

for distinguishing cilia and flagella He uses the term cilla tonn 

all eukaryotic ciliary and flagellar appendages and re5erVE'S the ll'lïll 

flagella for prokaryotes 

12 
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( The axoneme extends from a cytoplasmic basal body and is 

enclosed in a membrane that is continuous with the plasma membrane 

This organe lle is a cylinder of nine doublet microtubules surrounding 

a pair of single m1crotubules, referred to as the 9+2 structure. Each 

cloub let is made from a whole tubule, the A- tubule, to which is 

apposed a C-shaped incomplete tubule, the B-subfiber. The A-tubules 

and the tubules from the central pair each conta in 13 protofilaments 

made of (}- and ,B-tubulin heterudimers, whereas each B-subfiber is 

made of 10 or 11 protofllaments amJ '>pans 5 protofilaments from the 

A-tubule (Linck and Langevin, 19G1). Three protofilnments that make 

the Junction between the two e1ements of the doublet are called 

Junctional protofilaments or ribbons. They contain the tektins, 

prote ins of molecular weights of 47, 51 and 55 kD, as well as 

tubulin (Linck et al, 1985, Linck and Stephens, 1987). Linck (1982) 

proposes that tekt1ns are related to intermed1ate filaments 

Iwo projections are attached to the A-tubule They are the 

inner and outer dynein arms (described in sea urchin flagella by Tang 

et al, 1982 and Ogawa and Gibbons, 1976) that generate ATP-dependant 

movement by forming cross - bridges with the B-subfiber of adj acent 

doublets, caus1ng them to slide aga1nst each other The name dyne1n 

1S der1ved from the word dyne, a unit of force (reviewed in Gibbons, 

1981) 

Stephens (1970a) proposes that nexin (from the latin nexus; 

link) is a protein that keeps outer doublets together and maintains 

them in a ring shape. A set of radial spokes connects the central 

l'dit" of microtubules to each A- tubule of the outer doublets Each 

spoke cons1sts of a spoke head un the end facing the central pair and 
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a stalk (Hopkins, 1970). The nexin ring and the radial spokes protect 

the axoneme from dismantling by stress or dynein mediated sliding. 

Two proj ections extend from each of the two central microtubules. 

Collectively, they are called the central sheath (Warner and Satir, 

1974). There is a1so a pair of cross bridges that j oins the two 

central tubules together (Gibbons, 1981). 

Mastigonemes or flagellar hairs are structures that extend from 

f1agel1ar outer doublets through the f1agel1ar membrane (Bouck, G.n., 

1971, Witman et al., 1972). They are found in a1gae, fungi, 

zooflagellates, actinopods and sponges (Bouck, 1972, Cavalier-Smith, 

1982, 19J6). Their assembly begins in the nuclear envelope and they 

transit in the Golgi before being added to the proximal end of the 

flagellum (Bouck, 1972, Domnas et al, 1986). After extraction of the 

tlagellar membrane, mastigonemes remain attached to flagellar outer 

doublet microtubules (Bouck and Green, 1976) . Purlfied and 

electrophoresed mastigonemes from Chlamydomonas reinhardtii yield a 

single polypeptide. This protein has an apparenc: molecu1ar weigt.c: of 

170 kD and has a positive reaction to carbohydrate staining (W:tman 

et al, 1972) . Kawano and Bouck (1983) purified 5 different 

glycoproteins from Ochromonas mastigonemes . 

F1agellar structure and motility have been studied extensively 

in the unicellular alga Ch1amydomonas reinhardtii because of the 

availability of flagellar mutants (reviewed in Luck, 1984, Huang, 

1986; Lefebvre and Rosenbaum, 1986). Of the 150 axonemal polypeptides 

that can be identified on two -dimensional gels, about 75 can he 

associated to specifie structures of the axoneme by mutational 



dissection (for example, Piperno et al, 1977, Piperno et al, 1981, 

Remillard and Witman, 1982). 

There is an inherent structural polarity in Chlamydomonas 

flagellar axonemes. Hoops and Witman (1983) describe 3 markers of 

this polarity. There is a pointed "beak-like" structure in the lumen 

of the B-subfiber of doublets l,Sand 6; doublet 1 does not have an 

outer dynein arm; and there is a 2 part bridge (different from dynein 

arms) between the A-tubule of doublet l and the B-subfiber of doublet 

2 (in most organisms, however, the bridge is between doublets 5 and 

6). Interes tingly, the doublet wi th no outer arm always faces the 

other flagellum. 

Chlamydomonas has two flagella that beat with the ciliary 

pattern when the cell moves forward and with the flage11ar pattern 

when it moves backward. The change in swimming pattern is regulated 

by the level of intracellular Ca+2 and is a property of the axoneme 

itself (Nakamura, 1981). 

Many mutants isolated by Nakamura (1979, 1981) and Segal et al 

(1984) are unable to move with the ciliary pattern and can only 

perform the symmetric flagellar bending pattern characteristic of 

bacKward movement All these mutants have in cOlnmon that they are 

deficient in the "beak-like" projections normally found on the B­

subfibers of doublet& l, 5 and 6. A set of six polypeptides of 

molecular weights ranging from 30 to 245 kD are commonly missing in 

a11 the mutants. Two of these polypeptides are not phosphorylated 

properly in sorne of the mutants (Segal et al, 1984). 
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Reassembly of micro tubules 

Cytoplasmic microtubules can be depolymerized by co Id or 

colchicine treatment. They repo1ymerize when the temperature is 

raised. When cycles of assèmb1y-disassemb1y are performed with brain 

extracts, specjfic high molecular weight proteins copurify with 

tubu1in and are essential for microtubull') reassemb1y when the tubulin 

concentration i5 below a critical point (reviewed by 01msted, 1986) 

These microtubule associated proteins (MAPs) have been the focus of 

much attention over the past few years. 

As opposed to cytop1asmic microtubu1es, ciliary and flagellar 

microtubules are resistant to depo1ymerization by co Id or colchicine 

Kurlyama (1976) and Farrell and Wilson (1978) used sonication to 

depo1ymerize doublet mjcrotubules. 

The A-tubule and B-subfiber of the ciliary and flage1lar 

microtubules are solubilized differentia1ly at high temperatures the 

B-subfiber is depo1ymerized more rapidly when exposed to heat 

(Stephens, 1970b). Linck and Langevin (1981) used thls property of 

outer doublets to purify tubulin from the B- subfiber of sea urchin 

sperm flagella 

depo1ymerization. 

by successive rounds of po1ymerization and 

When solubilized by heat treatment and a1lowed to repolymerize, 

B-subfibers of flagellar outer doublets reassemble into singlet 

microtubules containing 12 to 15 protofilaments, most frequent1y 13 

protofilaments (Linck and Langevin, 1981) Interestingly, even lf th0 

tubu1in is over 95% pure after the second round of po1ymerization, lt 

is able to reassemble at concentrations rnuch lower than what is 

usually needed for brdin tubulin reassemb1y. Actué!.lly, the critical 
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concentration for reassembly of B-subfiber tubulin is similar to that 

of brain tubulin in the presence of MAPs. Linck and Langevin (1981) 

suggest that a "patent nucleating prote in" , a MAP, might be present 

in flage11ar ext:-acts as an undetected contaminant. 

Microtubu1es recanstituted from sonicated outer doublets become 

sensitive ta co1d and colchlcine. indicating that the stability of 

the outer doublet is a property of its structural organization rather 

th an of tubulin itself (Kuriyama, 1976; Farrell and Wilson, 1978). 

In practice, the term MAP has evolved to describe any prote in 

that interacts, even transient1y, with rnicrotubules (Olmsted, 1986). 

Under such a vague definition, rnany more proteins might qualify as 

MAPs. 

" 

17 



MATERIALS AND METHODS 

MATERIALS 

Supplies 

Strongylocentrotus purpuratus and Lytechinus plctus sea 

urchins were purchased from Marinus, Long Beach, California. L­

azetidine- 2 - carboxylic acid, monens in, puromycin and tunicamyc in were 

purchased from Sigma Chemical Company, tryps in from Boehringer 

Mannheim. Ali drugs were dissolved in distilled water except monensin 

which was made 5mM ln 75% methanol. Antl-tubulin antise1:'tuu (whol(" 

serum), ralsed in rabblts agamst sea urchln tubulins, was purchdspd 

from Polysc iences Inc Fluorescein conjugated goat antl- rahbl t 

antibody was purchased from Cappell (Organon Teknika Corporatlon), 

125 1 labeled protein A from 1CN Biomedicals Inc. Proteins wcre 

transfered onto Immobtlon- P (PVDF) membrane obtained from Mi lllpon> 

Corporatlon Silver stalning of gels was done using a kit from B10-

Rad Laboratones Molecular weight markers were SDS - 6H and SDS- 7 

mIxtures from Sigma WhlCh contain the following proteins. myos in (205 

kD), ,B-galactosidase (116 kD), phosphorylase B (97 4 kD), bovine 

album in (66 kD), egg albumin (45 kD), glyceraldehyde 3-phosphate 

dehydrogenase (36 kD), Carb0i11C anhydrase (29 kD), trypsinogen (24 

kD), trypsin mhlbitor (20 1 kD) and o-lactalbumin (14 2 kD) 

Spec3 antiserum 

The Spec3 antiserum and the pept ide use j to generate i t were 

donated by the laboratory of W H Klein. The antiserum was raised in 
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rabbit against a synthe tic peptide corresponding ta the deduced first 

14 amino terminal amino acid residues of the Spec3 protein, and 

conjugated to keyhole limpet hemocyanin. An IgG fraction was isolated 

by passage through a DEAE Affi-Gel Blue column (Bio-Rad Laboratories) 

and antlbodies against hemocyanin were removed by affinity 

chromatography (Eldon et al, 1989) 

Culture of embryos 

Gametes were obtained by intracoelomic inj ection of O. SM KC1, 

l ml for L purpura tus , 0.1 ml for h pic tus , and fertllized in 

.:trtific ial sea water (recipe from the Marine Biologlcal Laboratory) 

Embryos were cultured at a concentration of less th an 3000/ml at a 

temperature of 14 to 16°C. At 16°C, ~. purpuratus embryos hatch in 

about 12 hours, become mesenchyme blastulae in 18 hours, begin to 

gastrulate after 24 hours, reach the prlsm stage in 48 hours and the 

pluteus stage in 72 hours 

Preparation of cilia 

Cilla preparation was carried out using a modificatlon of the 

method of Merlino et al (1978). 0 12 volume of 4.45 M NaCl was added 

to a suspens ion of ci 1 iated embryos and the mixture was swirled for 2 

mUlutes Embryos were then pelleted in a clinlcal centrifuge, the 

supernatant was transfered ta clean tubes containing a cotton wad at 

the bottom and centrifuged again to remove all remaining embryos 

(Stephens, 1986). The supernatant containing cilia was transfered to 
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Carex tubes and cilia were pelleted by centrifugation at 5000g for 30 

minutes. For cilia regeneration, deciliated embryos were resuspended 

in artificial sea water and cultured normally. 

Preparation of sperm flagella 

Sperm tai1s were prepared according to Stephens (1986). 

Briefly, debris were removed from a sperm suspension by passage 

through several layers of cheesecloth. Spermatozoa were decapitated 

by homogeneization with about 10 strokes of a glass Dounce 

homogeneizer and centrifuged at 1000g for 5 minutes to remove lntact 

sperm and heads. Flagella were then collected by centrifugation at 

lO,OOOg for 5 minutes. 

Removal of the fertilization envelope 

Eggs were fertilized in the presence of 3 mM para-amino­

benzoic acid ta prevent hardening of the fertilization enve1ope, 

stirred for 30 minutes and then passed through a 55 micron nylon 

membrane (Nitex) ta remove the envelope (Dr Fred Wilt's notes, 

Embryology course, MBL, Woods Hole, Massachussets). Zygotes were 

allowed to settle, water was removed and replaced by artificial sea 

water. Embryos were then cultured as described above 

Immunofluorescence staining of embryos and cilia 

Packed embryos were fixed in 90% methanol, 10 mM EDTA for 5 to 

10 minutes at -20°C (Harris, 1986), rehydrated twice in PBS (0.01 M 

each of Na2HP04 and NaH2P04, pH 7 4, 0.15 M NaCl) for 10 minutes or 

more. Embryos were allowed to settle between each change of solution 
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Non-specifie binding sites were then bloeked by addition of a 

bloeking solution eontaining 3% bovine serum album in , 10 % fetal calf 

serum in PBS for at least 1 hour. Fixed embryos were ineubated at 

room temperature for 1 hour with the primary antiserum at a 

concentration of 50 jlg/ml in the blocking solution, followed by 3 

washes in PBS (10 minutes each). In certain cases, the Spec3 primary 

antiserum was preincubated with the N-termina1 peptide used to 

generate it. The primary antiserum was used at a concentration of 

10~g/m1; the peptide at 100jlg/ml. 

Embryos were then incubated for 1 ho ur with the f1uorescein 

labeled goat anti-rabbit secondary antibody di1uted 30 fold in 

b10cking solution and washed 3 times for 10 minutes in PBS. To reduce 

photob1eaching, samp1es were diluted 1:1 with 2 mg/ml 

paraphenylenediamine in PBS (VaInes and Brandzaeg, 1985) before 

mounting under a coverslip. Samples were observed and photographed 

wi th a Leitz Orthoplan fluorescence microscope, wi th excitation at 

about 445 run and emission at about 520 run. Nuclei were sometimes 

counterstained with 0.0001% ethidium bromide in PBS prior to 

observation. Staining of isolated cilia and axonemes was done 

similar1y except that the preparation was centrifuged in an Eppendorf 

microcentrifuge between each change of solution. Axonemes were 

prepared by removing membranes with Triton X-lOO 

Stephens, 1986, for protocol). 

Fraetionation of cilia 

(see be10w, and 

Several fractionation protocols were applied to iso1ated 

cilia AU steps involved extraction with a solubilizing agent and 

21 



sedimentation of the residue by centrifugation. AlI soluble fractions 

were precipitated in 80% acetone. Membrane proteins were solubilized 

by Triton X-lOO extraction (Stephens, 1986). Cilia were washed in 30 

mM Tris-Hel, 3 mM MgC12, 0.1 mM EDTA, pH 8 (TME) , centrifuged in a 

micro-centrifuge and resuspended in TME containing 1% Triton X-IOO. 

The mixture was left on ice for 30 minutes and the axonemal fraction 

was pelleted in a micro-centrifuge and washed again in TME. 

Alternatively, membrane proteins were separated into integral 

membrane proteins and other membrane proteins by differentlal 

solubilization into Triton X-1l4 (Dentler, 1988). Cilia were washed 

in cold PEMKS (50 mM Pipes, pH 7.1 with KOH, 3 mM MgS04' 0.1 mM EGTA, 

10 mM potassium acetate, 1 mM EDTA, 250 mM sucrose). They were then 

suspended in 1% ice-cold Triton X-114 in PEMKS and incubated on iee 

for 20 minutes with frequent mixing. Axonemes were pelleted by 

centrifugation in a micro-centrifuge, the supernatant was carefully 

removed, placed in a 1 5 ml centrifuge tube and warmed in a 30°C 

water bath for 5 minutes until the solution became turbid The sample 

was centrifuged for 10 minutes at l800g at room temperature The 

clear aqueous phase was removed from the cloudy detergent phase and 

each fraction was put on ice for precipit['tion in 80% acetone The 

axonemal pellet was washed aga in in PEMKS. 

The remaining axonemes were subjected ta high salt extraction 

according to Bell et al (1982) or Stephens (1986). These extraction 

methods solubilize dyneins in sperm flagella but in Cl lia , half of 

the dyneins and a11 the B-subfibers are released (Stephens, 1986) 

The method from Bell et al involves iIlcubating axonemes for 15 

minutes on iee in 0.6 M NaCl, 5 mM Imidazole-HC1, pH 7, 4 mM MgS04, 
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1 mM GaG12' 1 mM EOTA, 7 mM 2-mereaptoethanol, 1 mM dithiothreitol 

followed by centrifugation at 12, OOOg for 15 minutes Stephens uses 

o 6 M KG1, 10 mM Tris, pH 8 and 0.1 mM dithiothreitol for 30 minutes 

at 4 °G. 

The residual pellet was subjeeted to a Sarkosyl extraction, 

(Stephens, 1978) which solubilizes a11 but the junctional 

protofilament ribbons and associated proteins. In this case, the 

pellet was suspended in 0.5% Sarkosyl in 1 mM Tris-HGl, pH 8, 0.1 mM 

EOTA and 0 01% 2-mercaptoethanol on iee for 30 to 60 minutes The 

insoluble fraction was pelleted by centrifugation at 60000 rpm in a 

TLA-lOO.3 rotor in a Beckman TL-100 ultracentrifuge, for 30 minutes 

at 4 oC. 

On other occasions, the high-salt insoluble pellet was 

subj ected to a Sarkosyl-urea extraction which for sperm flagella 

solubilizes everything but tektins (Linck et al, 1985). The pellet 

was suspended in 2.5 M urea. 0.5% sarkosyl in 10 mM Tris-HC1, 1 mM 

EOTA, pH 8 for 2 hours on ice and then centrifuged for 2 hours at 

70000 rpm in a Beckman TL-100 ultracentrifuge. 

Reduction and alkylation of proteins 

Ciliary proteins were diluted in water at a concentration of 1 

mg/ml. An equal volume of 1.5% SOS, 20 mM OTT was added and the 

mixture was incubated at 85°C for 10 minutes. Fresh N-ethyl-maleimide 

was added ta a final concentration of 0 04 M and ineubated on iee for 

1 hour Then, 1/5 of the total volume of 50% glycerol, 0 5% 2-

mercaptoethanol, 0 001% bromophenol blue was added and samples were 

run on SOS gels (Harlow and Lane, 1988). 
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.. Protein electrophoresis and immunoblotting 

Proteins samples were dissolved in SDS sample buffer \ La(>l1lllllt, 

1970) and boiled for 5 minutes. Discontlnuous SDS po1yacry1alllldC' gel 

electrophoresis was done according to Laemm1i (1970). W1\en necessary, 

the protein concentration was estimated by the Coomassie staining 

method of Esen (1978). Gels were stained using the silver staining 

kit from Bio-Rad 

Gels were electroblotted onto lmmobilon-P membranes in co1d 25 

mM Tris-HCl, pH 83,192 mM glyclne, 15% methanol (Towbin et ,d, 

1979)and 0.5% SOS at about 300 mA overnlght and then blocked for at 

least 6 hours in Blotta ( 50 mM Tris, pH 7 5, 0 9% NaCl, 0 05% Tween-

20, 3% Carnation non-fat dry milk, 0 05% NaN3, filtered through 

Whatman #1 paper) Blots were incubated for 2 hours wi th the pr unarv 

antiserum diluted in Blotto (10-20 J.Lg/ml), rinsed 3 times with 

Blotto, washed twice ln Blotto for 20 minutes and then wac,h(>d 

overnight in Blotto. In sorne experlments, the primary antiserum was 

preincubated with the N-terminal peptide used to generate it at a 

bnal concentration of l00J.Lg/ml Blots were incubated wi th lodlnated 

protein A (l: 1000 in Biotto) for 2 hours and washed as descrlbecl 

above. Blots were then exposed to pre-flashed X-ray films at -HO"!; 

with intenslfylng screens 
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RESULTS. 

DrSTRIBIJTION OF THE SPEc3 ANTIGEN DURING EMBRYOGENESIS 

Gastrula and prism 

Indirect immunofluorescence staining of gastrula and prism 

embryos with the Spec3 antiserum revealed a striking pattern of 

distribution for this antigen. At low magnification, it appeared as a 

n'gular array of bright spots on the entire surface of the embryo 

(Flg la) At hlgher magnification, these spots were resolved lnto 

rings or comma-shaped structures (Fig. 2a) As shown by ethidium 

bromide counterstaining, each spot was closely apposed to a nucleus 

(Fig 3) Cilia seemed to originate from these structures and stained 

as strlngs of beads (Fig. 2b). There was no staining with the pre­

immune serum (Fig lc) 

The localizatlon of the bright spots in the apical region of 

the ceU at the basis of each cilium, along with evidence from 

colcemid and 1l1P.lensin treatrnents and immunogold labeling indicate 

that these structures correspond to Golgi complexes (see literature 

reVlew on Spec3). 
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Figure 1. Distribution of Spec3 in gastrula embryos. 

a) Immunofluorescence staining of a gastrula with the Spec3 

antiserum The diameter of the embryo is about lOOpm. 

b) Bright field image of (a). 

c) Gastrula stained wlth the pre immune serum 

d) Bright field image of Cc) 

(courtesy of E D. Eldon) 
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Figure 2. Distribution of Spec3 in gastrula embryos. 

Immunofluorescence staining of a gastrula with the Spec3 

antiserum. 

a) Focus was Just below the ectodermal surface of the embryo, 

showing apical structures. (x790) 

b) Focus was on cell surface, Rhowing cilia. (x790) 
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Figure 3. staininq of Spec3 and nuclei. 

A prism embryo was stained by immunofluorescence 

with the Spec3 antiseru~. Nuclei were counterstained with 

ethidium bromide. Nu: nucleus; ci: cilium; Go: Golgi 

apparatus. 
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Pluteus 

The aboral ectoderm region of pluteus larvae stail1ed wlth d 

pattern similar to gastrula or prism stages Fig. 4a and b ~how 

beaded cilia attached to Golgi at their proximal end. At that stag0. 

the Golgi complexes were smaller than at the earlier stdges 

The pluteus larva 1S characterized by tlh' dppl'iîrdlll'" ll! .1 

ciliary band surrounding the oral surface This band St,llIwd \'t'l"\' 

brightly wi th the Spec3 antiserum because of the presence of Sl'VeLI L 

rows of closely spaced cilia (Fig, 4a). In most preparations, tlH't't' 

was no obvious staining of the Golgi in the eells of the el ha rv b,llld 

and the oral area (see also sectlon on deciliation and 1ll011(,1l~lll 

treatment) 

In sorne cases, there was a double row of s talned ci l'rll Lll' 

structures at the base of the ciliary band (Fig 4c) 

structures were clearly different from Golgi complexes. 

T1H' ~(' 

thel!' 

dlameter was much larger, they did not stain as brightly ,md thelr 

edges were not as sharply defined When the same prepiîrdl1<1I)" '..Jl Il 

stalned for tubulin, the pattern was slmilar (Fig 4d) r Il r .1 

Japanese speeies of urehlns, NakaJima (l986a) descrlbed cotl,d tllld 

at the surface of the preoral area of the pluteus Al though t h(> 

structures that l observed were not in the preoral are a but UI Ll\(· 

cil iary band, their appearance and the presence of tubulln C,\li',gl '-, t 

that they are cOlled cilia 

The mouth of the pluteus larva is surrounded by C Ill.! Lllol t 

reacted wlth the Spee3 antlserum (Fig 4e) When stained, th(·~(' cilld 

were shorter than those [rom the aboral ee toderm and the e 11 id ry bdlld 

and their distal end was round and elub-shaped. Thus, as oppos('d to 
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other ectoderm specifie genes such as Specl or the actin genes Cyllla 

and CyIIlb, the expression of Spec3 is not limited to the aboral 

ectoderm 

The presence of the Spec3 antigen in the oral area is also 

contradictory to results of in situ hybridizations obtained by Eldon 

et al (1987) where Spec3 transcripts were not detected in the oral 

ectoderm. Since the Golgi of oral cells do not seem to conta in any of 

the Spec3 protein, the mass of Spec3 protein per cell is probably 

1855 than in the aboral ectoderm. The Spe~3 message in the oral 

pc~oderm may not be abundant enough ta be detected by in situ 

hybridization. 

Campos and Mann (1988) described modified cilia in larvae of 

bivalves. Their scanning electron micrographs illustrate cilia with 

enlarged distal ends that ressemble the stained circumoral cilia of 

Fig. 4e They suggest that these "discocilia" could be involved in 

chemosen.sation or in enhancing movement. Modified cilia around the 

rnouth of urchin larvae may have a function in screening and directing 

food particles before ingestion . 

. 
1 
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Figure 4. Immunofluorescence staining of pluteus embryos. 

Panels a, b, c and e are labeled with the Spec3 antiserum, pJllel ct 

with an antiserum against tubulin. 

a) Pluteus larva stained with the Spec3 antiserum Arrow points to 

the ciliary band between oral and aboral surfaces. 

b) Higher magnification (x8l0) of the aboral surface showlng rhe 

beaded pattern of cllia and the assoc~ated apical structure at the 

basis of each cllium 

c) Double row of round structures at the base of the ciliary band 

(xSOO) 

d) Structure similar to that in (c) stained with an antlserum 

against tubulln (x500) 

e) Staining of rows of cilia around the mouth of a pluteus Arrow 

points to the bulbous distal end of a cllium (x500) 
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No staining was ever observed on cells other than ectoc\C'lïn,d 

cells. CeUs of the gut are ciliated but endodermal cilia dld not 

react with the Spec3 antiserum, indicating that Spec3 is specifie to 

ectodermal cilia. 

Blastula 

Since the Spec3 protein is strongly associated with ectoderm~l 

cilia, it was interesting to look at its distributlon at the blastul~ 

stage, when cilia first appear. The fertilizatlon envelope Wd', 

removed after fertilization to allow immunostalnlng of embryos b(>tOIC' 

hatching. NormaUy, due to clliary movement, blastulae start to Splll 

lnside their envelope before the y hatch When the envelope W.1~, 

removed, they swam in sea water but their movement was disorlentc·c! 

compared to mesenchyme blastulae WhlCh tended to have .1 sptLd 

movement toward one direction, animal half first 

When embryos were stained before they began to movE'. t Ill' 

fluorescence was distrlbuted throughout each cell in il br11'.ht 

punctate pattern (Fig. Sa) which merged into larger Golgi complc"" <, 

when embryos started to move (Fig Sb) Stainlng of the Golgi die! !lU! 

appear simultaneously ln aU cells (Fig Sc) Before hatch tilt; of 

controls, there was no visible staining of the cilia 
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Figure 5 Distribution of Spec3 in blastula embryos before 

hatching. 

a) Immunofluorescence staining of a young blastula before any 

movement was visible. (x400) 

b) and c) Blastula were stained when they started moving but 

before hatching (x630) 
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Figure 6 Distribution of Spec3 in hatehing blastula and 

mesenchyme blastula. 

a) Immunofluorescence staining of a hatching blastula Sorne cilia 

are stained (arrow) (x630) 

b) and e) Staining of the sarne mesenchyrne blastula, two different 

planes of [oeus (x630). In (b), focus is on apical structures, in 

(c), on cilla. Arrows pOlnt to the vegetal plate whieh does not 

stdin wlth Spec3 
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In hatching blastulae, there was no unique and uniform pattern 

of staining. Depending on cells and embryos, Spec3 was present in a 

fine punctate pattern or in larger Golgi complexes and sometimes, a 

few cllla per embryo were stained (Fig. 6a shows the extreme case of 

an embryo with many stained cilia). lt seems that the organization of 

Spec3 into the Golgi and cilia is a process that takes place over 

several hours. 

At the mesenchyme blastula stage, most ectodermal cells 

extllbited a bnght Golgi and a beaded cilium (Fig 6b ,c). However. 

cells of the vegetal plate that would later invaginate to form the 

endoderm and the secondary mesenchyme cells did not show any stalning 

with the Spec3 antiserum (Fig. 6b,c). 

The appearance of Spec3 on cilia is coincident with a 

transition in the pattern of movement of embryos. the erratic 

movement of pre-hatching blastulae is gradually replaced by a 

dlrectional motlon that is obvious by the mesenchyme blastula stage 

i,'hether Spec3 lS involved in this transition is still to be 

determined. 

Other stages 

At the 16 cell stage, staining with the Spec3 antiserum was 

diffuse and there was a set of bright spots in the middle of each 

cell (Flg. 7). The overall intensity of stalning was comparable to 

what was seen in blastulae although the pattern of staining was more 

diffuse, except for the sets of bright spots which were larger than 

023Ch of the small spots seen in blastulae Since the level of 

stdlnlng with the Spec3 antibody ln unfertilized eggs is much lower 
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than in blastula (Eldon, 1988), accumulation of the Spec3 prote ln 

must have started by the 16 ce Il stage although the message is still 

not abundant at that stage (Eldon et al, 1987). Alternatively, rhe 

increase in staining that l observp.d at the 16 cell stage could be 

the result of a change in the accessibility of the antigen to the 

antiserum 

Since most of the larval ectoderm and ciliary band are 

discarded at metamorphosis (Davidson, 1986), the Spec3 protein that 

was synthesized during embryonic and larval development sllould 

disappear at metamorphosis l wanted to es tab hsh if the Sp('c l, 

antigen is present in met.:morphosing larvae The only structure of 

the metamorphosing larva that stained wi th the Spec3 antiserum was 

the distal end of the tube foot (Fig. 8) Sinc(~ most of the adult 

rudiment originates from mesenchyme progenltor cells that do not 

express Spec3 during embryogenesis, the presence of the antlgen on 

the tube foot must result from new synthesis from the Spec3 gene or 

another gene homologous to Spec3. It implies that synthesis from that 

gene must be activated in a new set of celis. Aiternatively, the tlp 

of the tube foot could originate from the smaii region of the Llrval 

ectoderm that is invoived in the formation of the adult rudiment 

(Hinegardner,1975) 
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Figure 7 Distribution of Spec3 in 16 cell stage embryos. 

(x520) 

Figure 8 Distribution of Spec3 in a metamorphosing larva. 

The Spec3 antiserum stains the distal end of the tube foot. 
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Figure 9. Trypsin treatment of embryos changes the pattern of 

staining of Spec3 on cilia. 

Analysls by immunofluorescence staining. 

a) Control gastrula Cilia stain with a beaded pattern. (x780) 

b) Embryo treated with trypsin for 1 minute. Cilia are brightly 

stained with a smooth pattern. (x780) Photography of (a) and (b) 

was done under the same exposure conditions. 
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Figure 10 Distribution of Spec3 on isolated cilia and axonemes. 

a)Whole embryos were stained by immunofluorescence with the Spec3 

antiserum and cilia were detached during the staining procedure 

Cilia exhiblt the beaded pattern. (x700) 

b) Embryos were deciliated and harvested cilia were stained wlth 

the Spec3 antlserum. The beaded pattern was lost and staining was 

le5s intense. (x700) 

c) Cllia were demembranated before staining and axonernes were 

processed as in (b) The staining pattern is simllar to (b). 

(:-:700) 
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EFFECT OF TRYPSIN 

The Spec3 sequence contains five sites for trypsin cleavage 

(residues 55, 93, 94, 99, 145) (E1don et al, 1987). If at 1east the 

55 amino terminal residues of the protein were protruding out of the 

ci hary membrane, this region of the protein wou1d be susceptible to 

trypsln cleavage in livlng embryos. Stalning of cilia with the Spec3 

antiserum would then be abolished because of the specificity of the 

antiserum to the first 14 amino terminal residues of the protein 

Gastrula stage embryos were treated with trypsin at a final 

concentration of 0 25 mg/ml for 1 or 5 minutes before fixation and 

unmunofluorescence stalning Trypsin treatment did not decrease the 

intensity of stalnlng on cilla but resulted ln the disappearance of 

the characteristic beaded pattern and the appearance of kinks along 

the cilia (compare Fig 9a and b) 

Trypsin treatment did not disrupt membranes as shown by the 

fact that treated live embryos excluded Trypan blue Moreover, 

."mbrvos contlnued to swim even after 30 minutes in tryp-;in, showlng 

that the embrvos remained vlable and that their cilla retalned thelr 

motor competence 

Slnce trypsin treatment did not reduce the intensity of 

stalning on cilia. the amino terminal region of Spec3 is probably not 

accessible for cleavage However, the disruption of the beaded 

pattern suggests thdt trypsln modifies the spatial organization ot 

tilt' membrane such that there lS a change ln the accesslbllity of the 

Spec3 dntlgen to the antiserum Alternatively, Spec3 could be a 

~ . component of a membrane-axoneme structure to which a modification of 
. 
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the membrane would be transmitted, affecting its affinitv for the 

Spec3 antiserurn. 

IM-lUNOCYTOCHEMICAL STAINING OF CILlA AND AXONEMES 

When whole embryos were fixed and labelE'd bv 

immunofluorescence, cllia were stained with a beaded pattern t hdt 

persisted in cilla which fell off embryos during processlng ,Fig 

10a). Cilia could also be fixed and stained after belng removed from 

live embryos by hypertonic shock but the beaded pattern was no longl"l­

present and the labeling was less intense than on whole embryos (Flg 

lOb) When the membrane of such cilla was removed by detergent 

extraction before immunocytochemlstry, the pattern of stallllng W,IS 

not altered, suggestlng that Spec3 is localized on the axoneme (flg 

10c) 

Removal of cilia from embryonic cells seems to cause a 

reorganization of Spec3 in cilia as seen by the dlsappearance of tllt' 

beaded pattern A possibility is that part of the proteln residcs III 

the soluble matrix between the plasma membrane and the d\.OtH'IIl(> tpoll 

declliatlon. lt is llkely that the membrane remains unse,üed tot '-,UllIl 

time, lettlng the soluble proteins leak out ThlS expldn[ttloll l'ould 

account for the reduction ln the intenslty of stainlng ln lsolatc"d 

cilla compared to cilia fixed when stlll attached to embryos 

However, immunofluorescence stalning of demembranated cllla and 

immunoblottlng of protelns from clliary fractions Csp' lle· ... t <,l'cL 1011) 

suggest that most of Spec3 lS associated wlth the dxoneme 
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It-truNOBLOTTING WITH THE SPEc3 ANTISERUM 

The predicted mo1ecu1ar weight of the Spec3 prote in is about 

21.6 kilodalton, as deduced from the open reading frame of the cONA 

sequence (Eldon et al, 1987). When ciliary proteins from â 

purpuratus wer~ immunoblotted and incubated with the Spec3 antiserum 

followed by radioiodinated protein A, an intensely labeled band was 

observed Sometimes, this band was resolved into a pair of bands 

(Fig. lla). The apparent molecular weight of the stained protein is 

much larger than that predicted for Spec3. On 4-12% polyacrylamide 

gradient gels (Fig. 18a, lane 6), the protein migrated more slowly 

than dyneins which are reported to have a molecular weight of 350 kO 

or more (Bell et al 1982 and Fig.18a, lane 1). Thus, Spec3 seems to 

form large aggregates that cannot be dissociated by reductive 

extraction in the presence of boiling or cold SOS Reduction and 

alkylation of proteins with N-ethyl-maleimide before electrophoresis 

did not change the mobility of these aggregates (Fig. llb) , 

indicating that cysteine cross-links are not responsible [or their 

persistence The antiserum cross-reacted with egg albumin which was 

used as a molecular weight marker (Fig. l8a, arrowhead) 

lnterestingly, an anti-alburnin antiserurn labels the Golgi of liver 

cells (Geuze et al, 1981) 

Immunoblotting revealed an enrichment of the Spec3 antigen in 

ciliary extracts compared to whole embryos (Fig l7c, compare Lanes 3 

and 4) lt is difficult ta calculate the relative amounts of Spec3 in 

cilia and Golgi complexes because ciliary proteins account for only 

about 1/500 of total embryonic proteins. Therefore, a direct 

quantitative comparison between ciliary proteins and proteins from 
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deciliated embryos would require loading 500 times more proteins from 

the latter sarnple, overloading the gel. 

The developmental profile of Spec3 analyzed on immunoblots 

confirrned the results obtained by immunostaining of whole embryos' 

Spec3 becarne more abundant on cilia starting at the gastrula stage 

(Fig. Il b, c). However, the protein was detecten earlier on blots 

than by irnmunocytochemical staining of whole ernbryos. Fig. llc, lane 

1 shows that Spec3 was detected in pre-hatching cilia of blastulae on 

blots whereas at that stage, no staining was detected on cilia by 

irnmunofluorescence (see Fig. 5). 

Since cilia and flagella share many proteins, the presence of 

Spec3 on flagella was investigated. Irnmunoblotting of sperm flagellar 

proteins with the Spec3 antiserurn did not reveal any labeled band 

(Fig. llc, lane 4) and sperrn flagella did not stain by 

irnmunofluorescence with the Spec3 antiserurn (data not shown) , 

suggesting that Spec3 is not a general axonemal protein but is 

specifie to ectodermal cilia 
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Figure Il. Immunoblot analysis using the Spec3 antiserurn. 

a) The Spec3 antiserum labels a band of very high apparent 

molecular weight. lmmunoblots of duplicate 10% aerylamide mini­

gels of prism ciliary proteins treated with the Spee3 antiserum 

(lane 1) and the preimmune serum (lane 2) . 

b) _pee3 accumulates in cilia after eiliogenesis is eompleted. 

Reduction and alkylation do not change thé rnobility of Spee3 on 

gels. Equal arnount of proteins were loaded on each lane. Lanes 2 

and 4. hatching blastula stage ciliary proteins. Lanes land 3. 

prism stage clliary proteins. Lanes 3 and 4: proteins were reduced 

and alkylated before electrophoresis. The arrow points to the top 

of the gel 

c) Developmental profile of the Spee3 protein on eilia and 

flagella. Lane l contains twice as much protein as lanes 2, 3 and 

4. Lane 1. blastula cilia before hatching Lane 2. gastrula cilia 

Lane 3 pluteus cilia Lane 4: sperm flagellar proteins. 
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EFFECTS OF DECILIATION AND MONENSIN !REATMENT ON THE DISTRIBUTION OF Sl';:c3 

Monensin treatment 

In mammalian cells, the ionophore monensin prevents secretion 

of pro teins from the Golgi apparatus, resu1ting in swe11ing of the 

complex (Tartakoff, 1983). When prism embryos were treated with 

monensin at concentrations . f 10- 5 
rang~ng rom ta M for 20 

minutes, the Golgi complexes became smoother and larger in shape and 

appeared more brig,htly stained When embryos were treated for a 

longer period of time, staining of the cHia declined gradually and 

became undetectable by 4 hours (Fig. 12). Even after 5.5 hours in 

monensin, embryos were able to move. These results suggest that Spec3 

is secreted from the Golgi to the cilia and imply that Spec3 turns 

over rapid1y on cilia. They also indicate that beating of cilia does 

not depend on the presence of the Spec3 protein. 

Deciliation and monensin treatment 

Since the Spec3 protein appears ta transit through the Golgi to 

the cilia, it was interesting to determinp if monensin treatment 

prevents new growth of cilia after deciliation. 

Declliation 

Prisms were deciliated by hypertonie shock and the cilia were 

allowed to regenerate. Although no movement was detectab1e in embryos 

until 60 minutes after decHiation, growth of cilia was detected 

after 30 minutes when embryos were stained with the Spec3 antiserum 

At that time, most of the stain concentrated at the tip of the 
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growing cilium appearing as a dot on top of the Golgi (Fig. l3a'. At 

45 minutes, the growing cilia stained over their entire length (Fig 

l3b) Lut the beaded pattern of staining appeareci only at about 60 

minutes (Fig. l3c,d), when embryos started to oscillate due to 

ciliary movement. After 150 minutes, these embryos moved like the 

controls although their cilia did not grow to their full size until 

after 300 minutes of regeneration. 

DeClliatlon followed by monenSln Lreatment 

When embryos were deciliated and allowed to regenerate the i r 

cilia in the presence of 10-5 M monensin for 90 minutes, the Golgi 

complexes of aboral ectoderm cells swelled and ciliary growth was 

detectable by staining with the Spec3 antiserum (Fig. 14b). However, 

cilia had the length and appearance of 30 minutes controls (compare 

Fig. 14b and l3a). 

The staining of growing cilia in the presence of monensin could 

be due to the presence of the antigen downstream from the Golgi a t 

the time of monensin addition. 
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Figure 12 Effect of monensin on the distribution of Spec3. 

Alldlysls by immunofluorescence staining. 

a) Control prlsm embryo. 

b) Prism treated wlth monensin for l 5 hour. Staining of the cllia 

is fainter. 

c) Prism treated with monensin for 3 hours. 

d) Prlsm treated with monensin for 5.5 hours 
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Figure 13. Distribution of Spec3 in prism stage embryos during 

cilia regeneration 

Anal:'5is by immunofluorescence staining (x580) 

a) Immunofluorescence staining of an embryo 30 minutes after 

deciliation Arrow pOints ta growing cilium. 

b) Pattern of stainlng 45 minutes after deci1iatian. 

c) Pattern of staining 90 minutes after deciliation. 

d) Pattern of stalning 105 minutes after declliatian 
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Figure 14 Effect of deciliation and monensin treatment on the 

distribution of Spec3. 

Analy515 by lmmunofluorescence staining. 

a) Control embryo wlthout deciliation or monensin treatment (x580) 

b) Embryo decillated and treated w1th monensin for 90 minutes 

dudng ciliary regeneration (x370). Arrow points to growing 

cil ium 

c) Control oral ectoderm of a prism stage embryo (x580) 

d) 0ral ectoderm of an embrvo treated as in (b) There 1S no 

hl-1F,llt structure dt the base of groYnng oral cilla Compare 

dl-rowhead wlth arrow 0 oral ectoderm, a aboral ectoderm 

Photography of panels Cc) and (d) was done under the same e~posure 

conditlons (xS80) 

e) Embryo treated with monenSln for 90 minutes pr10r to 

d,'c i 1iation and regeneration ln the presence of monensin 

[\"l:,c'neratlOI1 wa5 dllowéd for 3 hours. Arrow points to a gro\o.'lng 

l'Il ium (\.370) 

f) EIllbryo5 treated as in (e) Regeneration was allowed for 4 hours 

\\.8)0) Arrow points ta a growing ciliurn 
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To test that possibility, embryos were treated wlth 10-5 M 

monensin for 90 minutes before deciliation and regeneratlon in the 

presence of monensin. There was no detectable growth of cilia unti1 3 

hours after deciliation (Fig. l4e) and after 4 hours, cilia had the 

~ame length as 90 minutes controls (compare Fig 

1I0weve r, those embryos were not moving. 

These resu1ts suggest that secretory activity 

apparatus is essentia1 for normal ciliary growth. 

l1mlted growth could be due to a leaky effeet 

l4f and 13c) 

of the Golgl 

The observed 

of the drug 

Interes t lngly, embryos treated with monerlsin before deciliation dld 

Ilot move even lf thelr cilia were growing Monensin tOXICltv 15 no:: 

c,llfficlent to e'.plaln thls resu1t slnee monensln treated emb[';os è.l'dt 

hdd Ilot been declilated were moving after the same treatmel':: 

However, it could be that a protein needs ta be processed Vla the 

GOlgl in arder to allow growlng eilia to move and that under the 

e ... perimental condltlons, that protein cou1d not be e~ported ta Clll~ 

ln &llfflClent qlldntity 
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Figure 15. Time course of ciliary growth. 

Ciliary growth was measured after deciliation, deciliation 

fol1owed hy treatment with 10- 5 M monensin, treatment with 10- 5 M 

monensin for 1.5 hour prior to deciliation and regeneration in the 

presence of 10- 5 M monensin 
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Flg 15 illustrates the growth of cllla under ,he V,IlI'''h 

conditions mentioned ab ove 

Experiments with monensin also conflrm that ther", i ~ Ill' 

staining of Golgi in the cells of the oral ectoderm When prisms Wl'll' 

declliated and incubated wlth monenSln, cilia of the or,11 t'ctodPIIIl 

started to grow but no swollen GOlgl were observed at their pro'lmll 

ends whereas such swelllng was ObV10US ln the abor.:J.l ,11"(',1 ,l'l.', 

l4C,d) 

EFFECTS CF ~qUGS ON T~E DISTRIBU7ION OF SPEc3 

Puromycin 

S lnce the Spec 3 prote ln appears to turn OVel" rap uil v OI! ('Ill .. , 

lt was lnteresting to look at the effect of protein <,\'nth,"'\', 

lnhlbltors on the prevalence of Spec3 on cilla 

treated with puromycin at a concentration of lOOJlM for 4 hours rhl'. 

concentratlon lnhiblts reversibly 95% of proteln 

measured bv 35S-methlonine lncorporatlon (ddt.:1 Ilot ~ hOl';!! ) lJ Ul 1 Il,. 

the treatment, fluorescence dlsappeared graduall .. trom tIlt (,{Jlgl .. lie! 

became concentrated ln il globule at the tlp of ,·,1('11 (tll'_lIIl Ill" 

16b) wnen embrvos were removed from puromyc ln tor 2 hout <', (' Il: .. 

regalned theu normdl shape but stalnlng of the l,olgl rlld l'l)' 

reappear (Flg I6c) 

E,periments de~crlbed above u'.ang monenSln <'Il/'.f,l <,l : tl,tt '>;Il' ~ 

turns o\'er rdpldly on c111a Therefore, l p<pectt'd thdt.. dl:. 1 l'II':, II 

~vnthe~l~ lnlllbltlon, the lntenslty of stdlnlI!g of Loll~1 <111r! r t. 1., 

wlth the Spec3 antlserum would decrease gradually and th.!! 1), 
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dllowing pulses of prote~n synthesis, l could obtain an estimate of 

the turnover rate of Spec3 However, results from proteln synthesis 

inhibition differ from results from monensin treatment in that they 

suggest that turnover takes place in the Golgi rather th an on cilia 

When embryos were treated with puromycin, Golgi staining disappeared 

<lnd c1lia staining increased as if proteins in the Golgi were quickly 

transported to the tip of the cilia One possible interpretation iS 

that the distribution of Spec3 and possibly other proteins on cilla 

results from a balance between anterograde and retrograde transport 

,md that a retrograde component of that transportation system is a 

lablle prote in When protein synthesis was res tored. Spec3 rapidly 

recovered lts normal arrangement ln the cilium but not in the GOlg1 

ThlS observatlon 15 conslstent with the reestabllshment of a 

rptrograde transport system. Protein synthesls recovery was probably 

not long enough to allow accumulation of Spec3 in the GOlgl 
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Figure 16 Effect of tunicamycin, puromycin and a proline analogue 

on the distribution of Spec3. 

Immunocytochemical analysis (x370) 

a) Control mesenchyme blastula (4 hours after hatching) 

b) Hatching blastula treated with 100 ~g/ml puromycin for 4 hours 

c) Embryo treated as in (b) but cultured for 2 extra hours in the 

absence of puromycln 

d) Hatching blastula treated with 10 ~g/ml tunlcarnvcin for 4 hour~ 

(until the mesenchyme blastula stage) 

e) Embryo treated wlth 500 ~g/ml L-azetidine-2-carboxylic acid for 

14 hours 
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Treatment of embryos with a proline analogue 

The amino acid composition of the deducted sequelle,> of tlh' 

Spec3 protein is unusual. lt contain!:> 28 prollne res l.ducs, ,li 1 

located in the first 138 amino terminal residues, 2 being incluJed 111 

the N - terminal peptide used to generate the antiserum (Eldon et al, 

1987). Since proline causes polypeptide chains to bend, the abundance 

of proline residues is probably determinant for the tertiar\ 

structure of Spec3, its antigenicity and its funct~on in the cell 

L-azetidine-2-carboxylic acid, a prol~ne analogue, can IH' 

incorporated ln VlVO ta high levels into newly synthes~zed pLlllt 

proteins (Fowden and Richmond, 1963). Because of its structure, thic, 

analogue of proline should turn an a-helix through an angle about l~o 

smaller th an proline (Fowden and Richmond, 1963), thereby alterlll[', 

the tertiary structure of the protein Prol~ne replacement bv L-

azet~d~ne - 2 - carboxylic acid might prevent proper local ~zat~on 0 i 

Spec3, impede its normal function in the cell, or destroy lts 

affinity for the antiserum. 

When blastulae that were just starting to move wet'e treaU ct 

with L-azetidine-2-carboxylic acid for 14 hours, there 'Nas no t'fivct 

on morphology or movement at concentrat lons ranglng from 10 to 11)11 

J-Lg/ml At a conct'ntl'at~on of 500J-Lg/ml, most embryos were Ilot 1!I0'1l Ili', 

normally but were oscillating rather than sw~mming HowE'ver, wilL Il 

labe led by immunofluorescence, such t:!mbryos disp layed the llorlIId 1 

pattern of staining for the Spec3 protein (Fig 16e), suggestinij that 

proline replacement did not alter the localization of the> prote'ln ,dld 

its affinity for the antiserum 
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One possibüity is that proline replacement eaused a 

conformatlonal change in Spec3 that affected its tunctlon wlthout 

lllurftrlng wlth ltS localization and its reactlvlty wlth the 

dnt l ser um The abnormrtl movement of L-azetidine - 2 - carboxylic acid 

treated embryos is consistent w1th a role of Spec3 in normal 

movement Howevf'r, since the incorporation of L-azetidine-2-

carboxylic acid lnto prote1ns was not estimated, it is possible that 

thlS prollne analogue 1S not incorporated in proteins of sea urchin 

.\hnormal movement of treated embryos could be due to a general toxle 

,>tft"'ct of the drug 

Tunicamyein 

The cDNA sequence of Spec3 reveals a potent1al N-linked 

l~lvcosvlatlon slte ln the protein (Eldon et al, 1987) Spec 3 a1&o 

.lppe.1rs to transI.c ln the GolgI. before brlng localized ln t~1e cllla 

\~PP previous sectlon) Thus, Spec3 might be glycosylated ~urlng lts 

pdssdge through the GOlgl arparatus, conslstent Wl th l ts apparent 

Ltq;e <,lze on SDS gels (see sectlon on immunoblot'::il,g) The drug 

t UrllCdlllVC111 blocks the first step in the synthésis of sugars lnvolved 

111 glvcosvlatlon (Elbeln, 1987) If glycosylation lS reqUlred for the 

lOCdll:::atlon of Spec3 on cllla, tuniCamYCITl treatment could lead to a 

dt'Cl".1'ot' ln stail1l1Hj of cllla wlth time 

RldstuLH' v.;ere treated wlth tunieamycln at concentratlons of 

() L, land 10 pg/ml for le, hours No effect could be detected at 

,'()llC"l1t-ré1t 1011S 1('5s than lO~Lg/ml How€ver, after 4 hours at tha t 

'·,\l1,'t'l1lr.1t:011, \'l'l-V ft'w ciLla or Golgi could be stalned with the 

"f'''''\ .lllltc,t'lllin \F1['. l6d) sllggestlng that glycosylatlon of Spec3 or 

S6 
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other proteins is essential for the proper localization of lh~ Spec3 

protein However, in many cases, proteins that havE' Ilot )'('P!l 

glycosylated norma lly are still properly local ized A lle l'na t l \le 1 \' . 

since sorne glycoproteins are degraded more rapidly ln cdb (t','.1(,'(\ 

with tunicarnycln (Elbein, 1987), rapld decay of Spec3 mlght ",-pLll11 

ltS decline on Golgi and cilia 

SPECIFICITY OF THE SPEc3 ANTISERL'M 

Several experiments from WH Klein's labol'atorv vell[v tll" 

speclficlty of the Spec3 antlserum for the Spec3 protell\ li,,", 

repeated sorne of them and confirmed thelr results 

By staining embryos with decreasing concentratlons of llll' 

primary antiserum, lt should be possible to determine the low,,:,t 

concentration at WhlCh staining lS stlll detectable 1Îlt, 11 . 

prelncubatlon of the prlmarv antlser\lm wlth the Spf.'c3 N- tl'rl1l11l,ll 

peptlde agalnst which lt was lnltlally ralsed should pl'e'lt'Ilt ',LellllllH' 

of embrvos because OC competition of the Spec3 protel n cille! tli, 

peptlde for blnding to antlbodies 
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Figure 17 Specificity of the Spec3 antibody. 

a) Immunofluorescence staining of embryos with di1uted primary 

,mtiserum Arrow points to a stained cilium. (x370) 

b) Embryos treilted as in (a) but primary antlserum was 

prelncubated wlth the N-terminal peptlde used ta gEnerate it 

Cilia are no longer stalned but GOlgl is. (x3 7 0) 

c) Immunoblot of proteil" extracts separated by electrophoresis on 

.1 10% .1CrVlamlde ge land lncubated wlth the Spec 3 antiserum 

!ollowed by rildl010dlnated prote in A Ali 1anes contain 10!-'g of 

proteins except lane 6 which contains 2 S!-'g Lane l declliated 

l'mbryos allo\'~d to regenerate their cilia for 2 5 hours. Lane 2 

embryos Just declliated Lane 3 cilia Lane 4 whole embryos 

L.lnf' 5' egg proteins Lane 6 deciliated embryos allowed to 

regener.1te theu cilld for 30 minutes 

d) Repltca of (c) The Spec3 antiserum was preincubated wlth the 

N-lerminal peptlde used to generate lt 

e) Immunob1ot of proteln extracts incubated \llth the Spec3 

,mriserum followed by lodinated protein A Lane 1 40jLg of 

protelns frvIn deciliated embryos allowed tl) regenerate theu ,Lllil 

tor 2 ) hours Lane 2 Spg of clliary protelns 

f) R,'pllca of (e) tredted dS ln (d) 
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When the concentrdtlon of primary antiserum was lowered to 

lO/-Lg/ml, cilla barely stained but the Golgi was still very bnght 

(Fig 17 a) Pre incubation of the antiserum with the N- termlnal 

Pt-pt lde resulted in the disappearance of fluorescence on cllia but 

Ilot on the GOlgl (Flg l7b) 

lmmunohlott ing gave simllar rèsu1 ts When the antlserum was 

prcincubated with the N-termina1 peptide, detection of Spec3 proteln 

from ctliary extracts wlth radio-iodinated Protein A was practically 

"bo 1 i shed \ compare Flg 17c and d, lane 3, 17 e and f, lane 2 ) For 

Il 10 t s of pl'"otelns from whole embryos (Fig 17 c, d, lane 4) , 

dt-Cilldtrd embrv() s ( L,ne 2) , and decillated pmbryos allowed to 

l-l'gellcrate thE'lr cilla for 30 minutes (lane 6) or 2 5 hours ( lane 1) , 

pleincubation ot the antiserum with the peptlde caused a decrease ln 

the lntensityof the slgnal compared ta treatment with the lntiict 

'-,l't"llITl (compare Fig l7 c and d) 

1; e, t lllustrates a similar experlment In lane l 

(dvciltdtl>cI ,>lllbl\OS allowed ta regenerate thelr clila for 2') hours), 

lOddcd 8 tunes the amount of proteins as ln lane 2 CClllary 

protellls) 'w11E'n the Spec3 antiserum was pre- incubated wlth the N-

tl'nninal peptide, most of the label in 1ane 2 disappeared (Fig llf) 

111 Lll1e l> d Ln-gPI' proportion of the antigen did not c0l11pete with 

tht' pl'prll1L> ThIS L'umpC'tltlon reslstant fraction posslblv corresponds 

ll) th,> popu L,tlllll ot ~pl>C 3 molecules tha tare locall:::ed III t hv Go 1G 1 

l'(Jlllp ll'" ,md dld not competr wlth the peptide u, lInmunoflllorescence 

',L1Îlllllr, ~Fig 17b) 

TIll'S'" re~lll ts Sllggest that there are two types of 1I101ecult-s 

ll\.lt l.lll hl' d"tectt'd wlth thE' Spec3 antlserum OI1P of them IS locclted 
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on cilia and competes with the peptide. The other is a Golgi protein 

that has the same electrophoretic mobility as the ci11ary one but 

does not compete with the peptide. The two types of proteins Sh,lH' 

epitopes that react with the antiserum. It is difficult ta attribur,~ 

their differences to structural features that could be resolved b l 

SDS gel electrophoresis because they both mlgrate as lf their 

molecular mass was very large It is not easy to detect small 

differences in size between such large aggregaces Anotlw 1" 

electrophoresis system might be able to distinguish between the two 

types of molecules 

FRACTIONATION OF CILlA 

Fig 20 illustrates the different steps in the fractionat ion 

scheme. 

That Spec3 seems to transit in the Golgi before belng local i;:(·d 

in cllia suggests that i t might be a membrane protein l t should thl Il 

fractionate with ciliary membranes rather th an with axonemes 
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Figure 18 Fractionation of cili..ry proteins. 

Analysls by lmmunoblotting 

a) The Spec3 antigen does not fractionate with membranes. 

Imrnunoblot of a 4-12% polyacrylarnide gradient gel of fractions of 

cilldry protelns The blot was treated with the Spec3 antiserum 

followed by radlOlodlnated proteln A Stoichlomètrlc amounts of 

(' i 11a were loaded on each lane except lane 6 Lanes 2 and 3' 

Trlton X-114 fractionation of membrane protelns Lane 2 integral 

membrane protelns (detergent soluble fraction) Lane 3 non­

IIltegral membrane protelns (aqueous fraction) Lane 4 Total 

IIlvmbrane protelns solublll;::ed wlth Triton X-IOO Lane 5 Axonemal 

protelns Lane 6 proteins from whole cilia Arrow head shows 

cross hybrldizatlon wlth egg albumln, a molecular weight marker 

L:mt' l repllca of lane 6 stained with Cooma~sle blue Arrows pOlnt 

to dyneln clnd tubul1n 

b) Spt'c 3 IS not soluble in a h1gh salt buffer Cillary protelns 

Wc'rl' tLlctIOI\dtl"d bv the method of Drntler (1988) lnto Illtegral 

11\l'lJ\hrcll'l' protc>ll1S (c1etergent so~uble, lane 3) and non il\tegral 

Il\,>lJ\brane protelll's (aqueous fraction, lane 2) The Insoluble 

d,,-onemal prote1ns were then subJected to a hlgh salt extraction 

.ICL'Ordlng to Bell l't al \ 1982) The hlgh salt soluble triletlon 

'. 1'-. lo.ldt'd on Llnt~ ) dnd the Insoluhle a:-..onemal proteins '",erp 

In.Hlc'd ,1I1 LII1l':j Lml' l L'OnLllns totdl cillar\' PlotPlllS 

'-,tnldllCll11t>tr'L' ':-II1lClUlltS of cilla were 10adC'd on each LUte 

c) Spt>c3 1':> insc,lublt' III 0 S% Sarkosy l Clliarv protelns were 

'-.,>Pdr,ltt'd lnto ll1E'll1bralW protelns(lane 1) anà l11gh sail ~oluble 



proteins (lane 2) accordlng to Stephens (1986) The insoluble' 

axonemal proteins were separated into Sarkosyl lnsolublt' (l<lIW \) 

and soluble (lane 4) proteins according to Stephens, 19;8 

Stolchlometric amounts of cilia were loaded on each lam-" 

d) and e) Spec3 is partlv solubilized bv a Sarkosvl-urea 

extractlon Clllary proteln were treated as ln (c) hut un'a \,',1'-.. 

added to the Sal.-kosvl extraction solution (Linck et al. 1985) 

Lane l' membrane protelns Lane 2 high-salt soluble frdction 

Lane 3' Sarkosyl-urea soluble fraction Lane 4 Sarkosyl-ur~a 

lnsoluble fractlon Stolchiometric amounts of cilla were lo.!(hd 01\ 

each lane Panel (d) and (e) are two different e~.p(l:-'I\rl'S nt th, 

o.,Hre b 10 t 

6) 
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Clliary m~mbrane protelns were prepared accordlnt~ to ;hll 

rnethods The rnethod of Stephens (1986) separates membrane l'lot"lll', 

from axonemes by extractlon in the presence of the deteq~(>nt 11"\ t <>l\ 

X-IOO The method of Dentler (1988) fractionates ctllarv prott'Ill', 

into three subfractlons lntegral membrane protelns, othe 1- Il\"'l\b: ,II',' 

protelns, and axonemal protelns, based on dlfferentldl solublll .It \"1\ 

in the detergent Tnton X-114 Both methods ga'le the sam,' lL!:'\11~ 

Spec3 dld not fractlonate with the membrane protelns but sLl\','d 11\ 

the axonernal fraction (Fig 18a, lanes 2,3,4,5) although III ',(>1: .. 

experiments 1 a small fraction of Spec3 separated with the detf'li',l'l\t 

phase (Fig 18a, lanes 2, 4, 18 d, lane 1) These result'-. dl", 

consistent with lmmunocvtochemlcal data (see above) whpl",' l111,1 

stripped of thelr melrln-,llles stalned wlth tlw sall\,' patLpt"11 ,l', 11,,1. 

The fact that ln sorne experlments, part ot Spl'c3 Sl'P,1l dl • .\ 

'with the detergent phase could be explalned by the locdllzat\o!\ of 

subset of Spec3 molecules ln the soluble matrix be tween the nl'lIIln .\1 Il 

dnd the a,oneme Th1S posslbllity was a1so lnvoked ln (".pl.lltl ~III 

pattern of stalnulg of lsolated cllia tif) 

lInmunocvtochemlcal stallllng, of ls01ated 1 li l '-, 

component should co-fractlonate wlth the Il\embrdn~'-, 

Dvneln arms are a,onemal structures lnvolved ln moveml III 

contain polypeptide subunlts with very high molecuLlr 'h(' 11',111'" 

ranging from 300 tn 5UOkD (Be 11 et al, 1 g82) S l!W (' 

C01l1Clde!\Ldl\' \vlth dldlH~es ln cllla1-y movement .!lIL! Il II\1f,L!ll', 1:., 

d Vl'L"V large polypept ide 01\ SDS gels, l was WO[\(I(>II[li', '.JIll th"1 l' 

ltself d dvnel.n or W.:lS d"sOcldted wlrh thE' dVrH'llI .Inn Ill, .\ (Jf l' 1. l' 
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(,t al (1')82) or Stephens (1986) These procedures shou1d solub11ize 

half of the dyneins of clliary axonemes (Stephens hypothesizes that 

i t might solubtlize the outer dynein arm) , one member of the central 

pair of m1crotubules and all of the B-subfiber of the outer doublet 

microtubules (Stephens, 1986) 

In both Instances, Spec3 stayed with the insoluble fraction 

(FIg l8b, Lme 4, l8e, lane 3) which shou1d contain among other 

protf'lnS, tekttns dnd tubulins If inner and outer dyne in arms 

solubillze randomly, these results suggest that Spec3 is not a dynein 

or a prote1n associated with dyneins Alternatively, if the high salt 

soluble half of dvneins is indeed the outer arm, Spec3 could still be 

~ssoclated wlth the 1nner arm 

The pl'otofllaments that join the A and B subf1bers of the outer 

doublet mlcrotubules are resistant to many ex trac tion methods 

lStephens, 1978, Llnck et al 1985) Their major component lS the 

protcln tekt1n 

Stephens (1978) used 0 5% Sarkosyl to solubiltze aIl the 

lll'otl'ins trom the A.,tubule of cilla except those from the juncttonal 

l' l' 0 t (l t 1 l dm e III S I,'hen th1s procedure was used on the high salt 

lllc,oluble pellet (s('e above), most 0[' the tubullns were solubllized 

lFig 19<1, lanes 4./'), but not Spec3 lFlg 18c) 

Extraction ln () 5% Sarkosyl and 2 SM urea (Llnck et al, 1(85), 

~,oluhLll;:E'cl ('ven more protelns, including most of the tubuli:ts (Fig 

l<lh. L1I1C +) and Immunohlots revealed that about half of Spec3 WdS 

'",(llhlll.:f'd dml 'l,dt rl'Inallwd in the lnsoluble fractlon (Fig 18d, 

" ) tlr"t proeedll'e that led to <lt least partial 

.,,) lu h 1 1 1 ;: .1 t 1011 () f S P l' l' 3 



Together, these results show that Spec3 lS very rt'~ 1!-. t ,mt t (l 

many extraction systems and most of it seellls lO 1)(' ~t lllll!',l \ 

associated w1th the core of the axoneme. Clea.lv, II dOt'!> nnt 

fractionate with membranes The results suggest that lt l~ !1ol 

associated with the dynein arms although only analysls dt tlll' 

electron microscopie level m:3ht re501ve that point Slnce Spt'c3 1', 

partially solubilized by treatment wi th Sarkosyl and ure a , 1 t dOL". 

not seem to be tightly assoclated with tektins One pOSSlbllltv 1'-. 

that lt is a mlcrotubule assoc1ated proteln that 15 assoclat."c! 'wl~i, 

the subset of microtubule that is the most reslstant to extractiO!1 
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Figure 19. Electrophoretic analysis of the ciliary fractions. 

a) Silver stained 4-12% acry1amide gradient gel of fractionated 

ciliary proteins. Stoichiometric amounts of cilia were loaded 

except in lane 1 which contains 10 times less cilia. Lane 1: whole 

cilia. Lane 2: Triton X-lOO extracted membrane proteins Lanes 3, 

4 and 5 result from the Sdme initial sample. Lane 3' high salt 

soluble proteins extracted according to Bell et al (1982). Lane 4' 

sarkosy1 soluble proteins from the pellet left after 

solubilization of the proteins on lane 3. Lane 5: sarkosyl 

insoluble pellet. Lanes 6, 7 and 8 result from the same initial 

sample. Lane 6. high salt soluble proteins extracted according to 

Stephens (1986). Lane 7 sarkosyl solubl'..! proteins from the pellet 

left after solubilization of the proteins on lane 6 Lane 8' 

sarkosyl insoluble pellet Lane 9: molecular weight markers, 

arrows point ta tubu1ins 

b) Silver stained 10% acrylamide mini-gel of fractionated ciliary 

proteins Stoichiometric amounts of cilia were loaded on each lane 

(except lane 1 WhlCh contains ten times less), Lane 1: whole 

cilia. Lane 2. Triton X-IDa solubilized membrane proteins Lane 3 

high salt soluble proteins (Stephens, 1986) Lane 4. Sarkosyl urea 

soluble proteins. Lane 5 Sarkosyl urea insoluble proteins. Lanes 

6 and 7 are the sam~ as lanes 4 and 5 from (a) Arrows point to 

tubulins. 
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Figure 20. Steps in the fractionation of cilia. 
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Fig. 19a i11ustrates the silver staining pattern of proteins 

from the various fractions separated by polyacrylamlde ge L 

electrophoresis. Stoichiometric amounts of cilia were loaded on each 

1ane (except on 1ane 1 where one tenth the amonnt of solubilized 

whole cilia was loaded). Fig. 19b a1so compares different fractions 

on a mini gel. 

The pattern of proteins in each fraction was differt!nt from 

the pattern described by Stephens (1986) for sperm flagella. C1early, 

each step in the fractionation protocol removed different proteins 

Whether polypeptides extractec! at each step correspond to what was 

expected cannot be proved For example, Triton X-100 or Triton X-114 

should extract membrane proteins. Since there is no ciliary membrane 

marker for sea urchin embryos, l could not demonstrate that membranes 

were in fact solubilized by treatment with these two detergent.s 

Analysis by transmission electron microscopy on sections made at each 

fractionation step would help to elucidate this question 

The abundance of tubulin in cilla is also an obstacle ta the 

analysis of each fraction Ail lanes are overloaded with tubulln and 

underloaded with other proteins. In order to detect the les,> 

prevalent proteins, it was necessary to extend the silver stainll1f', 

reactlon, resulting in a high background. 

Stephens (1986) mentions that 0.6 M salt extractlon should 

solubilize ha1f of the dyneins from cilia. At about 1 CIII from the top 

of Fig. 19a, one can see 2 or 3 protein bands that migrate similarly 

to dyneins. One of these bands was recovered in large amount ln the 

membrane fraction (lane 2). The others separated in var lOUS 

quantities in a11 other fractions. In Fig 19b, because of the gel 

68 



system, it was not possible ta identify dyneins. From these results 

it is difficult ta determine the effectiveness of the fractionation 

procedure with respect ta what could be expected from the literature. 

Analysis a the structural as well as biochemical level might resolve 

this question. 

Tubulins and a band slightly larger than 45 kD (Fig 19a, 

arrowhead) were present in ail fractions. Addition of 2.5 M urea ta 

the Sarkosyl solution improved tubulin solubilization (Fig. 19b, lane 

4). Linck et al. (1985) mention that by doing several rounds of 

Sarkosyl-urea extraction, the y could solubilize most proteins except 

the tektins. Wi th this gel system, it was dlfficult to determlne 

clearly whether tektins remained insoluble. 
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DISCUSSION 

The Spec3 antigen is associated with cilia of the oral and 

aboral ectoderm of the sea urchin embryo. lt is different from othC>1 

ciliary proteins in that ie appears on cilia after ciliogenesis 1 ~ 

completed and thus is not essential for ciliary movemen: It~ 

presence on cilia is correlated with a change ln the pattern of 

movement of the blastula, from a disorganized, erratic movement to d 

spiral, directional movement, animal pole first. 

Spec3 is also present in the Golgi complexes of cells of tlw 

aboral ectoderm Experiments with monensin and the developllll'Ilt 

profile of Spec3 suggest that it transits in the Golgi before bPllH', 

localized to cilia. lts absence in the Go1.gi of oral ectoderm cells 

could be due to a faster transport between the two compartments in 

the oral region of the embryo as compared to the aboral reglon 

However, the absence of accumulation of Spec3 in the Go 19i 0 fOL. 1 

cells after monensin treatment suggests that ln that area, Spec 3 dOl". 

not transit ln the GOlgl before being localized to cllla 

Two different forms of the Spec3 antigen seem to coexlSt in tht 

ectoderm The Golgi or cytoplasmic antigen seems to have a hlgllf'J" 

affinity for the antiserum than the ciliary antigen and it cloes Ilot 

compete well with the peptine against which the antiserum was r,lÏ~(>d 

However, these two forms of the antigen cannot be dlstingulshed O!l 

the basls of their mobility on SDS gels The signlftcance of the 

difference in antigenicity of the ciliary and the cytoplasmlc form of 

Spec3 is not clear 

Although the predicted molecular weight of the Spec3 protein lS 

about 21 6 kD, i t migrates as a very large aggregate C1W > 350 kD) on 
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irnmunoblots. This aggregation is not due to cysteine cross -linking 

since reduction and alkylation does not disrupt it. Unexpectedly, the 

mobility on SOS gels of the Lytechinus pictus equivalent of Spec3 i3 

closer to its predicted molecular weight (Eldon et al, 1989) even in 

the absence of reduction and dlkylation. This difference in mobility 

could result from variations between the two sequences or from 

different interactions between Spec3 and other proteins in the two 

species. 

The exi~tence of a glycosylati..on site in the Spec3 sequence, 

its apparent large size and its presence in the Golgi apparatus 

suggest that it might be a glycoprotein. Inhibitlon of glycosylation 

with tunicamycin suggested a role for glycosylation of Spec3 but did 

not produce definitive results with immunocytochemical methods. If 

Spec3 is a glycoprotein, its mobility on SDS gels should be different 

in its glycosylated form from its non modified form. Proteins 

extracted from tunicamycin treated embryos could be compared to 

proteins from untreated embryos on immunoblots. Th,~ non- glycosylated 

form of Spec3 should migrate faster. 

l have not been able to immunoprecipitate the Spec3 antigen 

although l have not tried this on isolated cilia. Since Spec3 is not 

identifiable on autoradiograms of 35_ S methionine labeled protein or 

on Coomassie blue stained gels, immunoprecipitation would be a useful 

tool in the study of this protein. If Spec3 is a glycoprotein, it 

should be identifiable as such by immunoprecipi tation followed by 

carbohydrate staining or by radio-labelling with appropriate 

precursors. Immunoprecipitation would also aHow detection of post-

translational modifications such as phosphorylation. 
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Secretion from the Golgi apparatus seems to be essential for 

normal ciliary regeneration since monensin treatment inhibits it. It 

is not clear whether Spec3 or another prote in is the limiting 

component for regeneration. I~,hibition of glycosylation with 

tunicamycin prevents normal regeneration of cilia in Euglena (Bouk 

and Rogalski. 1982) but not in Tetrahymena (Keenan and Riee, 1980) 

It would be interesting to determine the effect of Lunieamycin on 

cilia regeneration in sea urchin. The availability of a glycoprotein 

secreted by the Golgi might be necessary for normal regeneration 

There is conflicting evidence regarding the pree 1se 

localization of Spec3 in cilia. lts presence in the Golgi. the 

la1Jeling of the ciliary surface by immunogold staining (Eldon et al, 

1989) and the change in staining pattern caused by trypsin treatment 

suggest that it is a membrane or outer surface protein However, the 

absence of a signal peptide in the protein sequence (Eldon et al, 

1989), the fraetionation with the axoneme rather th an with the 

membrane and matrix and the identity of staining of intac t and 

demembranated isolated cilia militate for an axonemal protein Thus 

far, l cannot exclude that the Spec3 antigen is associated wi th a 

Golgi and a ciliary protein that are unrelated functionally However, 

results of monensin and puromycin treatments suggest that Spec3 

transits from one compartment to the other and the indistinguishable 

electrophoretic properties of the two forms would be unlikely if thev 

belong to different proteins. 

The correlation between the appearance of Spec3 and the change 

in locomotory pattern suggests a causal relation between the two 

events. The fact that the beaded pattern of Spec3 appears at the same 
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( events The fact that the beaded pattern of Spec3 appears at the same 

time as ciliary movement in regenerating cilia is consistent w1th 

that hypothesis Incorporation of the proline analogue in Spec3 might 

affect its function and result in aberrant movement of embryos Since 

lt was not possible to extract all dyneins from ciliary axonemes, 

there is still a possibility that Spec3 is associated wlth the dynein 

,1I:-ms, an association consistent with an involvrnent in motility. 

l t would be interesting to observe the motion of individual 

c ilia before and after the appearance of Spec3. The "beak-l ike" 

projections in the lumen of the B-subfiber of doublets l, 5 and 6 of 

Chlamydomonas flagella has been associated with the ability to 

e\.ecute a certain type of ciliary motion (Segal et al, 1984) 

~ltrastructurdl analysis by electron microscopy sho~1d reveal if such 

"beak-l ike" projections exist in urchin cilia and if their appearance 

lS correlated with the appearance of Spec3. It would a1so be 

lnteres ting to localize Spec3 in the axoneme by immunogold staining 

of iso lated axonemes 

The fact that Spec3 lS absent from sperm flagella and 

~'ndodE'rmal cilia of the same species of urchins suggests a function 

speClfic to ectodermal cllia Such cilia are involved in movement, 

feeding behavior and avoidance of contact (Strathman, 1975, Mackie et 

al, 1969). Companson of flagella, and endoderma1 and ectodermal 

ci 11a at the ultrastructural level might revea1 sign1ficant 

differences that could be related to function 

Allan and Kre lS (1986) ident i fied a membrane prote in of the 

l GOlgi apparatus that is lmmunologically related to a brain 
, 

m1crotubule associated protein. However, the coexistence of an 
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antigen in cilia and Golgi is unusual Mastlgonemes, the hdlC-likt' 

projections of algal flagella, are assembled near the nllc1e,lr 

membrane and transit in the Golgi before being inserted at the b,lS0 

of the flagellum (Bouck, 1971). They are involved in locomotion and, 

in Chlam)'domonas, in the agglutination of mating gametes. Like Spec3, 

they are insoluble in Sarkosyl but soluble in urea (Bouck, 1972) In 

a variety of flagellates, the surface of the flagellum lS covercd 

with small scales that might correspond to primitive masti~onemes 

(Cavalier-Smith, 1982) 

Although l have not come across any mention of mastigoneme.s or 

ciliary scales ln animals higher than sponges, it is lnteresting to 

speculate that Spec3 mlght be a component of a vestigial mastlgoneme 

It would be consistent with its localization on the surface of cllld 

and in Golgi cisternae bv immunogold staining (Eldon et al, 19B()) ,Illd 

would accomodate the fact that it is not solubilized by detergent 

extraction and that it fractionates with the axoneme The beaded 

pattern of cilia could result from the insertion of this vestiglal 

component in the cillarv membrane. 
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