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General introduction: cytoplasmic localization as a mechanism 
for cell determination in molluscan embryonic development. 
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Micromere formation at third cleavage is decisive for trochoblast 
specification in the embryogenesis of Patella vulgata 
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Multiple trans-acting factors bind to element 4 and 5 of the  
α-tubulin-4 promoter of the mollusc Patella vulgata 
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The regulatory mechanism controlling tubulin expression in 
ciliated cells is conserved within the Mollusca, but not among 
other spiralian phyla 
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Differential distribution of mRNAs in 8-cell stage embryos of 
the mollusc Patella vulgata as detected by a differential display 
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A novel HMG-like DNA-binding protein is expressed during 
the early development of the mollusc Patella vulgata 
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Spatio-temporal expression of a gene encoding a putative RNA-
binding protein during the early larval development of the 
mollusc Patella vulgata 
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Summary and concluding remarks 
 

)���	�
���� � � � � � � � � �  &&�
 
*���
����
�� � � � � � � � � �  # �
 
+�
�,��	�� � � � � � � � � �  #&�
 
��		����������� � � � � � � � �  ##�
 





��	
������

 

�
�
�
�
�
-�
�	���
�	������
.������������
�����/���
�����������
�����	�
���������	�
���
�
���������
�
���	��
�����������
��





�

�� 

-�
�	��� 
�	������
.� ����������� �����/���
� ���

�������
��� ��	����������	�
���
� 
���������
�

���	��
�����������
��
 
 
 
 
 
���	����
����000����
�������	��
 

More than a century ago, developmental biologists studied the initial cleavages 
of several spiralian embryos. It became clear that the cleavages of these embryos are 
organized in a striking constant pattern characterized by a left to right alternation of 
cleavage planes that are oblique to the egg axis. Already then, it was discussed that this 
spiral cleavage pattern may play an important role in determining the fates of the cells 
by giving each cell specific developmental capacities based on its position, thus 
enabling the development of a complete organism with specialized cell types. This 
diversification of cells may be accomplished in two ways by the cleavage pattern. 

First, each cell may have received a different unique cytoplasmic content due to 
the constant course of cleavage, by which the egg cytoplasm is parceled qualitatively 
unequal over the blastomeres. As the zygote is divided into cells by invariant 
cleavages, each cell receives a unique predestined heritage of cytoplasmic 
determinants. Cytoplasmic or ooplasmic determinants are maternal factors residing in 
the cytoplasm, which later on autonomously specify the developmental capacity of the 
cell. 

Second, a cell may receive positional information from neighboring cells, which 
are determined by the cleavage pattern. Signals received from neighboring cells will 
induce the activation of a specific set of developmental capacities. Thus, a cell 
dependent on other cells for differentiation is conditionally specified. 

In molluscan embryos, experimental evidence indicates that both mechanisms 
are used for specification, of which autonomous specification is important for primary 
diversification during the initial cleavages, whereas conditional specification by 
inductive cell-cell interactions is used later on to organize the embryo. 
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 From the early cell lineage studies and the recognition of mosaic development 
of mainly invertebrate embryos, the concept of cytoplasmic localization was 
developed: an invariant cleavage pattern divides the embryo into different cell lines 
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that differentiate according to the information they obtain from differentially 
distributed cytoplasmic factors (reviewed in Davidson, 1986). The organization of the 
cytoplasm of the egg before and after fertilization is established by the redistribution of 
ooplasmic determinants. This concept was already subject to lively discussion between 
developmental biologists like His, Driesch, Roux, Conklin, Lillie and Wilson at the 
turn of the nineteenth century, as can be witnessed in the paper of Wilson (1904a). 
Examples of such ‘mosaic’ development have been well studied in ascidians, sea 
urchins, spiralians, Caenorhabditis elegans and also in the vertebrate embryo of 
Xenopus. In addition to the extraordinary regularity of the cleavage patterns of many 
species, the following observations supported to the concept of cytoplasmic 
localization. 

In many eggs, visible localization of cytoplasmic components is observed. In the 
ascidian Styela partita (Conklin, 1905) as well as in some sea urchins (Sardet and 
Chang, 1985) and spiralians (molluscs reviewed in Raven, 1966; Lillie, 1906; 
Dorresteijn, 1990), this unequal distribution of cytoplasmic components suggests 
qualitative differences between different parts of the egg cytoplasm. In Styela, the 
segregation of visible cytoplasmic materials has been correlated with particular tissue 
differentiations, such as the yellow crescent material that becomes localized in the 
presumptive tail muscle cells by progressive cleavages (Conklin, 1905). In some 
embryos of molluscs, a transient protrusion can be observed at the vegetal pole during 
the first and second cleavage, named the polar lobe, to which part of the cytoplasm is 
shunted giving rise to unequal blastomeres (reviewed in Dohmen and Verdonk, 1979; 
Verdonk and Cather, 1983). The properties of this cytoplasm were studied by removal 
of the polar lobe of embryos. Removal of the polar lobe in different species gave rise 
to abnormal embryos, indicating the localization of determinants in the polar lobe (e.g. 
Clement, 1952; Van Dongen and Geilenkirchen, 1975). 

More evidence for the existence of cytoplasmic determinants is based on 
classical experiments involving manipulation of the egg or embryo resulting in 
blastomere destruction, separation or transplantation, or disturbance of the cytoplasm 
by removal, transplantation, centrifugation or compression. This proved to be 
extremely useful for understanding early specification processes in invertebrate 
embryos (extensively reviewed in Davidson, 1986). In ascidians, these type of studies 
have shown that the developmental fates of epidermis, primary muscle cells, 
endoderm, and probably notochord are determined by the presence of prelocalized 
cytoplasmic factors in the egg (reviewed in Whittaker, 1979; Satoh, 1994). Another 
example is isolation of the micromeres at the vegetal pole of the sea urchin embryo. 
Cultured isolated micromeres give rise to skeletogenic mesenchyme cells as in 
unperturbed embryos, suggesting that they are autonomously specified (Okazaki, 1975; 
Cameron et al., 1987). In Drosophila, transplantation of the anterior tip cytoplasm to 
any position along the antero-posterior axis, resulted in induction of ectopic anterior 
structures, indicating that the anterior cytoplasm contains special properties sufficient  
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for the specification of anterior structures (Frohnhöfer and Nüsslein-Volhard, 1986). 
Classical experiments performed on molluscan embryos will be reviewed below. These 
are only a few experiments that suggest the existence of cytoplasmic determinants, also 
named morphogenetic determinants because of their behavior and role in specification 
processes. Although insight was obtained on the origin and segregation of cytoplasmic 
determinants, the nature of most determinants remained obscure for many years. 

With the emergence of molecular genetics, major issues in developmental 
biology have become more accessible. Large scale mutagenesis screens have been used 
to identify maternally provided cytoplasmic factors required for the development of the 
embryo of the fruitfly Drosophila, the nematode Caenorhabditis elegans and more 
recently the zebrafish Danio rerio (Nüsslein-Volhard and Wieschaus, 1980; Mello et 
al., 1992; Bowerman et al., 1993; Driever et al., 1996; Haffter et al., 1996). These 
screens have revealed the existence and nature of many maternally supplied 
determinants as will be reviewed below. 
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Differentiation of a cell involves the coordinate expression of a specific set of 
genes, of which the products are necessary for the specialized function of a 
differentiating cell. Expression of a gene is regulated by cis-acting elements located in 
the promoter, enhancers and silencers of this gene, and by trans-acting factors. Trans-
acting factors can be any other component required for correct transcription of the 
gene, of which transcription factors directly interact with the cis-acting elements. The 
most simple way to rationalize specification by maternally localized determinants, is to 
think in terms of maternal transcription factors that, when segregated to a specific 
lineage, activate a specific set of genes (Davidson et al., 1998). 

Indeed, a number of localized proteins with regulatory properties have been 
identified, of which the proteins determining cell identity of the P lineage in the early 
C. elegans embryo are excellent examples. Maternal-effect-lethal mutant studies have 
revealed that SKN-1 is required to specify the EMS fate, PIE-1 is required for P2 fate 
and PAL-1 for the fates of C and D (Bowerman et al., 1993; Mello et al., 1992; 1994; 
1996; Hunter and Kenyon, 1996). At the 2-cell stage the SKN-1 protein becomes 
concentrated in the P1 blastomere. One cleavage later it is only detected in both 
daughter cells of P1, EMS and P2 (Bowerman et al., 1993). To obtain a localized 
activity of SKN-1 in the EMS blastomere, SKN-1 activity is repressed in the P2 
blastomere by PIE-1 (Mello et al., 1994; 1996). How the action of PAL-1, which is 
localized in all nuclei of the P1 lineage from the 4-cell to 24-cell stage, is restricted to 
C and D is not exactly known, but possibly this involves inhibition by SKN-1 in EMS 
lineage (Hunter and Kenyon, 1996). Thus, it is important to note that the autonomous 
specification of these cells is not exclusively the result of the differential segregation 
of localized determinants, but also depends on blastomere specific temporal regulation,  
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which creates different activities of these proteins in different blastomeres (Rose and 
Kemphues, 1998). 

Other examples of localized proteins can be found in the egg of Drosophila. 
Here the main determinants for anterior-posterior axis specification are bicoid protein, 
a homeodomain containing transcription factor (Tautz, 1988; Driever and Nusslein-
Volhard, 1989; Hoch et al., 1991) and nanos protein, a repressor of hunchback 
translation (Wharton and Struhl, 1991; Struhl et al., 1992). Both are localized in 
opposite gradients at the syncytial blastoderm stage. The anterior to posterior gradient 
of bicoid protein is the result of anchored bicoid mRNA in the anterior tip of the egg 
(St. Johnston et al., 1989), which becomes translated after egg deposition (Driever and 
Nusslein-Volhard, 1988). Nanos mRNA is localized in the posterior tip of the egg 
(Gavis and Lehmann, 1994). The gradients of bicoid and nanos determine the anterior 
to posterior gradient of hunchback protein, a transcription factor that is responsible for 
the expression of a cascade of transcription factors involved in pattern formation along 
the anterior-posterior axis (Struhl et al., 1992). Thus, bicoid as well as nanos and 
hunchback proteins, the main morphogens responsible for the determination of the 
anterior-posterior axis of Drosophila, are not from maternal origin, but their mRNAs 
are. In practice, a large number of identified determinants are localized in the egg or 
segregated to particular parts of the embryo as maternal mRNAs, which become 
translated at some point in development to exert their function. Next to Drosophila, 
examples of localized maternal mRNAs can be found in embryos of Xenopus and more 
recently ascidians and zebrafish.  

Vertebrate embryos are considered to be mainly specified by inductive 
interactions between the cells, which is thought to be the only mechanism used for 
setting up polarity in mammalian embryos (McLaren, 1976; Zernicka-Goetz, 1998; but 
see Gardner, 1999). However, in embryos of the amphibian Xenopus, and recently also 
in the zebrafish Danio rerio localized maternal factors have been identified. 
Asymmetrically distributed mRNAs in the oocyte of Xenopus are mostly restricted to 
the vegetal pole (for references see this paragraph). Vegetally localized mRNAs have 
been found for genes encoding 1. a member of the transforming growth factor-β (TGF-
β) family of proteins, Vg1 (Weeks and Melton, 1987), 2. Xcat-2, which has a zinc 
finger motif similar to nanos (Mosquera et al., 1993), 3. Xwnt-11, which as a member 
of the wnt gene family of short range secreted signaling proteins, may have an 
important role in cell fate determination (Ku and Melton, 1993), 4. VegT or Brat , a T-
box transcription factor required for mesoderm formation (Zhang and King, 1996; 
Horb and Thomsen, 1997) and 5. xBic-c, the Xenopus homologue of Drosophila 
bicaudal, which induces endoderm formation even in the absence of mesoderm 
induction (Wessely and De Robertis, 2000). 

Only recently, a number of differentially localized mRNAs were identified in 
the ascidian Ciona savignyi, pem and pem-2 to pem-6, which are localized in the 
posterior cytoplasm of the fertilized egg and later on in the posterior end of the 
embryo, hence posterior end mark genes (Yoshida et al., 1996; 1997; Satou and Satoh, 
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1997; Satou, 1999). Of these six, three encode proteins with homologies to known 
proteins. First, pem-2 encodes a CDC24 family GDC (guanine nucleotide dissociation 
stimulator)-like protein, which based on this homology may be involved in 
organization of the cytoskeleton (Yoshida et al., 1997; Satou and Satoh, 1997). 
Furthermore, pem-3 encodes a putative RNA-binding protein as it contains two KH-
domains and shows great similarity with MEX-3 of C. elegans, which is involved in 
the repression of muscle development in the AB blastomere of early embryos (Satou, 
1999; Draper et al., 1996). The predicted protein of pem-4 contains three zinc finger 
motifs, suggesting a function as transcription factor (Yoshida et al., 1997; Satou and 
Satoh, 1997).  

The above enumeration of putative determinants clearly shows that a number 
but certainly not all localized cytoplasmic determinants are transcription factors, 
demonstrating that differential gene expression in a particular cell possibly involves 
more than the correct segregation of a maternally provided transcription factor. Based 
on their protein sequences additional functions in cytoskeletal organization, RNA-
binding, protein modification and signaling have been suggested for localized 
determinants. How these eventually may contribute to localized gene expression will 
be discussed next. 
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The localization of maternally supplied mRNA and protein determinants is a 

highly specific process, in which the cortex and the cytoskeleton play a crucial role 
(reviewed in Micklem, 1995; Bashirullah et al., 1998). This has been studied most 
extensively in C. elegans, Drosophila and Xenopus, but association of the cortex and 
cytoskeleton with cytoplasmic determinants has also been indicated in the annelid 
Chaetopterus (Lillie; 1909; Jeffery and Wilson, 1983), in ascidians (Conklin, 1931; 
Swalla and Jeffery, 1995; Oka et al., 1999; Roegiers et al., 1999), and in the annelid 
Sabellaria (Speksnijder and Dohmen, 1983).  

In C. elegans, the non-related proteins encoded by the six par genes are 
asymmetrically distributed, and were shown to play an important role in the 
establishment of polarity in the embryo (reviewed in Bowerman, 1998; Rose and 
Kemphues, 1998). All par encoded proteins are enriched in the cytoplasmic cortex and 
show distinct polarized localization patterns, which are in some cases dependent on 
each other (Boyd et al., 1996). Mutations in these genes cause alterations in early 
cleavage patterns and mislocalization of P granules, and MEX-3, GLP-1, SKN-1 and 
PAL-1, which as described earlier, are necessary for cell identity (for references see 
Bowerman, 1998; Rose and Kemphues, 1998). Further clues on the function of the 
PAR proteins were obtained from par-2 and par-3 mutants, in which the mitotic 
spindles of P1 and AB blastomeres are not oriented properly (Cheng et al., 1995), 
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suggesting a role for PAR-3 in mediating interactions between the cortex and the 
mitotic spindle. How the PAR proteins, of which the sequences contain motifs 
suggesting roles in intracellular signaling, exactly regulate polarity and subsequent 
localization of the proteins required for cell identity in the C. elegans embryo, remains 
to be clarified (Kemphues et al., 1988; Rose and Kemphues, 1998).  

The localization of bicoid, nanos and many other maternal mRNAs in the 
Drosophila oocyte has been elucidated, as was comprehensively reviewed by Micklem 
(1995). Localization of bicoid and also other mRNAs at the anterior pole requires an 
intact microtubule skeleton (Pokrywka and Stephenson, 1995), and the presence of the 
gene products of exuperantia, swallow and staufen, which are involved in the 
subsequent stages of bicoid localization (reviewed in Bashirullah et al., 1998). An 
important finding was the discovery of cis-acting elements located in the 3’ UTR of 
bicoid mRNA, which are necessary and sufficient for localization (Macdonald and 
Struhl, 1988). Since, localization signals have been identified in the 3’UTRs of more 
mRNAs, including oskar, nanos, even skipped, fushi tarazu, hairy and wingless in 
Drosophila, and Vg1 and Xcat-2 in Xenopus (reviewed in Bashirullah et al., 1998). 

In addition to cis-acting elements in the 3’UTR, localization of Vg1 RNA to the 
vegetal pole of the Xenopus embryos is dependent first on microtubules and then on 
actin filaments, which are thought to anchor this mRNA tightly to the cortex (Yisralei 
et al., 1990; Pondel and King, 1988; Chang et al. 1999). On the other hand, Xcat-2 
mRNA and Xwnt11 localize to the cortex via a distinct region of the mitochondrial 
cloud, also called METRO, in Xenopus oocytes (Forristall et al., 1995; Kloc and Etkin, 
1995). 

In more instances, determinants have been shown to segregate with visible 
structures. An example is the localization of vasa in the nuage or nuage-like structures, 
the germ plasm consisting of electron-dense material associated with fibrils and 
mitochondria that segregate to the primordial germ cells in Drosophila, C. elegans, 
Xenopus and the zebrafish embryo (Hay et al, 1988; Gruidl et al, 1996; Komiya et al., 
1994; Braat et al., 1999; Knaut et al., 2000). The myoplasm in oocytes and embryos of 
the ascidian Styela clava also has unique properties in retaining YC RNA (yellow 
crescent RNA). YC RNA moves from the cortex of unfertilized oocytes to the yellow 
crescent with the myoplasm, and is later on during cleavage segregated into the muscle 
lineage (Swalla and Jeffery, 1995). Isolation experiments with Triton X-100 suggest 
that the YC transcripts are associated with the cytoskeleton, again indicating a role of 
the cytoskeleton in organizing maternal mRNAs. 

The initiation of pattern formation by localized maternal mRNAs depends on 
translation of these mRNAs. Important mechanisms for the control of translation in 
development encompass regulated activation by cytoplasmic polyadenylation and RNA 
localization, and regulated translational repression (reviewed in Richter, 1991; 
Wormington, 1993; Gavis and Lehman, 1994; Goodwin and Evans, 1997). 
Polyadenylation depends on cis-acting elements in the 3’ UTR of the mRNA, such as 
the AAUAAA hexanucleotide polyadenylation signal and the U-rich cytoplasmic 
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polyadenylation element (CPE) as identified in Xenopus (McGrew et al., 1989). In 
Drosophila, the translation of bicoid depends on regulated polyadenylation as was 
clearly demonstrated by Sallés et al. (1994). Conversely, nanos translation is 
independent of polyadenylation, but depends on mutually exclusive posterior 
localization and translational repression of unlocalized nanos mRNA, which is 
mediated by a 90 nucleotide Translational Control Element (TCE) in the 3’UTR (Gavis 
and Lehman, 1994; Bergsten and Gavis, 1999). 3’UTR cis-acting elements that inhibit 
translation have also been identified in Xenopus, like in the maternally provided 
transcript of FGF receptor-1, of which translation is activated at meiotic maturation 
(Robbie et al., 1995). Thus, the trans-acting factors that bind to these cis-acting 
elements play an important role in repressing the translation of these mRNAs (Standart 
and Jackson, 1994). 

In some cases, the mRNAs of determinants are uniformly distributed over the 
embryo, whereas their proteins are localized. In these cases, translation control is used 
to obtain a localized activity of these regulatory factors. These include hunchback in 
Drosophila and GLP-1 in C. elegans. The anterior to posterior gradient of hunchback 
is set up anteriorly by transcriptional activation by bicoid and posteriorly by 
translational repression by nanos and pumilio (Tautz, 1988; Struhl et al., 1992; Murata 
and Wharton, 1995; Wreden et al., 1997). Nanos and pumilio together bind to the 
nanos response elements (NREs) in the 3’UTR of hunchback mRNA, and are thought 
to repress hunchback translation by promoting deadenylation of the mRNA (Wharton 
and Struhl, 1991; Wreden et al., 1997). In C. elegans, GLP-1 protein, a membrane 
receptor that is required for anterior cell fates, is restricted to the descendants of the 
anterior AB blastomere, whereas the mRNA, which is of maternal origin, is distributed 
evenly over the embryo until the 8-cell stage (Evans et al., 1994). Uniform distribution 
of GLP-1 is found in mutant embryos in which anterior-posterior asymmetry is 
disrupted such as par-1 and par-6 mutants, suggesting the requirement of embryonic 
asymmetry for correct GLP-1 translation (Crittenden et al., 1997). Interestingly, the 
region in the 3’UTR required for correct translation of GLP-1 mRNA was found to 
contain motifs similar to the NREs in the hunchback 3’UTR (Evans et al., 1994), but 
so far no trans-acting factor binding to this element has been identified.  

Post-translational control may also be used as a mechanism for the regulation of 
activity of determining factors in early differentiation processes. A well known 
example is the morphogen dorsal, a REL-like transcription factor required for the 
establishment of dorso-ventral polarity in Drosophila (Steward, 1987; 1989; Rushlow 
et al, 1989). In order to become translocated to the nucleus, dorsal is phosphorylated by 
an intracellular pathway initiated by the transmembrane protein Toll, together with the 
serine/threonine kinase pelle, tube and cactus (Gillespie and Wasserman, 1994; 
Grosshans et al., 1994; Norris and Manley, 1996). Other examples are certain Smad 
proteins, which are involved in TGF-β signaling. The Smads become phosphorylated 
by serine/threonine kinase receptors, form heterodimeric complexes, and these 
complexes translocate to the nucleus to direct transcription of downstream target genes 
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(reviewed in Heldin et al., 1997; Piek et al., 1999). Phosphorylation may also affect the 
DNA-binding activity of a transcription factor, as was for instance established for 
cAMP-response-element-binding protein (CREB) (Andrisani, 1999), cubitus 
interruptus, a Drosophila transcription factor mediating hedgehog signaling (Chen et 
al., 1999) and stage-specific activator protein (SSAP) required during the early 
development of the sea urchin embryo for enhancement of the H1 gene (Li and Childs, 
1999). Recently, site-specific phosphorylation of the cytoplasmic polyadenylation 
element binding protein (CPEB) by the serine/threonine protein kinase Eg2, was 
shown to be essential for the polyadenylation of c-mos mRNA and its subsequent 
translation during Xenopus oocyte maturation (Mendez et al., 2000) 

Redox modification has also been shown to play a role in the DNA-binding 
activity of transcription factors, of which the redox modification of the paired domain 
of Pax proteins has a bearing on cell fate specification during animal development 
(Suh et al., 1994; Huang and Domann, 1998; Tell et al., 1998). 

Indications for post-translational control of transcription factor activity in the 
sea urchin have arisen from studies of the cis-regulatory systems of many cell lineage 
specific genes; the expression of some has been shown to be the result of autonomous 
specification (reviewed in Davidson et al., 1998; Makabe et al., 1995; Reynolds et al., 
1992; Calzone et al., 1997). Many transcription factors have been isolated, and 
remarkably, all of these are represented in the egg as mRNA and/or as the protein 
itself, as was for instance established for all nine factors necessary for control of the 
CycaIIIa gene (Calzone et al., 1997), and for Otx (Mao et al., 1996). Furthermore, it is 
striking that only one transcription factor has been found to be represented by a 
localized mRNA, SpCOUP-TF, in this intensively studied model system (Vlahou et al., 
1996). This indicates that post-translational mechanisms must be essential to create 
localized activity of the maternally provided factors in the sea urchin embryo. 
Although there is no direct evidence for territorially confined covalent modification of 
maternal transcription factors in the sea urchin, there are strong indications that it is a 
general property of these factors. For instance, all nine factors involved in CycaIIIa 
expression exist in multiple forms due to different phosphorylation states (Harrington 
et al, 1997). 

The above clearly shows that in addition to specific localization of 
determinants, many different mechanisms applying many levels of control beyond the 
transcriptional level are used to obtain localized activities of maternally expressed 
determinants. Briefly summarized, localized activity of maternally expressed 
determinants can be achieved by the following mechanisms: 1. regulated localization 
involving the cytoskeleton, cortex and/or other discernable structures, 2. translation 
control of mRNAs, which may be localized or uniformly distributed, 3. post-
translational mechanisms influencing translocation to the nucleus or RNA- or DNA-
binding activity and 4. protein-protein interactions. 
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As more and more specification processes in model systems are defined at the 
molecular level, the similarities between mechanisms and genes used for comparable 
processes in different embryos become more apparent. New insights into the 
conservation of early specification processes are emerging continuously with the 
identification of homologous genes in different species. Well known examples are the 
conservation of the homeobox genes cluster, which plays a role in segment identity and 
setting up polarity of the anterior-posterior axis (Krumlauf, 1992; Balavoine, 1996; 
Kourakis et al., 1997; Kmita-Cunisse et al., 1998), and the wnt signaling pathway that 
mediates cell-cell communication in diverse developmental processes (Siegfried and 
Perrimon, 1994; Wodarz and Nusse, 1998; Dale, 1998). In addition, mechanisms such 
as cytoplasmic polyadenylation and translational repression as reviewed above, are 
widely used for the regulation of maternal mRNAs (Verrotti et al., 1996; Seydoux, 
1996; Richter, 1991).  

Both the existence of nanos-like proteins in Xenopus and leech (Mosquera et al., 
1993; Pilon and Weisblat, 1997), and the identification of nanos-like response 
elements in the 3’UTR of C. elegans GLP-1, suggest a conserved role for nanos in the 
primary embryonic axis formation (Curtis, 1994; Pilon and Weisblat, 1997). Another 
example is the requirement of maternally supplied β-catenin in Xenopus and sea urchin 
embryos for the formation of dorsal mesoderm and vegetal cell fate, respectively 
(Wylie et al., 1996; Logan et al., 1999). These are only two examples indicating 
conservation of function in early specification processes of homologous genes between 
different species that have diverged long ago, suggesting the conservation of many 
others.  

The molecular analysis of early specification processes in a representative of the 
so far hardly examined Mollusca, may therefore greatly increase our knowledge on 
early specification in this phylum, as well as provide important clues for the 
conservation of early specification processes among the Animalia. As will be reviewed 
below, there is ample albeit indirect evidence for the existence of morphogenetic 
determinants in Mollusca, making the molecular analysis of early specification 
processes in a mollusc worthwhile. 
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Experimental proof for the existence 

 
The early development of a number of molluscan species is characterized by the 

formation of a special structure, the polar lobe, which seems to be designed for the 
segregation of morphogenetic determinants. In molluscan embryos, which either form 
polar lobes or exhibit unequal cleavage, the cytoplasm of the egg is divided unequally  
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over the blastomeres, and specific parts of the cytoplasm are shunted to distinct 
blastomeres. This suggests that cytoplasmic determinants may play a major role in the 
primary diversification of the molluscan embryo (Verdonk and Cather, 1983). During 
the first two cleavages, the four quadrants of the embryo are formed, which are 
designated A, B, C and D. The contents of the polar lobe are segregated into the D 
quadrant during these cleavages. This quadrant exhibits a different cleavage pattern 
and division chronology compared to the A, B and C quadrants (Clement, 1952; 
Wilson, 1904b; Van Dongen and Geilenkirchen, 1974; 1975). The influence of polar 
lobe material on the development of the D quadrant was studied with deletion 
experiments. In both Ilyanassa and Dentalium polar lobe removal results in 
synchronized divisions in all four quadrants, suggesting that the polar lobe contains 
factors specifically controlling the initiation of cell division and cleavage plane in the 
D quadrant. The polar lobe, however, not only influences the divisions in the D 
quadrant, but later on is responsible for deviations in the cleavage pattern of particular 
cells in the A and C quadrant with respect to the pattern seen in the B quadrant, as was 
observed in Dentalium (Van Dongen and Geilenkirchen, 1974; 1975). Furthermore, the 
deletion of the polar lobe results in aberrations in the morphology of larvae of 
Dentalium, Mytilus, Ilyanassa and Bithynia (Wilson, 1904b; Rattenbury and Berg, 
1954; Clement, 1952; 1976; Cather and Verdonk, 1974; Van Dongen and 
Geilenkirchen, 1974; 1975). Structures originating from the D quadrant, like 
mesoderm bands and shell are missing, suggesting that the determinants required for 
the specification of these structures are missing in lobeless embryos and thus normally 
reside in the polar lobe. In addition, eyes and tentacles, which are thought to be derived 
from the A and C quadrant were missing in embryos of Ilyanassa and Bithynia 
(Clement, 1952; Cather and Verdonk, 1974; Van Dongen and Geilenkirchen, 1974; 
1975), confirming the influence of the polar lobe beyond the D quadrant. This 
indicates that at least specification of the eyes and tentacles does not entirely depend 
on determinants that are localized by the cleavages, but that an induction by the D 
quadrant is necessary for the development of these structures. Recently, Sweet (1998) 
elegantly demonstrated the involvement of both inherited factors and positional 
information for the ability of the Ilyanassa first quartet micromeres to form eyes with 
deletion and transplantation experiments. These are the first micromeres designated  
1a-1d that are formed at the third cleavage, one in each quadrant. The results show that 
1a, 1b and 1c are equivalent in eye-forming potential, whereas the ability of the 1d to 
form an eye is repressed by the contents of the polar lobe in the normal embryo. 
Transplantation of 1b and 1d to the 1a position show that 1b can form an eye in this 
position, but 1d only rarely forms an eye. This indicates that both positional 
information, in casu proximity to the 1D macromere, and inherited content of the 
blastomeres, which is different between 1b and 1d, are a requisite for eye formation. 
Furthermore, when the 1a micromere was transplanted to the 3c micromere, which is 
also in close proximity to 3d, 19% of the embryos developed an ectopic eye. 



�

�����	���������������

� 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1. Autonomous specification of the primary trochoblasts in Patella. Original drawings from 
Wilson (1904a). Trochoblast differentiation in the normal embryo is given in panel A. Differentiation of 
a primary trochoblast isolated at the 16-cell stage is given in B. A. 16-cell, 32-cell stage embryos and 
trochophore larva are viewed from the lateral side, 58-cell and 88-cell stage embryos from the animal 
side. The primary trochoblasts visible are indicated with asterisks (16-cell and 32-cell) or in gray (58-
cell and 88-cell). B. From left to right, isolated primary trochoblast, which divides into two cells and 
once more into four cells, and thereafter goes into cleavage arrest and develops cilia (2x). 

 
Autonomous specification in the equally cleaving mollusc Patella was first 

experimentally shown by Wilson in 1904(a) demonstrating, as he wrote, convincing 
evidence of mosaic development of the molluscan egg. He isolated single primary 
trochoblasts at the 16-cell stage and cultured them separately. These cells developed as  
they would in the normal embryo, namely “they divided equally twice in succession, 
went into cleavage arrest thereafter and developed one transverse row of cilia” (Figure 
1.1). He concluded that “these cells are definitively specified from the time of their 
first formation, and that they undergo self-differentiation without essential 
modification through their relation to the other cells”, and therefore provided definite 
evidence for mosaic development in Patella. 
 
Nature of determinants 
 

From the above described studies on the identification of morphogenetic 
substances in several species, it is evident that localized maternal mRNAs are widely 
used as determinants for specification processes. Indications that maternal RNAs may 
be segregated to particular parts of molluscan embryos were obtained in the seventies. 
Specific structures, which are enriched in RNA were identified in the polar lobe of 
Bithynia (Dohmen and Verdonk, 1974; 1979; Dohmen, 1983; Verdonk and Cather, 
1983), and also in embryos of the equally cleaving mollusc Lymnaea and Physa 
(Wierzejski, 1905; Raven, 1974; Dohmen and Van der Mast, 1978; Van den Biggelaar,  
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1976a,b). In the small polar lobe of Bithynia a conspicuous structure was observed, 
named the vegetal body (Dohmen and Verdonk, 1974). This structure is located at the 
future vegetal pole of the oocyte and is integrated into the polar lobe before the first 
cleavage. After the contents of the polar lobe are shunted to the CD blastomere, the 
vegetal body disappears. Cytochemical investigations demonstrate that the vegetal 
body contains large amounts of RNA (Dohmen and Verdonk, 1979). The 
morphogenetic significance of the vegetal body was shown with centrifugation 
experiments, in which in 40% of the embryos the vegetal body becomes displaced 
(Dohmen and Verdonk, 1979). After removal of the polar lobe of centrifuged eggs, 
apart from embryos that develop as lobeless embryos, completely normal embryos 
were observed (Cather and Verdonk, 1974; Dohmen and Verdonk, 1979). This 
strongly suggests the presence of localized determinants in the vegetal body, which 
might be maternal mRNAs.  

In equally cleaving molluscs, existing differences between blastomeres are not 
as obvious as in polar lobe forming molluscs. Even so, structural analysis of the 
embryo of Lymnaea and Physa revealed the existence of RNA rich granules, the 
ectosomes, located in the vegetal cytoplasm from the 8-cell stage onwards (Wierzejski, 
1905; Dohmen and Van der Mast, 1978; Raven, 1974). At the onset of the 24-cell 
stage, the ectosomes start to move up to the tips of the macromeres (Raven, 1974; Van 
den Biggelaar, 1976a,b). After determination of the 3D macromere, the ectosomes in 
this blastomere start to disperse, whereas in 3A, 3B and 3C they remain compact 
bodies. One cleavage later they are probably extruded into the cleavage cavity, leaving 
the descendants of 3D the only cells with the contents of the ectosomes. Although a 
determinative role for the ectosomes at the 24-cell stage of Lymnaea embryos has been 
suggested, direct evidence is still lacking. 

The biochemistry of ooplasmic segregation in molluscan embryos was 
extensively reviewed by Collier (1983). His most important observation made from the 
analysis of RNA quantity, RNA synthesis and protein synthesis in lobeless and normal 
embryos of Ilyanassa was that there are no qualitative differences observed between 
these embryos, suggesting that the polar lobe does not contain differentially segregated 
RNAs or proteins. Rosenthal and Ruderman (1980) showed that different RNAs are 
translated in the oocyte and embryo of Spisula. With respect to translational control of 
mRNAs in Spisula embryos, an excellent correlation between the translation of 
maternal mRNA and its polyadenylation status was observed (Rosenthal and 
Ruderman, 1987). Recently, data have emerged that a mechanism involving U-rich 
cytoplasmic polyadenylation elements (CPEs), as were identified in Xenopus, and a 
CPEB (CPE binding) RNA-binding protein, is also present in Spisula for regulation of 
maternal mRNAs (Walker et al., 1999). 

The cortex and the cytoskeleton have been implicated in the localization of 
morphogenetic determinants in many species. Similarly, in molluscs special properties 
of both the animal and vegetal cortical regions, especially in polar lobe forming 
species, have been observed (reviewed in Dohmen and Verdonk, 1979 and Verdonk 
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and Cather, 1983). This was clearly demonstrated for Bithynia, since the vegetal body 
as described above is held at the vegetal pole by its attachment to the cortex and can 
only be released by relatively high centrifugal forces (Dohmen and Verdonk, 1979). 
Differences in surface architecture have been observed in the polar lobe forming 
species Buccinum, Crepidula and Nassarius, which were correlated with cortical and 
cytoplasmic localizations (Dohmen and van der Mey, 1977; Tyler et al., 1998). In the 
egg of Nassarius, a clear animal-vegetal polarity was observed for both plasma 
membrane lipid mobility and at an ultrastructural level the presence of intramembrane 
particles (Speksnijder et al., 1985a,b). These distinct different properties of the 
membrane at the vegetal pole were all suggested to contribute significantly to the 
localization of morphogenetic determinants in the polar lobe of molluscan embryos. 
This is supported by experiments, in which centrifugation did not affect normal 
development (see Cather and Verdonk, 1983). Furthermore, the existence of different 
cytoplasmic compartments has been observed by the distribution of mitochondria, lipid 
droplets and yolk granules in eggs of Ilyanassa and Aplysia, and a clear cytoplasm in 
Lymnaea, suggesting an animal to vegetal gradient of the cytoplasm (Dohmen, 1983; 
personal communication J.A.M. van den Biggelaar, G. Zwaan and A.E. van Loon). 
Although the evidence is largely circumstantial and based on studies of polar lobe 
forming species, both the cortex and the cytoskeleton may play an important role in the 
process of cell diversification during early development of molluscan embryos by 
forming the basis for differential distribution of cytoplasmic components, RNAs or 
proteins, along the animal-vegetal axis. 
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The autonomous specification of the trochoblast cells of Patella as was shown 
by Wilson (1904a), was further investigated at a molecular level. Differentiation of a 
specified cell to a particular cell type involves the regulated expression of genes to 
generate the proteins necessary for its specialized function (Alberts et al., 1994). Very 
early in Patella development the trochoblasts, the progenitor cells of the cells that will 
form the transverse locomotory band of the trochophore larva, start to differentiate. 
This first becomes morphologically apparent by the growth of cilia on the primary 
trochoblasts, which can be observed with scanning electron microscopy at the 52/56 
cell stage (Damen and Dictus, 1994b). Four primary trochoblast precursor cells are 
formed at the fourth cleavage, one in each quadrant of the 16-cell stage embryo. These 
cells divide two more times, go into cleavage arrest after the sixth cleavage and 
become ciliated shortly after (see Figure 1.1). Differentiation of these cells takes place 
both in the embryo and when cultured isolated from the rest of the embryo, showing 
autonomous specification of these cells convincingly (Wilson, 1904a). Thus, between 
the 16-cell stage, when the primary trochoblasts become specified, and the 52/56 stage 
at which morphological differentiation was observed, these cells therefore have to go 
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through extensive changes enabling the formation of cilia. Most likely, this involves 
the expression of tubulin genes to provide the cilia with their major structural protein 
component. Van Loon et al. (1995) observed an increase in de novo synthesis of both 
α- and β- tubulin mRNAs, which coincides with the start of embryonic transcription 
shortly after the fifth cleavage. Thus, the Patella embryo becomes transcriptionally 
active at the 32-cell stage, at which the cell cycle elongates and division synchrony is 
lost (Van den Biggelaar, 1977). The α-tubulin-4 gene was found to be expressed 
exclusively in trochoblast cells from the 32-cell stage onwards as was observed with 
whole mount in situ hybridization (Damen et al., 1994). Since this expression is most 
likely the result of the specification of the trochoblast cells, transcriptional regulation 
of the α-tubulin-4 was studied to obtain more insight in the specification processes in 
these cells. Extensive promoter analysis of the α-tubulin-4 gene with lacZ reporter 
gene constructs containing different parts of the promoter, and mutational analysis of 
the core promoter, revealed the presence of at least seven cis-acting elements between 
–418 and +487 with respect to the transcription start site as depicted in Figure 1.2. 
(Damen et al., 1994; Damen and Van Loon, 1996; Damen et al., 1997). The core 
promoter required for correct expression, consists of the elements designated as 4  
and 5. Element 4 is a negative control element, which when deleted or mutated resulted 
in ectopic expression of the reporter gene. DNA sequence analysis of this element and 
the adjacent nucleotides revealed that the region containing element 4 shows great 
resemblance to the recognition site of the yeast homeodomain containing protein 
Matα2 (Miller et al., 1985) and some resemblance to the engrailed binding site 
(Kissinger et al., 1990; Ades and Sauer, 1994). This strongly suggests that a 
homeodomain containing protein may bind to this element. Element 5 is a positively 
acting element, required for expression of the α-tubulin-4 gene in trochoblast cells, as 
deletion or mutation resulted in complete abolishment of expression of the reporter  
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2. Cis-regulatory elements in the a-tubulin-4 promoter. Seven elements (el1-el7) were 
identified, of which element 4 and 5 form the core absolutely necessary for correct spatio-temporal 
expression (Damen and Van Loon, 1996). Element 4 is a negative control element containing a 
putative homeodomain binding site, whereas element 5 is required for activation. The five additional 
elements, of which at least two should be present next to the core elements, all contain the GTTAA 
motif also present in element 5. Positions are indicated with respect to the transcription start +1. 
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gene. The five additional elements were found to be auxiliary. Two of these elements 
in addition to the core elements are sufficient to drive correct expression of the reporter 
gene. Interestingly, each of these elements contains one or more GTTAA motifs, 
which is also present in element 5, suggesting a particular role for this motif (Damen 
and Van Loon, 1996). The next step in the elucidation of the mechanism underlying 
trochoblast specific tubulin gene expression is the identification of the trans-acting 
factors required for activation of this gene. 
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The aim of the work presented in this thesis was to obtain more insight into the 
molecular mechanisms underlying early specification processes in the Patella embryo, 
as a model for spiralian development. Both autonomous specification of the 
trochoblast cells and the localization of cytoplasmic determinants in the early embryo 
were studied. Therefore, two strategies were designed to approach this from two sides 
as shown in Figure 1.3.  

The first strategy is a backwards approach based on cell type specific expression 
of a marker gene, starting with analysis of the cis-regulatory system fixed in the  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1.3. Schematic representation of strategies taken, which approach the molecular analysis of 
cytoplasmic determinants from opposite sides. 
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promoter of this gene, followed by identification of the trans-acting factors regulating 
expression of the marker gene, and finally investigation of the origin of these factors. 
As described above, trochoblast specific tubulin gene expression was extensively 
studied by our group in P. vulgata (Damen et al., 1994; Damen and Van Loon, 1996). 
The basis of this study is the investigation of the cis-regulatory elements directing 
expression of the α-tubulin-4 gene, which is continued here with the identification of 
the trans-acting factors responsible for trochoblast specific expression of this gene 
(chapter 3). Furthermore, the origin of the determinants specifying trochoblast specific 
tubulin gene expression was traced back to the micromeres. In addition, it was 
established that the third cleavage, at which the micromeres are formed is decisive for 
restriction developmental potential of trochoblast specific tubulin gene expression 
(chapter 2). Finally, previous indications that the mechanism underlying specification 
of the trochoblast cells was conserved among different phyla of the spiralians, were 
further investigated (chapter 4). 

The second strategy starts at the bottom of the specification process with the 
investigation of qualitative differences between different cell types. This strategy does 
not only focus on the identification of the determinants that are responsible for 
specification of the trochoblast cells, but aims to identify any differentially distributed 
determinant that plays a role in specification processes. Putatively segregated mRNAs 
were isolated either by using a differential display on two different cell lineages in the 
early embryo, the animal micromeres and vegetal macromeres of the 8-cell stage 
embryo (chapter 5 and 6), or by random screening of an embryonic cDNA library 
(chapter 7). A Patella glutaredoxin (chapter 5) and an HMG-like DNA binding protein 
(chapter 6), which both are candidate regulatory proteins were further analyzed. 
Furthermore, a putative RNA-binding protein, Esther 32, which is localized in dividing 
cells was isolated and analyzed (chapter 7).  
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 Trochoblasts of the mollusc Patella vulgata differentiate early in development 
into ciliated cells due to a cell intrinsic developmental capacity. The third cleavage 
appears to be decisive for their specification. Permanent inhibition of cleavage after 
the third cleavage, as induced by a continuous incubation with the drug cytochalasin B, 
had no effect on trochoblast specific gene expression later in development. However, 
permanent inhibition of cleavage before third cleavage abolished trochoblast 
differentiation including trochoblast specific gene expression. Inhibition of just the 
third cleavage itself was sufficient to repress trochoblast specific gene expression. In 
contrast, inhibiting the second or fourth cleavage did not effect trochoblast specific 
gene expression. 
 Correct formation of micromeres at the third cleavage is required to obtain 
trochoblast specific gene expression as was shown in experiments in which the 
formation of micromeres during third cleavage was suppressed by pressure. Also 
centrifugation before or during the third cleavage disturbs trochoblast specific gene 
expression, whereas centrifugation after the third cleavage does not affect trochoblast 
specific gene expression. Thus, during the third cleavage a decisive step in the 
determination of developmental fate of trochoblasts takes place, likely resulting in 
segregation of activating and inhibitory determinants. 
 Trochoblast specific markers in Patella were only expressed in embryos that 
were division arrested after third cleavage. This suggests that a segregation of 
differentiation potentials has to take place before trochoblast differentiation markers 
are expressed. The restriction of differentiation potentials in the cleaving stage embryo 
is thus required to enable trochoblasts specific gene expression. 
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 As an embryo proceeds through its cleavage divisions the blastomeres take on 
their specialized developmental fates. Specification commits the blastomeres to 
express genes as part of their differentiation process. Two mechanisms can be 
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distinguished that play a role in determining the developmental fate of a cell. 
(1) Regulatory molecules from maternal origin are distributed to particular blastomeres 
exclusively and in this way determine the developmental fate of these cells, or  
(2) regulative interactions between cells take place, in which one cell determines the 
fate of the other via an inductive signal. Most embryos combine both mechanisms. 
 In most species, early embryogenesis relies initially at least partly on maternally 
provided regulatory molecules (Davidson, 1990). The best studied example is pattern 
formation in the Drosophila embryo, in which asymmetrically localized maternal gene 
products are used to determine the anterior-posterior and the dorso-ventral axis (Tautz, 
1992). Also in Xenopus embryos localized maternal determinants may play an 
important role in pattern formation (Melton, 1991). Developmentally important RNAs 
such as Vg1, Xwnt11 and Xcat2 become localized at the vegetal cortex of the Xenopus 
oocyte (Weeks and Melton, 1987; Ku and Melton, 1993; Mosquera et al., 1993; 
Yisraeli et al., 1990; Kloc and Etkin, 1995). In the nematode Caenorhabditis elegans, 
localized determinants such as the SKN-1 and GLP-1 protein are required to specify 
particular cell fates (Wood and Edgar, 1994; Evans et al., 1994; Bowerman, 1995). 
Also for a number of other animals, such as ascidians, annelids and molluscs, it was 
demonstrated that localized determinants are involved in specification processes 
although the determinants involved are not yet identified. Regional localization of 
maternal gene products and restriction of their action therefore generally plays an 
important role in specifying the developmental fate of cells and establishing the body 
plan. 
 Embryos with a spiral cleavage exhibit a very constant cleavage pattern and a 
highly determinative development (Verdonk and Van den Biggelaar, 1983; Van den 
Biggelaar et al., 1996; Van den Biggelaar and Haszprunar, 1996). During the early 
cleavage stages in spiralian embryos unequal allocation of morphogenic molecules to 
different blastomeres determines the developmental fate of the cells (Wilson, 1904a; 
Costello, 1945). In molluscs and annelids, the primary trochoblasts are the first fully 
specified cells (Wilson, 1904a; Costello, 1945; Janssen-Dommerholt et al., 1983). 
Soon after their specification these cells display morphological differentiation (Damen 
and Dictus, 1994b). The primary trochoblasts, together with the later formed accessory 
and secondary trochoblasts, form a transverse band of ciliated cells, the so-called 
prototroch. This prototroch is the locomotory organ of the freeswimming trochophore 
larva. By their early specification and differentiation the trochoblasts are an excellent 
model to unravel the mechanisms that control the regulation of spatial gene expression 
in the spiralian embryo. 
 Trochoblast differentiation is well studied in the mollusc Patella vulgata 
(Damen et al., 1994; Damen et al., 1997; Damen and Van Loon, 1996; Van der Kooij 
et al., 1995; Wilson, 1904a; Janssen-Dommerholt et al., 1983; Serras et al, 1990; 
Serras and Speksnijder, 1991; Damen and Dictus, 1994a,b). At the 16-cell stage four 
primary trochoblasts are formed, one in each quadrant. After two additional divisions,  
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morphological differentiation of these cells becomes manifest as a permanent cleavage 
arrest and an extensive ciliation (Damen and Dictus, 1994b). Preceding their last 
division, the primary trochoblasts already extensively express tubulin genes (Damen et 
al., 1994). The differentiation of the primary trochoblasts and the accompanied 
expression of tubulin genes is the result of the cell intrinsic developmental capacity of 
the trochoblasts. At the 16-cell stage primary trochoblasts contain all information 
necessary for further differentiation. Isolated primary trochoblasts from the 16-cell 
stage differentiate as in the intact embryo: they divide only twice, ciliate, and form a 
band of F-actin (Wilson, 1904a; Janssen-Dommerholt et al., 1983; Serras and 
Speksnijder, 1991). This autonomous development is likely the result of allocation of 
gene regulatory molecules in these cells in the preceding cleavages. 
 The question then arises how the regional specification is established. Up until 
now, no factor could be identified or isolated which is responsible for specification of 
any cell type in the spiralian embryo. At the 16-cell stage, the primary trochoblasts are 
fully specified (Wilson, 1904a) and gene regulatory factors which switch on cell 
specific tubulin genes one division later should be present in these cells (Damen et al., 
1994). The transition from the 4- to the 8-cell stage seems to be essential for later 
differentiation of primary trochoblasts in Patella (Janssen-Dommerholt et al., 1983). 
No morphological differentiation of primary trochoblasts was observed when the third 
cleavage was blocked by Cytochalasin B (CCB). Therefore, the third cleavage seems 
to be crucial for the specification of the primary trochoblasts. 
 In the present paper we restricted ourselves to the autonomously differentiating 
primary trochoblasts. The other trochoblasts cell lines, the accessory and secondary 
trochoblasts, are formed later in development presumably in a corresponding way 
(Wilson, 1904a; Damen and Dictus, 1996), although in the D-quadrant also cellular 
interactions are involved in the specification of these trochoblasts (Damen and Dictus, 
1994a). As the primary trochoblasts are formed earlier in development than the 
accessory and secondary trochoblasts and, in contrast to these trochoblasts, 
differentiate completely autonomously, only the role of the cleavages in the 
specification of primary trochoblasts was investigated in this paper. 
 The molecular marker (tubulin) provides us with the possibility to investigate 
the role of the cleavages in the segregation of factors that control tubulin gene 
expression in trochoblasts. The drug CCB was used to block cleavages in the Patella 
embryo. The potential to form primary trochoblasts appeared to be restricted initially to 
the first quartet micromeres at the eight cell stage and secondly to the primary 
trochoblasts at the 16-cell stage. This potential was suppressed when correct formation 
of micromeres at the third cleavage was prevented, either by blocking the third 
cleavage with CCB or by changing the angle of the cleavage furrow at the third 
cleavage by exposure the embryos to pressure. In order to confirm that a pattern of 
determinants is present just before third cleavage, which becomes fixed by the 
cellularization at the third cleavage, this pattern of regulatory determinants was 
disturbed by centrifugation just before third cleavage. 
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Embryo handling, CCB incubations, pressure and centrifugation experiments  
 
 Embryos were obtained by in vitro fertilization and synchronously dividing embryos 
were selected at the first, second or third cleavage (Damen et al., 1994). Before incubation 
with dihydrocytochalasin B (CCB; Sigma St. Louis, MO), the embryos were washed once in 
MPFSW (Millipore filtered seawater) containing 0,1 µg/ml CCB and then incubated in 
MPFSW containing 0,1 µg/ml CCB. Embryos, which were treated with CCB for a certain 
period only, were washed twice in MPFSW after CCB incubation and then reared in MPFSW. 
 The CCB stock solution was made in DMSO (1 mg/ml); therefore, the incubations 
with 0.1 µg/ml CCB also contained 0.01% DMSO. Control embryos were reared in MPFSW 
containing 0.01% DMSO and developed normally; thus 0.01% DMSO had no effect on 
development. 
 In pressure experiments, correct formation of micromeres during the third cleavage 
was obstructed by placing the embryos from 10 minutes before the third cleavage until  
10 minutes after the third cleavage between a glass slide and a cover slide in a droplet of 
MPFSW, surrounded by mineral oil. A paper tissue was used to remove as much as oil as 
needed to compress the embryos slightly. As all embryos orientated with either the animal 
pole or the vegetal pole up, pressure was in all cases submitted along the animal vegetal axis. 
During the third cleavage no micromeres are formed in these embryos but the direction of the 
cleavage furrow is turned such that eight cells in one plane are formed. 10 minutes after the 
cleavage the cover slide was removed and the embryos were reared in MPFSW. 
 For the centrifugation experiments, embryos were centrifuged at 2,000 g for 15 
minutes in MPFSW at 18���������	����
�������������������������� 
 
Hoechst staining and in situ hybridizations  
 
 Hoechst staining and in situ hybridizations were basically performed as described 
before (Damen et al., 1994). For the in situ hybridizations, embryos were fixed at 3 hours 30 
minutes (40-cell stage) unless indicated otherwise. In the in situ hybridizations an anti-sense 
RNA probe of α-tubulin-2 cDNA (Van Loon et al., 1995) was used instead of a DNA probe. 
Control reactions were performed with the sense probe. Just before the incubation with the 
anti-digoxigenin antibody an RNase A treatment was done (10 minutes, 50 µg RNase A in 
PBS–T; PBS-T is PBS plus 0.1% Tween 20) followed by a blocking step (1 hour in 1% 
blocking reagent (Boehringer Mannheim) in PBS-T supplemented with 1/100 diluted normal 
sheep serum (Sigma, St. Louis, MO)). 
 Gallocyanin stainings were done as described by Van den Biggelaar (1977). 
 
Immunocytochemistry 
 
 For whole mount immunocytochemistry, dejellied embryos were fixed in 70% ethanol, 
50 mM glycine pH 2.0 at -20��� ���� ��� ��������
���������� ������	�������
���	�������
steps in 50% and 30% ethanol and three additional wash steps in PBS-T respectively. 
Embryos were incubated for 10 minutes in PBS-T supplemented with 0.3% BSA (PBS-TA) 
and subsequently for two hours with primary antibody (monoclonal anti-α-tubulin, code 
N357, Amersham, Buckinghamshire, UK), 1:2000 diluted in PBS-TA. After four 10 minute 
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wash steps in PBS-T, the embryos were incubated for one hour with secondary antibody at 
37���� �	�-mouse Ig-antibody from sheep conjugated to alkaline phosphatase, Fab fragments, 
Boehringer Mannheim, Germany), 1:200 diluted in PBS-TA. After three 10 minute washes in 
PBS-T and two 5 minutes washes in TMN (100 mM Tris/Cl-, pH 9.5, 50 mM MgCl2, 100 
mM NaCl), embryos were stained and observed as described previously for whole mount in 
situ hybridization (Damen et al.1994). Embryos were fixed at 4 hours 15 minutes after first 
cleavage (64-cell stage). 
 
Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) 
 
 SEM was done as described for Lymnaea by Créton et al. (1994). TEM was done as 
described by Serras and Speksnijder (1991). Embryos were fixed at 4 hours 15 minutes after 
first cleavage (64-cell stage). 
 
Isolation 28S rRNA PCR fragment  
 
 A 231 bp PCR fragment of the Patella 28S rRNA molecule homologous to positions 
116-344 in mouse 28S rRNA (Hassouna et al., 1984) was isolated. cDNA of oocyte RNA was 
prepared in a reverse transcriptase reaction using random primers (pd(N)6, Pharmacia).This 
cDNA was used in a standard PCR reaction with the 28S-1 primer (5’–dATC GAA TTC AAT 
CCC CCG CTC GGA CCT CGG C–3’) and the 28S-2 primer (5’–dATC AAG CTT TGC 
CGG TAT TTA GCC TTA GAT GGA–3’). The primers were designed based on sequence 
data for Patella rRNA as described by Tillier et al. (1992). The cycle used for PCR was:  
1 minute 94��!�"�
���	�������!�����"�
���	���#"�������$��%%&��!�	�����'�
���	����	�#"����
The resulting PCR fragment was digested with EcoRI and HindIII and cloned into 
pGEM7Zf(+). The clone was sequenced. The nucleotide sequence will appear in the EMBL, 
GenBank and DDBJ Nucleotide Sequence Databases under the accession number X86817. 
 
Northern Blotting  
 
 Northern blotting was performed as described by Van Loon et al. (1991). 32P-labeled 
α-tubulin (Van Loon et al., 1995) and 28S rRNA probes were used in the hybridizations. 
 

)�������

 
Cytochalasin B blocks cytokinesis but not karyokinesis 
 
 In order to be able to investigate the effect of cleavages on trochoblast 
specification we first analyzed the effects of the drug dihydrocytochalasin B (CCB) on 
cytokinesis and karyokinesis. Cytokinesis was blocked by a continuous incubation in 
0.1 µg/ml CCB in seawater. In embryos incubated with CCB from 10 minutes after the 
first, second, third, or fourth cleavage, no further cell division was observed. Up to the 
fifth cleavage, neither a delay nor an acceleration of nuclear divisions was observed in 
the CCB treated embryos, resulting in blastomeres with two, four, eight or sixteen 
nuclei (Figure 2.1). Thus, CCB treatment affects cytokinesis but not karyokinesis. 
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From the sixth cleavage onwards (transition from 32- to 64-cell stage), many 
condensed spots were found in Hoechst stained embryos, much more than expected for 
one division, and independent of the stage at which CCB treatment started. These cells 
seemed to contain more and highly condensed nuclei as compared to control embryos. 
This was confirmed by staining the nuclei with gallocyanin, which shows nuclei 
containing chromosomes in a metaphase state (not shown). The condensed spots which 
appear in CCB treated embryos at the sixth cleavage are likely the result of abnormal 
nuclear divisions that may be caused by extra spindles formed between the 
centrosomes of neighboring nuclei in these syncytial cells during the sixth division. 
 When embryos were exposed to CCB during just one cleavage, only the 
cytokinesis during this cleavage was blocked. If the third cleavage was suppressed, the 
embryos directly passed from a 4- to a 16-cell stage when control embryos passed from 
the 8- to the 16-cell stage. Similarly, embryos in which the second cleavage was 
suppressed directly passed from a 2- to an 8-cell stage; when the fourth cleavage was 
suppressed, the embryos passed from an 8- to a 32-cell stage. The cleavage pattern in 
these embryos is irregular and it is impossible to identify the origin of the different 
cells. The nuclei of these cells seem to be normal, and no condensed nuclei were found 
(not shown). Thus, after removing the CCB, cytokinesis is resumed and during the next 
cleaving cycle cellularization takes place around each nucleus. 
 Up to the sixth cleavage, CCB disturbs cytokinesis, without affecting 
karyokinesis. As trochoblast-specific tubulin expression starts from the 32-stage 
onwards, i.e. before the sixth cleavage (Damen et al., 1994), the drug CCB can be used 
to study the role of cleavages in trochoblasts specific gene expression. 
 
Trochoblast-specific gene expression is abolished if cytokinesis is blocked before third 
cleavage, but not if blocked after third cleavage 
 

 To test whether the third cleavage is required for trochoblast specific gene 
expression, this cleavage was blocked with CCB. Tubulin gene expression was 
analyzed in these embryos by non-radioactive in situ hybridizations. In untreated 
embryos, the primary trochoblasts arise from the vegetal tier of first quartet cells, i.e. 
the four 1m2 cells in the 16-cell embryo. These cells divide two more times and then 
become cleavage arrested. After their final division, the embryo has reached the 40-cell 
stage and tubulin genes are expressed exclusively in the 16 primary trochoblasts 
(Figure 2.2.A; see also Damen et al., 1994). Slightly later, at the 64-cell stage, one 
patch of cilia is formed on each primary trochoblast (Figure 2.3.A). 
 Embryos, in which cytokinesis was continuously blocked with CCB from the 8- 
or 16-cell stage onwards, express tubulin genes in the primary trochoblast lineages 
(Figure 2.2.B-C). In the ‘16-cell’ CCB-embryos, the four vegetal first quartet 
micromeres (1m2 cells) differentiate as trochoblast. In these embryos, the 1m2 cells 
expressed tubulin genes (Figure 2.2.B) and each developed four patches of cilia 
(Figure 2.3.B). Thus, each of the four 1m2 cells behaves as a group of four primary 
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Figure 2.1. Cytochalasin B blocks cytokinesis but not karyokinesis. Control and CCB-treated embryos 
labeled with Hoechst. Embryos were continuously incubated with CCB from the 4-cell stage onwards 
(from 10 minutes after second cleavage; B, E, H) or from the 8-cell stage onwards (from 10 minutes 
after third cleavage; C, F, I); control embryos are shown in A, D, and G. Embryos were fixed and 
labeled with Hoechst at the 32-cell stage (3 hours after first cleavage; A-C), at the 64-cell stage (3 
hours 45 minutes after first cleavage; D-F), or at the 88-cell stage (4 hours 45 minutes after first 
cleavage; G-I). Scale bar, 50 µm. 

 
trochoblasts in normal development. In the ‘8-cell’ CCB-embryos tubulin gene 
expression was found in the micromeres (1m cells; Figure 2.2.C). However instead of 
four patches of cilia, eight patches of cilia are formed on each cell (Figure 2.3.C-D). In 
normal development, the 1m cells, which are formed at the 8-cell stage, divide into the 
1m1 and 1m2 cells; progeny of the latter daughter cell forms exclusively primary 
trochoblasts whereas the progeny of 1m1 forms accessory trochoblasts, head region and 
the apical tuft (Damen and Dictus, 1994c). As the complete 1m micromeres of ‘8-cell’ 
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Figure 2.2. Trochoblast specific-gene expression is abolished if cytokinesis is blocked before third 
cleavage, but not if blocked after third cleavage. Expression of tubulin genes in Patella embryos in 
which cleavages were blocked with CCB as detected by non-radioactive in situ hybridization. All 
embryos were fixed at 3 hours 30 minutes after first cleavage when control embryos reached the  
40-cell stage. A. 40-cell stage control embryo shows expression of tubulin genes in all 16 primary 
trochoblasts. B. Embryo in which the cleavages were blocked from the 16-cell stage onwards, showing 
expression of tubulin genes in the four 1m2 cells that normally form each four primary trochoblasts. C. 
Embryo in which the cleavages were blocked from the 8-cell stage onwards, showing expression of 
tubulin genes in the micromeres, the 1m cells. D. Embryo in which the cleavages were blocked from 
the 4-cell stage onwards, showing no expression of tubulin genes. E. Embryo in which the cleavages 
were blocked from the 4-cell stage onwards, showing expression of tubulin genes in one blastomeres. 
F. Embryo in which the cleavages were blocked from the 2-cell stage onwards shows no expression of 
tubulin genes. All embryos animal view, except in panel C, lateral view. Scale bar, 50µm. 

 
CCB embryos seem to display a trochoblast makeup, one can conclude that trochoblast 
fate is dominant over non-trochoblast fate in these cells. The developmental fate of 
trochoblasts thus becomes progressively restricted to the micromeres at the third 
cleavage and to the 1m2 cells at the fourth cleavage. 
 Embryos that were continuously incubated with CCB starting before third 
cleavage do not express trochoblast fate. In the majority of the embryos (94%) in 
which cytokinesis was blocked with CCB from the 4-cell stage onwards, no expression 
of tubulin genes was detected at the moment control embryos reached the 40-cell stage 
(Figure 2.2.D). In only 6% of the ‘4-cell’ CCB embryos tubulin gene expression is 
found in one, two, three, or all four blastomeres (Figure 2.2.E). The number of ‘4-cell’ 
CCB embryos with blastomeres expressing tubulin in one or more blastomeres varies 
from experiment to experiment. In three independent experiments no expression of 
tubulin was found at all, whereas in two other independent experiments expression was 
found in a small number of embryos. The reason for this variation is unclear. In these 
‘4-cell’ CCB embryos, formation of cilia was never observed, neither by 
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Figure 2.3. Morphological 
differentiation to trochoblast in CCB 
treated embryos. Morphological 
differentiation to trochoblast becomes 
manifest as formation of one patch of 
cilia on these cells, as was detected with 
immuno-cytochemistry (A-C) and SEM 
(D). All embryos were fixed at 4 hours 15 
minutes after first cleavage when control 
embryos reached the 64-cell stage. A. 
64-cell stage control embryo shows one 
patch of cilia on all 16 primary 
trochoblasts. B. Embryo in which the 
cleavages were blocked from the 16-cell 
stage onwards shows four patches of 
cilia on each 1m2 cells; each 1m2 cell 
forms four primary trochoblasts with one 
patch of cilia in normal development. C 
and D. Embryo in which the cleavages 
were blocked from the 8-cell stage 
onwards shows eight patches of cilia on 
each micromere. The cell boundaries in 
the scanning electron micrograph (D) 
have been delineated in black. All 
embryos animal view, except in panel D, 
lateral view. 

 
immunocytochemistry nor by SEM nor by TEM (not shown). In embryos treated with 
CCB from the 2-cell stage onwards expression of tubulin genes has never been found 
at all (Figure 2.2.F). 
 In order to exclude the possibility that the drug CCB directly delays or inhibits 
tubulin gene expression, the onset of tubulin gene expression in embryos, which were 
incubated from the 8-cell stage onwards with CCB, was compared to control embryos. 
At the very early 32-cell stage no expression was found in both groups (2 hours 30 
minutes after first cleavage; not shown). At a late 32-cell stage and the 40-cell stage  
(3 hours after first cleavage and 3 hours 30 minutes after first cleavage, respectively; 
not shown) clear expression was found both in the ‘8-cell’ CCB embryos and in the 
control embryos. Thus, in both ‘8-cell’ CCB embryos and control embryos tubulin 
expression starts at the same moment; therefore, the drug CCB has no direct effect on 
the onset of trochoblast-specific tubulin gene expression. 
 Summarizing, a continuous block of the cytokinesis started before the third 
cleavage obstructs both trochoblast-specific tubulin gene expression and 
morphological differentiation to trochoblast, whereas a continuous block of the 
cytokinesis started after the third cleavage does not. These results suggest that third 
cleavage is required for later differentiation of these trochoblasts. 
 
Third cleavage is required for trochoblast-specific tubulin gene expression 
 
 Additional evidence for the assumption that the third cleavage itself is required 
for trochoblast differentiation is derived from experiments in which we blocked just  

B A 

DC 



�

��	
�����

�� 

 
 
 
 
 
 
 
 
 
Figure 2.4. Trochoblast-specific tubulin gene expression is abolished if third cleavage is blocked. 
Expression of tubulin genes in Patella embryos in which one of the cleavages was blocked with CCB, 
as detected by non-radioactive in situ hybridization. All embryos were fixed at 3 hours 30 minutes after 
first cleavage when control embryos reached the 40-cell stage, for control embryo see Figure 2.2.A. A. 
Embryo in which the third cleavage was blocked by an incubation with CCB from 10 minutes after 
second until 10 minutes after third cleavage shows no expression of tubulin genes. B. Embryo in which 
the second cleavage was blocked by an incubation with CCB from 10 minutes after first until  
10 minutes after second cleavage shows expression of tubulin genes in some groups of cells.  
C. Embryo in which the fourth cleavage was blocked by an incubation with CCB from 10 minutes after 
third until 10 minutes after fourth cleavage shows expression of tubulin genes in all cells in animal part 
of the embryo. All embryos animal view, except in panel C, lateral view. Scale bar, 50 µm. 

 
the third cleavage by an incubation with CCB from 10 minutes after second cleavage 
until 10 minutes after third cleavage. These embryos resumed cytokinesis and passed 
from 4 to 16 cells at the moment control embryos started their fourth cleavage. The 
majority of these embryos (86%) did not express tubulin genes at all (Figure 2.4.A); 
only a small number (14%) expressed tubulin genes in a small group of cells. In 
contrast, expression of tubulin genes was found in all embryos when in a comparable 
way only the second or the fourth cleavage was blocked. Embryos in which only the 
second cleavage was blocked expressed tubulin genes in one or more groups of cells 
(Figure 2.4.B). The division patterns in these embryos were not regular, therefore it 
was not possible to identify the origin of the positive cells; however these cells 
indubitably expressed a trochoblast fate. In the embryos in which only the fourth 
cleavage was blocked all cells at the animal side expressed tubulin genes (Figure 
2.4.C), no doubt that these cells were the progeny of the first quartet micromeres. 
These data clearly show that the third cleavage or cytokinesis at the third cleavage is 
required and should take place at the right moment for expression of trochoblast fate. 
Furthermore, the fourth cleavage is required to restrict this fate to the primary 
trochoblasts (1m2 cells). In addition, these data confirm that obstruction of tubulin gene 
transcription is not directly caused by the drug CCB itself. 
 As soon as the third cleavage is blocked with CCB, no expression of trochoblast 
fate can be detected. Thus, the third cleavage is required for expression of trochoblast-
specific tubulin genes later in development and forms a crucial moment in the 
specification of the trochoblasts. In order to confirm this and show that no low level of 
overall tubulin gene transcription takes place in these embryos, RNA of CCB-treated 
embryos was isolated and subjected to an analysis on Northern blot. (Figure 2.5). This 
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Figure 2.5. Third cleavage is required 
for trochoblast-specific tubulin gene 
expression. Northern blot with total 
RNA of 150 embryos that were 
continuously incubated with CCB 
from 10 minutes after first cleavage 
onwards (lane 1), from 5 minutes 
after second cleavage onwards (lane 
2), from 20 minutes after second 
cleavage onwards (lane 3), and from 
10 minutes after third cleavage 
onwards (lane 4). Lane 5 contains 
total RNA from 150 embryos that 

were incubated with CCB only during the third cleavage (from 10 minutes after second cleavage until 
10 minutes after third cleavage); lane C contains total RNA of 150 control embryos. First, the blot was 
probed with an α- tubulin probe (upper panel; exposure, 2 weeks), and, after removing this probe, the 
blot was probed with the 28S rRNA probe as a control for the amount of RNA in each lane (lower 
panel; exposure, one day). 

 
Northern blot analysis fully confirms the data as obtained with the in situ 
hybridizations. Blocking third cleavage is sufficient to obstruct enhanced expression of 
tubulin genes normally found during development. 
 
Formation of the first quartet of micromeres is a prerequisite for the specification of 
trochoblasts 
 
 A third series of experiments was performed to test the role of micromere 
formation during the third cleavage. In these experiments, we incubated embryos that 
just had reached the 8-cell stage with CCB. In a number of these 8-cell embryos the 
cleavage furrow between the micromere and macromere retracted. In 57% of the 
embryos (n=127), this happened in all four quadrants resulting in 4-cell embryos. In 
24% of the embryos the furrow retracted only in one, in two, or in three quadrants, 
whereas in the other quadrant(s) a micromere and a macromere were formed. In 19% 
of the embryos in all four quadrants cytokinesis was completed and four micromeres 
and four macromeres were formed. In all cases, the micromeres expressed tubulin 
genes, whereas all macromeres and all “4-cell stage” state blastomeres were negative 
for tubulin gene expression (Figure 2.6). Thus, the formation of micromeres including 
the completion of the cytokinesis is required to allow trochoblast-specific tubulin gene 
expression. These data suggest that the separation of developmental fates of 
micromeres and macromeres at the third cleavage is required to ensure trochoblast 
specification. 
 The above experiments imply that the cytokinesis at the third cleavage is 
decisive for the separation of determinants for trochoblast-specific tubulin gene 
expression. In order to refute any doubt on the specific effects of CCB, we finally 
applied an alternative method to obstruct formation of the first quartet micromeres.  
4-cell stage embryos were slightly compressed in animal-vegetal direction to interfere  
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Figure 2.6. Cytokinesis at third cleavage is required for trochoblast-
specific tubulin gene expression. In situ hybridization of an embryo that 
was incubated with CCB just after the third cleavage was completed. In 
one of the quadrants the cleavage furrow was not completed resulting 
in retraction of the cleavage furrow is this quadrant. Three quadrants in 
this 7-cell embryo are in the ‘8-cell stage’ state, with each a micromere 
and a macromere, whereas the fourth quadrant is in the ‘4-cell stage’ 
state. The three micromeres express tubulin genes, whereas the three 
macromeres and the ‘4-cell stage’ state blastomere do not. Animal 
view. Scale bar, 50 µm. 

 
 

with micromere formation at third cleavage. The embryos were compressed by 
applying pressure perpendicular to the animal-vegetal axis of the embryos by placing 
them in a sandwich of two glass slides in a droplet of seawater surrounded by oil. Due 
to this compression a rosette of eight cells was formed during the third cleavage likely 
as result of displacement of the spindles and the position of the cleavage furrow. All 
eight cells were positioned in one plane instead of four animal micromeres and four 
vegetal macromeres (Figure 2.7.A-B) as was also found in compressed embryos of 
Limax maximus (Guerrier, 1970). The cytoplasms that normally become separated in 
micromeres and macromeres might merge in one cell. After the third cleavage, the 
compression was released and the embryos were reared until control embryos reached 
the 40-cell stage; they were then subjected to an in situ hybridization for tubulin. 79% 
of these embryos (n=138) did not express tubulin genes at all (Figure 2.7.C); in 21% of 
the embryos, expression of tubulin genes was found in one, two, three, or all four 
quadrants (Figure 2.7.D-E). If in a quadrant tubulin expression was found, always a 
quartet of four positive cells was found. In these quadrants, the angle of the spindle 
was probably not displaced enough to disturb the segregation process. Thus, either the 
differentiation in a quadrant was normal and four ‘primary trochoblasts’ were formed, 
or differentiation was completely obstructed. 
 Embryos that were subjected in the same way to pressure during the second 
cleavage expressed tubulin genes in four groups of four cells (n=35) (Figure 2.7.F), 
and thus showed normal primary trochoblast differentiation. Although the cleavage 
patterns were slightly irregular in these embryos, they form more or less normally 
micromeres at the third cleavage. 
 Both the CCB and the pressure experiments imply that a correct formation of 
micromeres during third cleavage is required to enable trochoblast specific gene 
expression. The correct formation of micromeres ensures a proper separation of the 
cytoplasms for micromeres and macromeres and the determinants in them. Likely, 
cytokinesis at third cleavage generates a permanent distribution of regulatory 
molecules for trochoblast differentiation between micromeres and macromeres. Thus, 
micromere formation at the third cleavage forms a prerequisite for the specification of 
trochoblasts. 
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Figure 2.7. Pressure at third cleavage prohibits correct micromere formation that appears to be 
required for trochoblast specific tubulin gene expression. If 4-cell stage embryos are subjected to 
pressure perpendicular to the animal-vegetal axis, no animal micromeres and vegetal micromeres are 
formed, but eight cells in one plane. A. 8-cell stage control embryo stained with gallocyanin, animal 
view, only micromeres are in focus. B. Gallocyanin stained 8-cell stage embryo that was subjected to 
pressure during the third cleavage as described in the Materials and Methods section; all eight cells 
are arranged in one plane. C-E. Expression of tubulin genes in embryos that were subjected to 
pressure at third cleavage as described above; embryos were fixed at the moment control embryos 
reached the 40-cell stage (Figure 2.2.A). Embryos do not express tubulin genes (79%; C), or express 
tubulin genes in one or more quadrant (21%; D-E). F. Embryo that was subjected to pressure during 
the second cleavage exposes a more or less normal expression pattern for tubulin genes. All embryos 
animal view. Scale bar, 50 µm. 
 
Disturbance of patterns of regulatory molecules by centrifugation 
 
 In order to disturb the segregation of determinants during third cleavage, we 
subjected embryos to centrifugation before and during the cleavages. In embryos that 
were centrifuged at 2,000 g at the 4-cell stage (from 10 minutes after second cleavage 
until 25 minutes after second cleavage), the cytoplasm becomes stratified in three 
visible layers along the animal-vegetal axis (Figure 2.8.A). The third cleavage in these 
embryos takes place at the same moment as in control embryos. These embryos do not 
express tubulin genes if control embryos reach the 40-cell stage (n=58; not shown). 
Also most of the embryos that were centrifuged during the third cleavage (from 25 
minutes after the second until 10 minutes after the third cleavage) did not express 
tubulin genes (96%; n=102) (Figure 2.8.B); only few embryos (4%) were positive for 
tubulin gene expression in one or two groups of cells (Figure 2.8.C). Thus, trochoblast 
specification is obstructed in these embryos, likely by the disturbance of the pattern of 
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Figure 2.8. Disturbance of trochoblast 
specific tubulin gene expression by 
centrifugation. A. Embryo centrifuged at 
the 4-cell stage (from 10 minutes after 
second cleavage until 25 minutes after 
second cleavage). Embryo was 
photographed after it passed the third 
cleavage. B-D. Tubulin gene expression 
in embryos that were centrifuged  
(2,000 g, 15 minutes, 18Û&� EHIRUH RU
during a cleavage. Embryos were fixed 
at the moment control embryos reached 
the 40-cell stage (see Figure 2.A). B, C. 
Most embryos do not express tubulin 
genes if centrifuged before or during the 
third cleavage (B), only few embryos 
(4%) express tubulin genes in one or two 
groups of cells if centrifuged during third 
cleavage (C). D. Embryos centrifuged 
during the fourth cleavage show a more 
or less normal expression pattern for 
tubulin genes. Embryo in A lateral view; 
embryos in B, C, and D animal view. 
Scale bar, 50 µm. 

 
localized regulatory factors, which is present at the third cleavage. In normal 
development this pattern becomes fixed by the cytokinesis of the third cleavage. 
 The same experiment after the third cleavage allows trochoblast specific tubulin 
gene expression. Most of the embryos centrifuged at the 8-cell stage (from 10 minutes 
after third cleavage until 25 minutes after third cleavage) differentiated more or less 
normally; they expressed tubulin genes in four groups of four cells (59%; n=56). Only 
few embryos (11%) expressed tubulin genes in less than four groups of cells and 30% 
of these embryos did not express tubulin genes. An explanation for these negative 
embryos may be that the cleavage furrow was not entirely completed in a number of 
these embryos, which resulted in mixing of the cytoplasms of the micromere and 
macromere at the onset of centrifugation. Centrifugation of embryos during the fourth 
cleavage (from 25 minutes after the third until 10 minutes after the fourth cleavage) 
had no effect on primary trochoblast differentiation. All embryos (n=90) expressed 
tubulin genes in four groups of four cells (Figure 2.8.D). The pattern of trochoblast 
determinants thus is established before fourth cleavage and cannot be disturbed by the 
centrifugation at the fourth cleavage. 
 These experiments show that centrifugation interferes severely with trochoblast 
differentiation if applied before or during the third cleavage. Likely, a pattern of 
determinants for trochoblast differentiation is disturbed in these embryos which 
normally occurs before third cleavage and which becomes fixed by the cytokinesis of 
the third cleavage. The pattern of determinants cannot be displaced anymore by 
centrifugation during the fourth cleavage, which suggests that the regulatory factors for 
trochoblast differentiation probably become firmly localized between third and fourth 
cleavage. 
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Restriction of developmental potential in the cleaving stage embryo: distribution of 
determinants? 
  

Many specification events in early development involve cell divisions in which 
the daughter cells acquire different developmental fates. This process is founded on the 
asymmetrical distribution of determinants during initial cleavages. In Patella the 
differentiation potential for primary trochoblasts is confined to the micromeres at the 
8-cell stage, and then segregated to the 1m2 primary trochoblast precursors at the 16-
cell stage (this paper; Janssen-Dommerholt, 1983). Our data strengthen the assumption 
that trochoblasts are specified by the asymmetric positioning of gene regulatory 
determinants during the cleavage divisions, which arrange a progressive regional 
restriction of differentiation potential. At the 8-cell stage, the determinants become 
localized in the first quartet micromeres and successively become allocated to the 1m2 
cells at the 16-cell stage. After the 16-cell stage, the complete progeny of the 1m2 cells 
develops into trochal cells; the determinants presumably distribute to all daughter cells. 
 In a number of other invertebrates, restriction of differentiation potential to 
specific cell lines has been found. However, in cleavage-arrested embryos of the 
ascidians Ciona intestinalis and Halocynthia roretzi, the nematode Caenorhabditis 
elegans, and the annelid Platynereis dumerilii differentiation markers for particular 
tissues are expressed independently of cleavage divisions (Whittakker,1973; Laufer et 
al., 1980; Dorresteijn and Graffy, 1993; Ueki et al., 1994). In contrast to these species, 
primary trochoblast specific markers in Patella were only expressed in embryos that 
were division arrested after third cleavage. This implies that in Patella a segregation of 
differentiation potentials has to take place before differentiation markers for 
trochoblasts are expressed; in casu the segregation of the differentiation potentials for 
micromeres and macromeres must be completed before expression of primary 
trochoblast fate is enabled. 
 
Cytokinesis at third cleavage fixes a differential distribution of activating and 
inhibitory determinants for primary trochoblast specification 
 
 A correct formation of micromeres at third cleavage is decisive for the 
specification of trochoblast fate. A blocked or delayed third cleavage, as induced with 
CCB, or an incorrect third cleavage, in which the orientation of the cleavage plane was 
altered, prevents trochoblast specific gene expression. These data imply that an 
appropriate distribution of differentiation potential for micromeres and macromeres 
during the third cleavage is required to provoke expression of primary trochoblast fate. 
This could be explained either by assuming that determinants are concentrated in 
micromeres and should reach a threshold level or alternatively that at least two 
determinants specify trochoblast fate, one acting positively, another negatively. 
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Figure 2.9. Model for the role of third 
cleavage in trochoblast 
differentiation. An activating (•) and 
an inhibitory determinant (�� IRU
trochoblast fate are present in the 4-
cell blastomeres. Only one quadrant 
is shown. The activating determinant 
becomes progressively restricted to 
the 1m2 cells of the 16-cell stage 
embryo, whereas the inhibitory factor 
stays present throughout the embryo. 
Because of the increase of the 
relative concentration of the 
activating determinant compared to 
the inhibitory determinant, trochoblast 
differentiation can take place. 

 
 In previous work, we demonstrated that both negatively and positively acting 
factors are involved in the regulation of the expression of the trochoblast specific  
α-tubulin-4 gene (Damen and Van Loon, 1996). The activation of the α-tubulin-4 gene 
was suppressed in non-trochoblasts. The negative regulation of the gene in these non-
trochoblasts acts via one of the identified elements, element 4, in the promoter region 
of the α-tubulin-4 gene. Deletion of element 4 allows expression of the gene in non-
trochoblasts, which strongly implies that a inhibitor is involved in repressing the gene 
in non-trochoblasts (Damen and Van Loon, 1996). In trochoblasts, the gene was 
activated via a positively acting mechanism. In this paper, we show that a separation of 
the differentiation potentials of macromeres and micromeres at the third cleavage is 
required to enable expression of trochoblast fate. As both negatively and positively 
acting factors are involved in trochoblast-specific gene expression (Damen and Van 
Loon, 1996), trochoblast specification may be regulated by the segregation of 
positively and negatively acting factors. The role of the cytokinesis of the third 
cleavage in this specification process may be the fixation of the pattern that is formed. 
 In the model as depicted in Figure 2.9, we propose the segregation of an 
activating determinant for trochoblast differentiation during the cleavages, whereas an 
inhibitory determinant is present throughout the embryo. In the blastomeres of 4-cell 
embryos both determinants are present and the relative concentration of the activating 
factors is too low to compete with the inhibitory one. At the third cleavage the 
activating determinant becomes allocated predominately in the micromeres. At the 
fourth cleavage, subsequently, the activating determinant becomes primarily restricted 
to the 1m2 cells. The accumulation of the activating determinant initially in the 
micromeres and after the fourth cleavage in the 1m2 cells results in an increase of the 
relative concentration of the activating factor which thereby becomes dominant over 
the inhibitory factor in these primary trochoblasts. The pattern of the activating and 
inhibitory determinants is present in the embryo at the cytokinesis of the third cleavage 
and becomes fixed by this cytokinesis. Correct formation of the cleavage furrows 
during the third cleavage therefore is decisive for cell-specific gene expression in 
primary trochoblasts later in development. 
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 Accessory and secondary trochoblasts develop from descendants of first and 
second quartet micromeres (progeny of the 1m122 and 2m11 at the 64-cell stage). These 
trochoblasts arise in between the quartets of primary trochoblasts. These trochoblasts 
are likely specified in a comparable way by the accumulation of trochoblast 
determinants in these cells during their formation. Accessory and secondary 
trochoblast precursors, isolated at the 16- or 32-cell stage, form two large ciliated 
trochoblasts and a number of small cells (Wilson, 1904a; Damen and Dictus,1996), 
suggesting that the autonomous fate is two accessory and two secondary trochoblasts 
per quadrant. However, due to an interaction with the mesodermal stem cell 3D, this 
autonomous fate in the D-quadrant is overruled and no secondary trochoblasts but two 
additional accessory trochoblasts are formed in the D-quadrant (Damen and Dictus, 
1994a, 1996). 
 In several species determinants are already localized in the oocyte, such as for 
example bicoid and nanos in the Drosophila oocyte (Tautz, 1992; St Johnston and 
Nüsslein-Volhard, 1992) and Vg1, Xwnt11 and Xcat2 in the Xenopus oocyte (Weeks 
and Melton, 1987; Ku and Melton, 1993; Mosquera et al., 1993). Another possibility is 
that the pattern is set up during the initial cleavage stages and becomes fixed at the 
third cleavage. In the mollusc Dentalium (Geilenkirchen et al., 1970) and the 
nemertine Cerebratulus (Freeman, 1979), determinants that provide the animal 
blastomeres with the potential to form apical tuft are initially localized in the vegetal 
region of the oocyte and should be segregated to the animal hemisphere at the 8-cell 
stage. Our data do not give cues about the moment the pattern of activating and 
inhibitory determinants for trochoblast differentiation is set up. They only show that 
this pattern is fixed by the cytokinesis of the third cleavage. A prepattern of these 
determinants could already be present in the oocyte and the successive cleavages result 
in a restriction of these determinants to particular blastomeres or alternatively the 
pattern is setup during the initial cleavages. To answer the question how trochoblasts 
are specified, it will be necessary to isolate and characterize the determinants that are 
involved in trochoblast differentiation. 
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 Previous analysis of the α-tubulin-4 promoter revealed that at least seven 
elements play a role in the transcriptional regulation of this gene, of which element 4 
and 5 are the core of the promoter absolutely necessary for correct spatio-temporal 
expression. Element 4 is necessary for repression of tubulin gene expression in non-
trochoblast cells, whereas element 5 is required for activation of the tubulin gene. To 
isolate the trans-acting factors binding to the core elements, both an expression library 
was screened and DNA affinity purification was performed.  
 First, the functionality of these elements was assayed in vivo with competition 
injections with synthetic double stranded DNA identical to the core elements. A 
molecular excess of element 4 injected into one blastomere of 2-cell or 4-cell stage 
embryos resulted in ectopic expression of a co-injected tubulin promoter/lacZ reporter 
gene. Concatenated element 5 was able to sequester the activating factor from the 
endogenous tubulin gene, resulting in a decrease of tubulin expression when the 
competitor was injected into one blastomere at the 4-cell stage.  
 Binding of trans-acting factors was investigated in vitro with Southwestern and 
gel shift analysis. Southwestern analysis showed the presence of a < 20 kDa protein at 
the 16-cell and 40-cell stage that binds to element 5 and therefore may be involved in 
the activation of the α-tubulin-4 gene. Furthermore, 42 kDa and 55 kDa proteins, 
which bind to the total core, are also more abundant at the early stages. Gel shift assays 
of 40-cell and 15 hr extracts furthermore show that different proteins are able to bind 
at these stages and thus may be responsible for the initiation and maintenance of α-
tubulin-4 gene expression. 
 Although binding of proteins to the core elements of the α-tubulin-4 promoter 
was shown both in vivo and in vitro, screenings of a 4 hr Patella vulgata expression 
library with probes of element 5 and the total core were not successful. A DNA affinity 
purification with the total core coupled to magnetic beads on 40-cell stage Patella 
vulgata nuclear extracts also failed to purify trans-acting factors. Therefore, the origin 
and nature of the factors involved in regulation of the differentiation of the trochoblast 
cells still remain enigmatic. 
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The α-tubulin-4 gene of the mollusc Patella vulgata is specifically expressed in 

the trochoblast cells during the early development. Both α- and β-tubulin genes are 
expressed in a spatio-temporal pattern in the Patella embryo, starting in the primary 
trochoblast cells at the 32-cell stage (Van Loon et al., 1994; Damen et al., 1994). The 
primary trochoblast cells, of which the precursor cells arise at the 16-cell stage, are the 
first cells to differentiate in the embryo. After two divisions of these precursor cells, 
the primary trochoblasts are formed, which become cleavage arrested and ciliated. 
Later on, together with the secondary and accessory trochoblasts they will form the 
prototroch, the locomotory organ of the trochophore larva (Damen and Dictus, 1994b). 
P. vulgata is an equally cleaving mollusc, in which, like all animals with spiral 
cleavage, the initial specification of the blastomeres is thought to be mainly determined 
by cell intrinsic inherited developmental capacities (Verdonk and Cather, 1983).  

The autonomous development of the primary trochoblasts was already shown by 
Wilson in 1904(a) with blastomere separations. Wilson isolated the primary  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1. A. Differentiation of trochoblasts in Patella vulgata during the initial cleavages. First 
cleavages up to the 64-cell stage. Up to and including the 32-cell stage the cell divisions are 
synchronous. The sixth cleavage is the first a-synchronous cleavage (Van den Biggelaar, 1977). At the 
16-cell stage one trochoblast precursor cell is formed in each quadrant (marked blastomeres). After 
two more divisions they become primary trochoblasts, which become cleavage arrested and form cilia. 
Together with accessory and secondary trochoblast cells, which are derived form other lineages, they 
will form the prototroch, the locomotory organ of the free swimming trochophore larva. B. Autonomous 
differentiation of isolated trochoblast cells. A primary trochoblast precursor cell isolated at the 16-cell 
stage divides two more times, goes into cleavage arrest and develops cilia (Wilson, 1904a) (adapted 
from Damen, 1996, thesis Universiteit Utrecht). 

A 

B 
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Figure 3.1. Cis-regulatory elements in the α-tubulin-4 promoter of P. vulgata. Seven elements (el1-el7) 
were identified, of which element 4 and 5 form the core absolutely necessary for correct spatio-
temporal expression (Damen and Van Loon, 1996). Element 4 is a negative control element containing 
a putative homeodomain binding site, whereas element 5 is required for activation. The five additional 
elements, of which at least two should be present next to the core elements, all contain the GTTAA 
motif also present in element 5. Positions are indicated with respect to the transcription start +1. 

 
trochoblast precursor cells from 16-cell stage embryos and cultured them separately. 
These cells divided two more times, became cleavage arrested and developed cilia as 
they would normally do in the embryo, showing that these cells already possessed all 
the information necessary for their differentiation (Figure 3.1). Further evidence that 
the capacity to express tubulin and develop cilia is inherited from precursor cells and is 
restricted to the lineage from which the primary trochoblasts develop was presented by 
Janssen-Dommerholt et al. (1983) and Damen et al. (1996), who performed 
cytochalasin B experiments in Patella. With these experiments, they showed that in 
cleavage arrested 8-cell embryos, the first quartet micromeres 1a-1d developed cilia 
and expressed α-tubulin, whereas embryos cleavage arrested at the 4-cell stage never 
developed cilia, nor expressed α-tubulin. In addition, they showed that correct 
formation of the micromeres is a prerequisite for the ability to express tubulin. This 
indicates that a normal separation of the animal and vegetal cytoplasm at the third 
cleavage is required for trochoblast specific tubulin expression, suggesting the 
segregation of cytoplasmic determinants necessary for differentiation of the 
trochoblasts. 

Damen and coworkers (Damen et al., 1994; Damen and Van Loon, 1996) have 
studied tubulin gene expression as a molecular marker for trochoblast differentiation. 
With functional studies, it was shown that at least seven elements play a role in 
regulating the expression of the trochoblast specific α-tubulin-4 gene. Two of these 
cis-regulatory elements, 4 and 5, are the core elements obligatory for correct spatio-
temporal expression. In addition, two or three additional elements are required (Figure 
3.2). Element 4, which contains a sequence resembling the binding site of Matα2, is a 
negative control element. In a series of constructs in which element 4 was mutated, 
ectopic expression of the constructs was observed, indicating that element 4 is  
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necessary for repression of tubulin gene expression in cells which do normally not 
express this tubulin gene (Damen and Van Loon, 1996). When element 5 was mutated, 
expression was completely abolished, showing that this element is crucial for 
activation of the α-tubulin-4 gene. The five additional elements are auxiliary, as they 
are not required for expression but act cooperatively with the core elements. 
Remarkably, all additional elements contain a GTTAA motif, which is also present in 
element 5. Therefore, it was inferred that this motif, which shows resemblance to part 
of the recognition site for Hepatic Nuclear Factor 1 (HNF1), is important for correct 
expression of the tubulin gene (Damen and Van Loon, 1996). 

Based on the tubulin expression studies and cytochalasin B experiments, Damen 
et al. (1996) proposed a model for tubulin expression in the trochoblasts. This model 
envisions an evenly distributed repressing determinant and an activator, which 
becomes restricted to the micromeres and primary trochoblasts during the 3rd en 4th 
cleavage, respectively. However, the earlier observation that ectopic expression also 
occurs in cells descending from the macromeres when element 4 is mutated (Damen 
and Van Loon, 1996) suggests that the activating factor is present in all cells of the 
embryo, and therefore contradicts the proposed model. Possibly, the activating factor is 
distributed evenly over the embryo and the repressor is restricted to specific areas of 
the embryo where the α-tubulin-4 gene is not expressed. 

The next step in the elucidation of the mechanism underlying trochoblast 
differentiation is the identification of the trans-acting factors responsible for regulating 
trochoblast specific tubulin gene expression. Here we describe our attempts to isolate 
the trans-acting factors responsible for expression of the α-tubulin-4 gene of P. 
vulgata, which could possibly also be involved in the initial specification of the 
trochoblast cells. We used the previously identified core elements necessary for correct 
spatio-temporal expression of the α-tubulin-4 promoter, element 4 and 5, to isolate 
these factors. We show that synthetic oligonucleotides of these elements are functional 
in vivo and in vitro. Several factors possibly playing a role in the regulation of tubulin 
gene expression were identified, namely three unknown proteins of approximately 20, 
45 and 55 kDa, which remain to be isolated. 
 
����	�����
����������
 
Embryos 
 
 Embryos of the mollusc Patella vulgata were obtained by in vitro fertilization as 
described by Serras and Speksnijder (1991), and cultured in Millipore-Filtered SeaWater 
(MPFSW) at 18���� ���� ��(�%	����!� 	��� �
����� ����� ��(�&&���� �� 	���	
��	� ��	�� �%��������
Millipore-Filtered SeaWater (MPFSW, pH 3.9) for 2 minutes before first cleavage. Large 
batches of embryos were cultured in 1-3 liter MPFSW, which was stirred gently to ascertain 
aeration. If necessary, embryos were dejellied at the appropriate stage by a 5-10 minute 
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treatment with MPFSW, pH 3.9. Swimming trochophore larvae were collected by filtering the 
water over a straining cloth. Collected embryos were kept on ice for further procedures. 
 
Knockout injections with oligonucleotides containing competitive binding sites 
 
 Needles were filled with a solution containing 10-40 ng/µl double-stranded probe or 
control carrier DNA, and 4.5% (w/v) lucifer yellow in 5 mM Hepes pH 7.0. Of 2-cell or 4-cell 
stage embryos one blastomere was injected using pressure injection as described by Damen et 
al. (1994). To visualize the effect on tubulin gene expression, in situ hybridization was 
performed at the 40-cell stage with an anti-sense RNA probe of the α-tubulin-2 cDNA as 
described before (Damen et al., 1996). Co-injections were performed with 100x molar excess 
probe and the α-tubulin-4 gene promoter/lacZ construct as described by Damen et al. (1994). 
β-Galactosidase expression was monitored at 4 h and 30 minutes after first cleavage. 
 
Nuclear extracts 
 

All procedures were performed on ice or at 4��������	!� 	�����%&�������� ���&�	������
�
the collected embryos. Dejellied embryos were washed once in Ca2+/Mg2+ free seawater 
(CMFSW, 1 liter contained 27 g NaCl, 0.8 g KCl, 1 g Na2SO4 and 0.18 g NaHCO3) and twice 
in buffer I (0.2 M sucrose, 0.1 mM EDTA and 10 mM Tris/Cl pH 8.0). Between each wash, 
the embryos were collected by centrifugation at 250 g for 10 minutes. Next, to the cells 
homogenization buffer (0.32 M sucrose, 5 mM MgCl2, 1 mM EGTA, 10 mM Tris/Cl pH8.0,  
1 mM dithiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride (PMSF) and 1 mM 
spermidine) was added to a volume of 5 ml, and the cells were lysed by twenty strokes in a 
Douncer with B-pestle. By adding 2.5 volumes 75% (w/v) sucrose and 0.25 volumes 
epibration buffer (0.32 M sucrose, 50 mM MgCl2, 10 mM EGTA, 0.1 M Tris/Cl pH 8.0,  
10 mM DTT, 2 mM PMSF and 10 mM spermidine) the lysate was brought to a final 
concentration of 1.6 M sucrose. The nuclei were collected in the pellet by centrifugation at 
16,000 g for 40 minutes. The nuclei were resuspended in 200-400 µl storage buffer (25% 
glycerol, 1 mM EGTA, 50 mM Tris/Cl pH 8.0, 1 mM DTT, 1mM PMSF and 1 mM 
spermidine) and stored in liquid N2. A Hoechst staining was performed to visualize the 
presence of nuclei in a sample taken before storage.  

Nuclear protein extraction was performed as essentially described by Soeller et al. 
(1988). The isolated nuclei were collected by centrifuging at 4,000 g for 4 minutes. The pellet 
was resuspended in 4 volumes of buffer C1 (15 mM Hepes pH 7.6, 110 mM KCl, 3 mM 
MgCl2, 0.1 mM EDTA, 1 mM DTT, 1 mM PMSF and 10 µg/ml leupeptin). Next, 0.1 volume 
of 4 M (NH4)2SO4 was added after incubation under gentle agitation for 30 minutes, the 
mixture was centrifuged for 1 hour at 21,000 g. Nuclear proteins were precipitated by 
stepwise adding 0.3 g solid (NH4)2SO4 per ml supernatant, which was incubated for another 
15 minutes and subsequently centrifuged at 21,000 g for 20 minutes. The pellet containing the 
nuclear proteins was resuspended in 1/3 volume of HEMG (25 mM Hepes, 40 mM KCl,  
0.1 mM EDTA, 1 mM DTT, 1 mM PMSF, 10 µg/ml leupeptin and 10% glycerol) and 
subsequently dialyzed twice against 500 ml HEMG for 1.5 hours. The dialysate, in which a 
precipitate had formed, was centrifuged at 21,000 g for 2 minutes, and the clear supernatant 
(nuclear extract) was aliquoted, frozen in liquid N2 and stored at -80���� ���� )��	����
concentration was determined with a standard Bradford assay (Biorad). 
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Generation of probe fragments and labeling of probes with [α-32P] dATP or biotin. 
 

Element 4 and the total core (Figure 3.3) were amplified from plasmids containing 
parts of the α-tubulin-4 promoter, pDEL-55 and pDEL-33 respectively (Damen and Van 
Loon, 1996). The forward primer used was BS2/C-1 (5’-CAA AAG CTT GGG TTC TGT 
AT-3’), and as a reverse primer BS2-2 (5’-GGC GAA TTC GAG GTA TAT AT-3’) was used 
for the amplification of element 4 and BSC-2 (5’-GGC GAA TTC AAC ATT ATA AC-3’) 
for the total core. The PCR mix consisted of 1x SuperTaq buffer (SphaeroQ), 2 µM primers, 
200 µM dNTPs each, 1.5 mM MgCl2, 1 unit SuperTaq polymerase and 10 ng template DNA. 
The PCR reaction was carried out using 30 Thermocycle steps of 45 seconds at 94��!� *��
seconds at 54���������
���	���	�#"��!���&&�������#�
���	����	�#"�����������+����&
���,- �
Thermal Cycler. α32P-dATP was incorporated into element 4 and the total core using the same 
PCR amplification, except a reduction of the dATP concentration to 10 µM and the addition 
of 2 µCi [α-32P] dATP. Unincorporated nucleotides were removed using either Sephadex G-
50 columns or spin columns (PCR purification kit, Qiagen). For DNA affinity purification, a 
biotin labeled probe of the total core was generated by PCR using a 5’ biotin labeled forward 
primer BS2/C-1-B instead of BS2/C-1. 

Element 5 (Figure 3.3) was prepared by annealing the complementary oligonucleotides 
BSB1-1 (5’-AAT TGT AGT TAA CAA C-3’) and BSB1-2 (5’-AAT TGT TGT TAA CTA 
C-3’), which creates a 5’ -AATT overhang. First, the oligonucleotides were annealed in 
equimolar amounts in annealing buffer containing 10 mM Tris-Cl pH 7.9, 2 mM MgCl2,  
100 mM NaCl, 1 mM EDTA, and 5 pmol/µl of each oligonucleotide. The mixture was 
denatured at 85��� ���� "� 
���	��!� ���� �����.���	&� ��%���	��� �	� ����!� �	� $#��!� �	� ���
�
temperature and on ice for 15 minutes each. Labeling of 10 pmol double stranded el5 with  
α-32P was performed using 2 units Klenow polymerase and 1 µCi [α-32P] dATP in Klenow 
buffer (50 mM Tris-Cl pH 7.6 and 10 mM MgCl2). The reaction mix was incubated at room 
temperature for 15 minutes and 0.2 mmol dTTP was added, after which the mix was 
incubated for another 5 minutes. Labeled oligonucleotides were separated from 
unincorporated α-32P- dATP using a Sephadex G-25 column. The most active fraction of 
labeled oligonucleotide was used for the gel shift assays. For Southwestern blotting 
concatenated element 5 was prepared. First, 2 µg of each oligonucleotide was phosphorylated 
for 1 hour at 37�����	��������	���*�)�&��%&��	����+�����������+�����/&�0�����������%�����	��0�
of 50 mM Tris-Cl pH 7.6, 10 mM MCl2, 10 mM ATP and 100 mM DTT. The phosphorylated 
oligonucleotide mixes were combined and annealed as described above. Concatenated el5 was 
prepared by ligating double stranded el5 oligonucleotides with each other. To the annealed 
oligonucleotide mix, 4 Weiss units of T4 DNA ligase and ATP to a final concentration of  
0.5 mM was added, and the mix was incubated at 16��� �1��� ��0�	�� ���%�	�
���� ��� 	�e 
required length were excised from a 3% Nusieve agarose gel and purified using the Xtreme 
oligonucleotide purification kit (Pierce). 
 Labeling of concatemers with α-32P-dATP was performed with Klenow polymerase as 
described above. 5’- Biotin labeled el5 was prepared using a 109 bp synthetic oligonucleotide 
template, el5 template (5’-(TTG TAG TTA ACA ACA AAG)5GCG CCA TAT GGG CCC 
GAT CC-3’) and a 5’- biotin labeled oligonucleotide el5 re-B (Isogen, Maarssen; 5’-GGA 
TCG GGC CCA TAT GGC GCC-3’). 100 pmol of each oligonucleotide was annealed in  
1x Klenow buffer (50 mM Tris-Cl pH 7.6 and 10 mM MgCl2) containing 100 nmol dNTPs by 
a 1 minute denaturation at 94��� ���� "� 
���	��� �����&��0� �	� #"���� ���� ���%	���� 
�2� ����
cooled down to 37��������'�� of Klenow polymerase were added, after which the reaction  
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Total core 
    -108                                                                      
agcttgGGTTCTGTATATATGTAATTAGGTAACCCAGGTTTTATATCCAGGTTATAAC 
    acCCAAGACATATATACATTAATCCATTGGGTCCAAAATATAGGTCCAATATTG 
 
 
 
                                                                  -30 
                                          GTTGTAGTTAACAACAAATATATACCTcg 
                                          CAACATCAATTGTTGTTTATATATGGAgcttaa 
 
El4 
    -108                                                   -53 
agcttgGGTTCTGTATATATGTAATTAGGTAACCCAGGTTTTATATCCAGGTTATAACGTTGcg 
    acCCAAGACATATATACATTAATCCATTGGGTCCAAAATATAGGTCCAATATTGCAACcttaa 
 
El5 
                                         -55          -42 
                                         aaTTGTAGTTAACAAC 
                                             CATCAATTGTTGTTaA 
 
El5 concatenated 
 
  AaTTGTAGTTAACAACAATTGTAGTTAACAACAAtTGTAGTTAACAACAAtTGTAGTTAACAAC 
      CATCAATTGTTGTTAACATCAATTGTTGTtaACATCAATTGTTGTTaACATCAATTGTTGTTaA n 
 
El5 affinity purification 
                                       * 
TTGTAGTTAACAACAAA GTTGTAGTTAACAACAAA   GGCGCCATATGGGCCCGATCC 
AACATCAATTGTTGTTT CAACATCAATTGTTGTTT 4 CCGCGGTATACCCGGGCTAGG- 
 
 
Figure 3.3. DNA sequence of the probes used. Upper strand is shown in 5’→3’ orientation. Double 
underlined in the upper strand element 4 from -108 to –86 as identified with the linker scanning 
analysis of reporter gene expression (Damen and Van Loon, 1996). The dotted line in the lower strand 
indicates the putative homeodomain binding site identified in the α-tubulin-4 promoter from –97 to –69 
(Damen and Van Loon, 1996). Underlined the sequence from –56 to –39 containing element 5 
(-52/-42) used for the element 5 probes. In bold the GTTAA motif in element 5. In the boxes the 
nucleotide change of element 5 between the total core and concatenated element 5 probe is shown. 
Whether this position is part of the core of element 5 is unknown.   B    indicates biotin labeling of the 
El5 probe used for affinity purification. The sequence 3’ to the asterisk is not present in the α-tubulin-4 
promoter. 
 
was incubated for 1 hour and 30 minutes. After phenol/chloroform extraction and ethanol 
precipitation, fragments of the appropriate size were isolated from a 3% Nusieve agarose gel 
using the Xtreme oligonucleotide purification kit (Pierce).  
 
Gel shift assays 
 
 Binding of nuclear proteins to DNA probes was performed in a reaction containing 20 
mM Hepes pH 7.6, 50 mM KCl, 1 mM MgCl2, 0.5 mM DTT, 4% Ficoll, 5% glycerol, 2-3 µg 
polydIdC-polydIdC and 10 µg nuclear extract. Before adding the α-32P labeled probes, the 
mix was incubated at room temperature for 10-15 minutes. Competition assays were carried 
out by adding different amounts of unlabeled probe. 10-30 fmol α-32P labeled probe was 
added, after which the reaction was continued for another 20 minutes. The reaction mix was 
loaded onto a 6% non-denaturing polyacrylamide gel, which was run for 3 hours at 200 Volts 
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in 0.25x TBE (5xTBE: 54 g Tris-Cl, 27.5 g boric acid, 10 mM EDTA, pH 8.0 per liter). The 
gel was vacuum dried at 80�������$'�
���	���������	������0��)���������-5 days. 
 
Southwestern blotting 
 

Southwestern blotting was performed according to Jackson (1993) and Vinson et al. 
(1988) with several modifications. Samples for Southwestern blotting were prepared by 
adding 1 volume of 2x sample buffer (10% glycerol, 5% mercaptoethanol, 62.5 mM Tris-Cl 
pH 6.8 and 0.2% bromophenolblue) to 100 µg of nuclear extract. The samples were denatured 
at 95��� ���� �� 
���	��� ���� &������ ��	�� �� �'3 SDS-polyacrylamide gel in electrophoresis 
buffer (0.25 M Tris, 1.92 M glycine, pH 8.3) containing 0.1% SDS, which was run for  
15 minutes at 80 Volts and 1-1.5 hour at 180 Volts. The gel was equilibrated for 30 minutes in 
Western transfer buffer (48 mM Tris-Cl, 3 mM glycine, 1.3 mM SDS and 20% methanol) and 
blotted onto a nitrocellulose filter in Western transfer buffer for 90 minutes using a Semi Dry 
Blotter (KEM EN TEC). After washing the filter in TBST (10 mM Tris-Cl pH 7.9, 150 mM 
NaCl and 0.05 % Tween-20), the proteins were stained with Ponceau-S (0.5% Ponceau-S in 
1% acetic acid) and after marking the molecular weight marker proteins, the filter was 
destained with H2O. Total protein denaturation was obtained by incubating the filter in Z’ 
buffer (25 mM Hepes, 50 mM KCl, 5 mM MgCl2, 1 mM DTT, 0.1% NP-40 and 10% 
glycerol) containing 6 M guanidine hydrochloride (CH6ClN3) twice for 10 minutes at 4���
under gentle agitation. Renaturation of the proteins was obtained by reducing the guanidine 
hydrochloride concentration in the Z’ buffer to 3 M, 1.5 M, 0.75 M, 0.375 M, 0.187 M and 
finally 0.094 M in subsequent 10 minute incubations at 4���������������%hieved by decanting 
half of the solution and replacing this with Z’ buffer. Finally, the filter was washed twice in Z’ 
buffer for 10 minutes at 4���� ���� ��&	��� ���� �&�%+��� ���� �-specific probe binding by a 30 
minute incubation in Z’ buffer containing 5% non-fat dry milk and 5 µg/ml polydIdC-
polydIdC at 4����-�2	!� 	��� ��&	������� 	����������� 	��45�������� %��	�����0�'�"�3����-fat dry 
milk, 5 µg/ml polydIdC-polydIdC and radiolabeled probe, and incubated for 2 hours at room 
temperature under gentle agitation. The filter was washed 3 times in Z’ buffer for 5 minutes, 
dried on Whatman paper and autoradiographed for 1-5 days. 
 
Screening of an expression library 
 

A λgt11 expression library (Promega) with cDNA of 6 hr Patella vulgata embryos and 
a λZAP expression library (Stratagene) of 4 hr embryos were constructed according to the 
manuals provided. Bacteriophage infection and plating of infected Y1090hsdR E.coli onto 
144 cm2 plates was carried out as described in the manuals provided. A total of 200,000 pfu 
were used for each screening. Phages were plated out at 10,000 pfu per 144-cm2 plate, and 
grown at 37�������$���������� �	���)&�%��0�	�������	�6��7��
)��0��	�����	��%�&&�&������&	������
top the plates, the plates were incubated for an additional 4 hours. After marking the filters, 
they were removed and washed in TBST (20 mM Tris-Cl pH 7.5, 150 mM NaCl and 0.05% 
Tween-20). Duplicate filters were prepared by overlaying a second IPTG impregnated filter 
onto the plate and incubation over night at 37����  �	��� ������0� 	�� filters in TBST, 
denaturation and renaturation of the proteins, probe binding, washing and autoradiography 
was performed as described for the Southwestern blotting, using 5 ml solution per filter. As 
probes 32P- labeled fragments of the total core and concatenated el5 were used. Plaques 
positive on duplo filters were plugged with the large sterile end of a Pasteur pipet and stored 
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in 1 ml SM (1 liter: 5.8 g NaCl, 2 g MgSO4x7 H2O, 50 mM Tris-Cl pH 7.5 and 0.01% gelatin) 
to which two drops of chloroform was added. For re-screening of the positive plaques, 
approximately 100 pfu were plated out per plate. 
 

DNA-affinity purification 
 
 For magnetic DNA affinity purification, streptavidin coated beads were purchased 
from Dynal (Dynabeads M-280 streptavadin). Streptavidin coated beads were prepared for 
binding to biotinylated probes by washing twice in PBS/1% BSA, twice in PBS/0.1% BSA 
and twice in TE/2 M NaCl. To 1 mg coated beads in 250 µl TE/2 M NaCl, 200 pmol of either 
the BSC-B or BS1-B biotin labeled probes was added in 250 µl TE and was incubated for 30 
minutes at room temperature on a rotating wheel. Unbound DNA was removed by washing 
the beads twice in buffer A (20 mM Tris-Cl, 1 mM EDTA, 15% glycerol, 0.05 % NP-40) 
supplemented with 75 mM NaCl. The probe coated beads were stored at 4��� ��� ������� ��
Protein binding of 450 µg nuclear extract was performed in 500 µl Z’ buffer containing 0.05 
µg/µl polydIdC-polydIdC, which was added to 1 mg of probe coated beads and incubated for 
90 minutes at room temperature on a rotating wheel. Unbound nuclear proteins were removed 
by washing the beads 3 times for 1 minute in 500 µl Z’ buffer. Bound proteins were eluted in 
several steps of 50 µl Z’ buffer containing different NaCl concentrations from 50 mM to 1 M 
NaCl for 5 minutes each. Finally, the beads were prepared for re-use by washing them in  
500 µl buffer A/2 M NaCl and buffer A/75 mM NaCl for 5 minutes each and stored at 4������
buffer A. Eluted proteins were visualized with SDS-PAGE and Southwestern blot analysis. 
For amino acid sequence determination, the proteins were blotted onto a PVDF-membrane 
after SDS-PAGE by semi-dry electroblotting as described for the Southwestern. After 
blotting, the membrane was rinsed with H2O and submersed in methanol. Proteins were 
stained by incubating the blot for 1 minute in 0.1% Coomassie (Serva) in 1% acetic acid/40 % 
methanol. Next, the blot was destained with 50% methanol and thoroughly rinsed with H2O. 
Isolated bands were excised and sequenced using gas-phase Edman chemistry with an Applied 
Biosystems 476A sequencer. 
 
)�������
 
Competitor oligonucleotide injection of element 4 and 5 of the α-tubulin-4 promoter 
into embryos 
 

To investigate the functionality of element 4 and 5 in vivo and whether synthetic 
double-stranded DNA oligonucleotides of these core elements are able to bind the 
factors responsible for trochoblast specific tubulin gene expression, these 
oligonucleotides were injected into 2- or 4-cell embryos, and the effect on tubulin gene 
expression was assayed. This was determined at the 40-cell stage either with in situ 
hybridization or by co-injection of the tubulin promoter/lacZ reporter gene construct. 
Together with the α-tubulin-4 gene promoter/lacZ reporter gene, element 4 competitor 
oligonucleotide was injected at a 100x molar excess. β-galactosidase expression was 
monitored at 4 h and 30 minutes after first cleavage. LacZ staining was observed in 
four of the 43 embryos injected, of which in three embryos only in the primary  
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Figure 3.4. Injection of competitor 
binding site containing oligonucleotides. 
A. Reporter gene expression after co-
injection with competitor element 4 in 64-
cell embryo. Ectopic expression was 
observed in 1b121 and 1b122(•) next to 
normal expression in the primary 
trochoblasts 1b211 and 1b212(*). B. 
Schematic representation of 60-cell 
embryo in which the same cells are 
marked (courtesy of P. Damen). C. Lack 
of α-tubulin expression at 4 hr after first 
cleavage in one of the quadrants after 
injection of competitor element 5 at the 
4-cell stage. The arrow and box indicate 
the quadrant in which tubulin gene 
expression is affected. D. α-tubulin 
expression in control embryo of the 
same age.  

 
 
 
 

trochoblast cells. In the other embryo, ectopic expression was observed next to normal 
expression in 2 primary trochoblasts, 1b211 and 1b212 (Figure 3.4.A-B). LacZ staining 
was found in the same quadrant in the 1b121 blastomere, which will become head 
ectoderm, and in 1b122, which will become an accessory trochoblast cell.  

As injection of element 5, which is required for activation, would result in 
abolishment of expression of the co-injected reporter gene construct, no co-injections 
of the α-tubulin-4 gene promoter/lacZ reporter gene were performed with competitor 
concatenated element 5. Instead, the effect of injection of competitor concatenated 
element 5 on expression of endogenous tubulin was monitored by an in situ 
hybridization with an α-tubulin-2 RNA probe. As a control for development, non-
injected embryos were scored, and to control whether merely injection of DNA was 
influencing α-tubulin-4 expression, same amounts of non-specific herring sperm DNA 
were injected into embryos. At the third cleavage, the embryos were monitored for 
correct formation of the micromeres and macromeres, and abnormally developing 
embryos were discarded. Embryos were scored for both tubulin expression and correct 
development at 4 hr after first cleavage, which is summarized in table 3.1. No 
significant effects were found when either competitor element 5 or control DNA were 
injected at the 2-cell stage, except in experiment 6 and 7, where four times as much 
competitor DNA was injected. In three embryos, effects were found in two quadrants, 
although in one of these embryos, the affected quadrants were not adjacent. Four 
embryos were affected in only one quadrant. In four of five experiments in which 
element 5 was injected into one blastomere of 4-cell embryos, effects were observed 
on tubulin gene expression in one blastomere as shown in Figure 3.4.C. This, however, 
was sometimes also observed when carrier DNA was injected at this stage in three of  

B A 

DC 

• • * * 
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Table 3.1. Injection of competitor binding sites of element 5 of the α-tubulin-4 
promoter into Patella embryos. 
 
Exp* Injected** Number of quadrants positive• Development•• 

 LY/DNA Stage 
no 

embryos 4+ 3+ 2+ other normal abnormal 
1 - inj control   18         89% 11% 
  LY 2-c 9 78%     78% 22% 
  LY 4-c 1 100%       100%   
2 el5 10 ng/µl 2-c 4 100%       100%   
  el5 10 ng/µl 4-c 15 7% 80% 7% 7% 60% 40% 
3 - inj control   28         66% 34% 
  el5 10 ng/µl 2-c 9 100%     100%   
  el5 10 ng/µl 4-c 17       100%   100% 
4 - inj control   39         64% 36% 
  carrier DNA 4-c 12 58% 25% 17%   20% 80% 
  el5 20 ng/µl 2-c 20 95% 5%     68% 32% 
5 - inj control   28 68% 7%   25% 54% 46% 
  carrier DNA 4-c 7 100%       100%   
6 - inj control   43 72% 12% 5%   49% 51% 
  el5 40 ng/µl 2-c 9 44% 33% 11%   88% 12% 
  el5 10 ng/µl 4-c 2 50% 50%     50% 50% 
7 - inj control   38 95% 5%     95% 5% 
  el5 40 ng/µl 2-c 15 80% 7% 13%   88% 12% 
  el5 10 ng/µl 4-c 12 33% 67%     67% 33% 
8 - inj control   41 95% 12% 2%   95% 5% 
  carrier DNA 4-c 19 53% 32% 15%   89% 11% 
9 - inj control   67 80% 9% 7%   65% 35% 
  carrier DNA 2-c 19 90% 10%    79% 21% 
  carrier DNA 4-c 5 60% 40%     60% 40% 

10 - inj control   61 95% 5%    89% 11% 
  carrier DNA 2-c 25 96%  4%   72% 28% 
  carrier DNA 4-c 11 100%       82% 18% 

 
*Exp: experiment 
**Injected: 
-LY/DNA: -inj control embryos were not injected. LY = lucifer yellow (4.5% (w/v) in 5 mM Hepes pH 7.0) 
solution. Element 5 competitor oligonucleotides were injected at concentrations of 10 ng/µl, 20 ng/µl or 
40 ng/µl (in 4.5% (w/v) LY in 5 mM Hepes pH 7.0) supplemented with carrier DNA to a total DNA 
concentration of 40 ng/µl. Carrier DNA was injected at a concentration of 40ng/µl (in 5 mM Hepes pH 
7.0 supplemented with 4.5% (w/v) LY. 
-Stage and no embryos: Stage at which the embryos were injected and number of injected embryos 
that cleaved normally at the 8-cell stage and were assayed. 
•Number of quadrants positive:  
-A quadrant of 4 blastomeres was designated positive (+) when all blastomeres expressed α-tubulin as 
was assessed with the in situ hybridization.  
-Other embryos were all abnormal and either completely negative or expressed α-tubulin in single 
blastomeres. 
••Development: normal development was established by morphology and position of the four groups of 
four primary trochoblasts in the embryo. Abnormal embryos were characterized by abnormal 
morphology and position of the primary trochoblasts. 

 



�

��	
������

�� 

five control experiments, although it should be noted that the quality of two of these 
batches of embryos was poor, as will be further discussed below. In experiment 2 and 
7, however, the quality of the embryos was good and the effects observed in these 
experiments can be attributed to the injection of element 5 at the 4-cell stage. No 
further extensive study of the embryos that were not correctly expressing tubulin was 
made, as this would not give additional information on the cause of the observed 
effects. 
 
In vitro binding of trans-acting factors to element 4 and 5 of the α-tubulin-4 promoter 
 

Gel shift and Southwestern binding assays were performed to determine in vitro 
binding of factors to the core elements. Footprint analysis to determine the exact 
location of these elements failed (not shown). Therefore, for the gel shift assays, 
probes of element 4 and 5, as well as the total core were used as depicted in Figure 3.3. 
The element 5 probe showed formation of one retarded complex when both 4 hr and to 
a lesser extent 15 hr nuclear extracts were used (Figure 3.5). This complex, however, 
could not be competed away by the addition of cold competitor to a 350x molar excess, 
although it should be noted that the competitor was not identical to the labeled probe, 
which will be discussed below. Furthermore, gel shifts with element 4 showed 
formation of five complexes in 4 hr nuclear extracts and four complexes with 15 hr 
nuclear extracts with element 4 (Figure 3.6). Three of these complexes were identical, 
el4-4/15-1, el4-4/15-2 and el4-4/15-3 of which the first was also observed in cellular 
extracts (not shown). When competition assays were performed with unlabeled 
competitor complex el4-4/15-2 and el4-4-5 disappeared slowly with increasing 
amounts of competitor, indicating that these complexes are probably not specific. 
Complex el4-4/15-3 disappeared quickly when the 4 hr extract was used but not with 
the 15 hr extract, suggesting that more of the protein forming this complex was present 
in 15 hr extracts. Complex el4-4/15-1 was very weak, and the complexes el4-4-4 and 
el4-15-4, which were unique for the extract used also disappeared quickly with 
increasing amounts of competitor in the competition assays (Figure 3.6).  
 

 
Figure 3.5. Gel shift 
assay with element 5 
probe. Addition of 
competitor element 5 
up to a 350x molar 
excess shows no 
significant decrease in 
signal of single 
complex in both 4 hr 
and 15 hr nuclear 
extracts. Loading point 
and free probe not 
shown. 
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Figure 3.6. Gel shift assay 
with element 4 probe (el4). 
Competition assay was 
performed with excess 
competitor element 4 on 4 hr 
and 15 hr nuclear extracts. 
Complexes are indicated as 
follows: 1. the first part 
indicates the probe used,  
2. the second part indicates in 
which extract the complex 
was observed, 4 for 4 hr 
extracts, 15 for 15 hr extracts 
and 4/15 for both extracts,  
3. the third part indicates the 
number of the complex. 

 
 
 
 
 
 
 

 
When the total core was used for gel shifts with the same extracts, a slightly 

different pattern was obtained (Figure 3.7.A). Similar to the element 4 probe, two 
identical complexes were obtained with 4 hr and 15 hr nuclear extracts, of which TC-
4/15-1 could not be competed away with unlabeled competitor, whereas TC-4/15-2 
was competed away in 4 hr but not 15 hr nuclear extract. Interestingly, with the 4 hr 
nuclear extracts complex TC-4-3 disappeared when competition was performed with 
either the total core or element 4 separately. A fourth complex formed was sometimes 
observed with 4 hr extract, but not always. In 15 hr extracts, the latter two complexes 
were not present, but instead a new complex was observed, TC-15-3, which also 
disappeared after competition with cold total core competitor. The fourth complex in 
the 15 hr nuclear extract, TC-15-4, was also specific as observed with competition. 
Finally, as Damen et al. (1994) suggested that an engrailed proetein could possibly 
bind to el4. a super/non-shift assay was performed with the 4D9 antibody directed 
against the Drosophila engrailed (Patel et al., 1989), which showed no change in 
complexes when 4 hr extracts and the total core probe were used (Figure 3.7.B). 

On the Southwestern blot, binding of several proteins to both the total core, and 
element 4 and 5 separately, was observed (Figure 3.8). Binding of a small protein of 
less than 20 kDa (<20 kDa) to element 5 was found in 16-cell and 40-cell stage nuclear 
extracts, but not 15 hr nuclear extracts. This protein, however, was not observed when 
the total core was used as a probe, although very weak binding of an approximately  
20 kDa protein was seen with the total core probe at the 16-cell stage. The element 5 
probe, however, differs one nucleotide from the total core probe, which may result in 
the generation of a new binding site that is not present in the natural α-tubulin-4  
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Figure 3.7. Gel shift assay with total core probe (TC). A. Competition 
assay was performed with either the total core (TC) or element 4 
(el4) excess molar competitor. Two different competition 
experiments with 15 hr nuclear extracts are shown to indicate 
reproducibility. B. Super/non-shift was performed with the 4D9 
antibody directed against Drosophila engrailed protein. Complexes 
are designated as described in the legend of Figure 3.6.  

 
promoter as indicated in Figure 3.3. The protein binding 
to this site, however, is specifically present at the 16-cell 
and 40-cell stage. Alternatively, the protein in vitro has a 
higher affinity for multiple binding sites, like present in 
the concatenated element 5. In a Southwestern assay with 
the same probe as used for the gel shift assays containing 
one element 5, also no signal was obtained (not shown). 
Furthermore, very weak signals of an approximately  
40 kDa protein at the 16-cell stage and of an 
approximately 50 kDa protein at the 40-cell stage, were 
observed with el5. They may be identical to some of the 
proteins observed with the total core probe, as will be 
discussed below.  

With the total core, an approximately 42 kDa 
protein was specifically found in the 16-cell and 40-cell  
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Figure 3.8. Southwestern assay with element 4, concatenated element 5 and total core probes. 
Nuclear (N) or cell (C) extracts were used. The main proteins are designated according to their 
approximate molecular weight in kDalton (kDa). The asterisks indicate the very faint bands seen with 
the element 5 probe. 
 
stage nuclear extracts and not in 15 hr nuclear extracts. As a protein of the same size 
was found to bind very weakly to element 4 at the 16-cell stage but not at the 40-cell 
stage, it possibly binds in the proximity of element 5. Furthermore, a 55 kDa protein, 
which was specifically binding to the total core and weakly to element 4, was present 
prominently at the 40-cell stage and in lower amounts in the 16-cell stage. Lastly, 
binding of 135 kDa, 125 kDa, 75 kDa, 45 kDa and 31 kDa proteins to the total core 
was observed in the 16-cell stage and 15 hr stage extracts, of which the 75 kDa, 45 
kDa and 31 kDa were also observed with element 4. The 135 kDa and 31 kDa proteins, 
together with a protein slightly smaller than the 75 kDa protein, were also observed in 
the 4 hr nuclear extract, but not as prominent. The binding of the 125 kDa, 75 kDa, 45 
kDa and 31 kDa proteins with the total core probe was however also observed for 
cellular extracts, indicating that these proteins were probably high abundant (Figure 
3.8).  
 
Isolation of trans-acting factors 
 

The Southwestern blot showed the ability of several proteins to bind to the total 
core and the separate elements at different stages in development. As the detected 
proteins most likely bind as monomers or homodimers to the probes, we screened an 
expression library under the same conditions with the same probes. First, the quality of 
the expression libraries was tested by performing an antibody screening with an anti-α-
tubulin monoclonal antibody. 0.2% of the plaques of a 4 hr Patella cDNA λZAP  
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Figure 3.9. DNA affinity purification of proteins binding to the total core. The different fractions of the 
isolation procedure as indicated above the lanes were separated on a 10% SDS-PAGE and directly 
stained with Coomassie (A) or blotted onto PVDF and the blot stained with Coomassie (B). The arrows 
indicate the proteins isolated, which are designated according to their approximate molecular weight in 
kDalton (kDa). The 45 kDa band was excised from the 100 mM NaCl elution step, whereas the 70 kDa 
band was excised from the 250 mM elution step of the blot shown in B. 

 
expression library were positive, which shows that this library is capable of producing 
protein that can be recognized by an antibody. The 4 hr Patella cDNA λZAP 
expression library was screened with a probe mix of concatenated element 5 and the 
total core. Seven clones were found positive on single filters in the primary screening, 
but unfortunately in a secondary screening all clones on the filter appeared positive. 
Moreover, a 6 hr Patella cDNA λgt11 and an 8-cell stage Patella cDNA λZAP 
expression library were screened and the 4 hr Patella cDNA λZAP expression library 
was screened for a second time, but no positives were found.  
 Affinity purification was used as a second approach to isolate the trans-acting 
factors binding to the core elements of the α-tubulin-4 promoter. Biotin labeled probes 
of the total core and a synthetic oligonucleotide containing five copies of element 5, 
which were coupled to streptavidin coated magnetic beads, were used to extract 
specifically binding proteins from 4 hr nuclear extracts (Figure 3.3). First, the total 
core was used, which was able to bind two proteins of approximately 110 kDa, and 
proteins of approximately 70 kDa and 45 kDa. DNA affinity purification of 16-cell 
nuclear extracts and the element 5 probe, which contained five copies of element 5, 
yielded the same bands. However, when a probe was used of an a-specific sequence, 
namely plasmid sequence of the pNL vector (Gan et al., 1990), the high molecular 
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weight proteins of approximately 110 kDa were also isolated (not shown), suggesting 
that these proteins do not specifically recognize the total core sequence. Therefore, 
another affinity purification was performed, in which 900 µg 4 hr nuclear extract first 
was subjected to binding with the a-specific probe before binding to the total core 
probe. This resulted in the isolation of the same proteins as before of which the 110 
kDa proteins were not significantly reduced (Figure 3.9). The affinity-purified proteins 
were blotted onto both nitrocellulose and PVDF membrane, which were used for a 
Southwestern and isolation for amino acid determination, respectively. The 
Southwestern with the total core as probe showed no binding to any of the eluted 
proteins (not shown). This indicates that although a 45 kDa protein was shown to bind 
to the total core, the protein isolated is probably not specific. Amino acid sequence 
determination of the excised 45 kDa and 70 kDa protein unfortunately did not work, 
because the protein was terminally blocked. Proteolytic cleavage before sequence 
determination, however, was not possible, because of the low amounts of protein 
isolated. 
 
+������
�
 
Oligonucleotides of element 4 and 5 compete with the tubulin promoter for binding 
factors in vivo 
 

We investigated the functionality of the previously identified core cis-acting 
elements of the α-tubulin gene in vivo by performing competition injections of 
synthetic oligonucleotides containing these elements. We adopted the method of 
injection of competitor transcription factor binding sites from Hough-Evans et al. 
(1990) and Franks et al. (1990). They performed similar experiments in the sea urchin 
to determine the in vivo functionality of previously identified subregions of the 2.3 kb 
regulatory domain of the sea urchin actin gene, CyIIIa. Previously, Damen and Van 
Loon (1996) identified the core elements of the α-tubulin-4 promoter of P. vulgata, 
namely element 4 and 5, which are absolutely required for correct trochoblast specific 
expression. Element 4 was shown to be required for repression of tubulin expression in 
non-trochoblast cells, whereas element 5 is necessary for activation of tubulin 
expression in the trochoblast cells. The results in Figure 3.4 and Table 3.1 of the 
injection experiments of competitor oligonucleotides into Patella embryos suggest that 
double stranded oligonucleotides containing either element 4 or 5 of the α-tubulin-4 
promoter are able to bind the trans-acting factors that in vivo regulate tubulin gene 
expression. Injection of competitor element 4 resulted in ectopic expression of 
tubulin/lacZ reporter gene in two cells, of which one was the non-trochoblast 1b121 
cell, which will become head ectoderm and never express the α-tubulin-4 gene. The 
other cell, 1b122, will express tubulin, but at a later stage in development. This suggests 
that in these cells, which normally would not express the reporter gene construct at this 
stage, competitor element 4 was able to interact with the factors that normally repress 



�

��	
������

�� 

expression by binding to element 4 of the reporter gene construct and thus titrate these 
factors from element 4 of the reporter gene construct resulting in ectopic expression. 
This result, however, was obtained only in one embryo, and although injection of the 
used reporter gene construct has never resulted in ectopic expression in Patella 
embryos before, we should be careful to interpret this result (Damen et al., 1994; 
W.G.M. Damen, personal communication). Furthermore, injection of competitor 
element 5 resulted in a diminished expression of α-tubulin in the primary trochoblast 
cells at the 40-cell stage. However, the results obtained were highly variable, which 
can partly be explained by the quality of the different batches of embryos, which were 
highly variable among different experiments. In only five of ten experiments 89% or 
more normal embryos were present in the non-injected controls. Another part can be 
accounted for by injection effects, as injection of control DNA also affected normal 
development when injected at the 4-cell stage in 3 of 5 experiments. Both uninjected 
control embryos and control embryos injected with non-specific competitor DNA also 
showed reduced tubulin gene expression. However, from the small number of 
successful experiments, in which the control embryos developed normally and tubulin 
expression of the injected embryos was affected, it can tentatively be inferred that 
competitor element 5 can sequester the activating factor from the endogenous tubulin 
promoter. The effects, however, were not absolute. A possible explanation for this 
could be that the injected competitor DNA, although concatenated element 5 was used, 
was sometimes degraded. To circumvent this Franks et al. (1990) ligated fragments of 
less than 1.0 kb to sperm DNA before microinjection. Clusel et al. (1993) showed that 
double stranded oligonucleotides, which have been shown to bind the transcription 
factor HNF-1 in vitro, were not effective in ex vivo experiments, whereas dumbbell 
oligonucleotides of the same sequence competed efficiently. Our attempts to make 
dumbbells of element 5 failed (not described), and we were unable to perform a similar 
experiment in Patella embryos. 

In conclusion, we have some evidence that both competitor DNA of element 4 
and 5 double stranded oligonucleotides are able to titrate transcription factors away 
from the tubulin gene promoter in vivo, which therefore can be used to isolate these 
factors in vitro. 
 
Trans-acting factors can bind independently to element 4 and 5 of the α-tubulin-4 
promoter in vitro 
 

To isolate the factors binding to element 4 and 5 of the α-tubulin-4 promoter, 
we used nuclear protein extracts of total embryos of different stages. Therefore, it 
should be noted that these extracts contain the regulating factors from both the tubulin 
expressing cells, the trochoblasts, and all other cells that do not express tubulin. In our 
gel shift and Southwestern assays, therefore, both negatively and positively acting 
factors regulating tubulin expression were detected, and could not be discriminated.  
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As mentioned above, both a negatively and positively cis-acting element, 
element 4 and 5 respectively, were shown to play an important role in the regulation of 
trochoblast specific tubulin gene expression. Unfortunately, attempts to determine the 
borders of these elements with DNaseI footprint assays failed (not shown), which 
hampers the interpretation of the experiments described below slightly. 

The results of the gel shift assays and the Southwestern clearly indicate that 
different proteins can bind to these elements at different stages in development. The 
Southwestern assay showed that a <20 kDa protein binds to element 5, which is only 
present at the 16- and 40-cell stage. Furthermore, a 42 kDa and a 55 kDa protein were 
found in 16-cell and 40-cell stage extracts with the total core probe, which were not 
observed in the 15 hr nuclear extracts. 

Most likely, the <20 kDa protein is involved in the activation of the α-tubulin-4 
gene, as it binds to the element absolutely required for activation, and, moreover, is 
present at the appropriate time for activation (Damen and Van Loon, 1996). In a gel 
shift assay with element 5, on the other hand, no specific binding of proteins was 
observed. There could be several reasons for the absence of a specific complex in the 
gel shift. Firstly, as mentioned above, the competitor probe used to show specificity, 
was not identical to the element 5 probe. In the labeled probes, the two tyrosines in the 
5’ overhang of the annealed oligonucleotides, were filled in with dATP, thus making 
the labeled probes four nucleotides more double-stranded than the unlabeled probes. 
As the exact boundaries of element 5 are not known, this may have influenced binding 
of the protein to the offered competitor DNA. Secondly, the probe used in the gel shift 
assay contained one element. Additional elements could be required as the 
Southwestern also showed binding of this element to a < 20 kDa protein in a 
concatenated form and not as a single element probe or as part of the total core probe. 
This may suggest that binding to element 5 may require repeats of this element. Damen 
and Van Loon (1996) showed that the auxiliary elements also present in the  
α-tubulin-4 promoter, of which at least two always should be present for correct 
expression, all contain the GTTAA sequence resembling element 5. They speculated 
that these auxiliary elements may play a role by facilitating binding of a trans-acting 
factor to the GTTAA sequence in element 5 by bringing this protein in the proximity of 
element 5, thereby inducing activation of the gene via element 5. This could be brought 
about by a higher affinity of the auxiliary GTTAA motifs for this factor as element 5. 
It could also be speculated that the <20 kDa protein can only bind to two repeats 
containing GTTAA, and that one of the auxiliary elements containing GTTAA serves 
as one repeat next to element 5. Consequently, a loop in the promoter may be formed, 
which could lead to conformational changes of the duplex DNA of the α-tubulin 
promoter, thus making the gene accessible for transcription. Recently, binding of a 
telomeric DNA binding factor, TRF1 was observed as a homodimer to half-sites of a 
specific sequence with extreme spatial variability (Bianchi et al., 1999). Interestingly, 
binding took place irrespective of distance or orientation of the half-sites, and 
formation of loops in the intervening DNA was observed. They proposed that this 
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DNA binding mode is relevant for the function of TRF1 as an architectural factor, 
which can modify the conformation of the telomeres. The sea urchin transcription 
factor SpGCF1, which plays a role in the regulation of several sea urchin genes like the 
cytoskeletal actin gene CyIIIa, was also found to be able to multimerize when bound to 
DNA, and to form loops of the DNA in vitro (Zeller et al., 1995). The authors 
hypothesized that multimerization of this factor in vivo may function to bring distant 
regions of extended regulatory domains into proximity so that they can interact.  

A 42 kDa and a 55 kDa protein were found in 16-cell and 40-cell stage extracts 
with the total core probe, which was not observed in the 15 hr nuclear extracts. 
Furthermore, an approximately 135 kDa protein, which was present in all extracts, was 
observed to bind to the total core. As the Southwestern did not clearly show whether 
these proteins bind to element 4 or element 5, they can either be involved in initial 
activation of tubulin gene expression in the trochoblast cells or repression in the non-
trochoblast cells. As the increased binding of the 55 kDa protein to the α-tubulin-4 
promoter coincides with the transcriptional increase of the α-tubulin-4 gene in the 
trochoblast cells, this protein may be involved in the temporal regulation of tubulin 
gene expression.  

In the gel shift assays with element 4 and the total core, several specific 
complexes were observed. Although the element 4 and total core probe are different in 
size and therefore show a different migration through the gel, the pattern of the 
complexes look very similar and the proteins binding may therefore be identical. This 
was confirmed for complex T-4-3, which can be competed away by either total core or 
element 4. One extra complex is observed when the pattern of total core probe is 
compared to element 4 at the 4 hr stage, indicating that this complex may be formed 
with the total core probe beyond the element 4 region. At both the 40-cell stage and the 
15 hr stage, two specific complexes were formed with both probes. The specific 
complexes were unique for the extract used, which was also observed in Southwestern 
assay. This indicates that different factors bind to element 4 of the α-tubulin-4 
promoter at 4 hr after first cleavage and in 15 hr trochophore larvae. 

Previously, it was inferred that an engrailed protein could possibly bind to 
element 4 of the α-tubulin-4 promoter (Damen et al., 1994). A super/non-shift assay 
was performed with the 4D9 antibody directed against the Drosophila engrailed (Patel 
et al., 1989). The results showed no change in complexes when 4 hr extracts and the 
total core probe were used, indicating that engrailed is not involved in the regulation of 
tubulin expression at this stage. Moreover, an in situ hybridization with a Patella 
engrailed cDNA fragment of the 3’UTR showed that a Patella engrailed is expressed 
from the 10 hr stage onwards (A.J. Nederbragt, personal communication), indicating 
that engrailed protein is probably not present at the 4 hr stage. 

Summarizing, the in vitro experiments show binding of several factors to the 
core elements of the α-tubulin-4 promoter, of which a <20 kDa, a 42 kDa and a  
55 kDa protein may be involved in the initial activation of tubulin expression at the  
40-cell stage. Identification of these factors is necessary to reveal whether these factors 
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are involved in activation or repression of tubulin gene expression during the early 
development of the Patella embryo. 
 
Isolation of trans-acting factors with both screening of expression libraries and DNA 
affinity purification 
 

As both the in vivo and in vitro experiments indicated that several factors bind 
to element 4 and 5, we screened an expression library to clone the corresponding 
genes. From the screening of several expression libraries, it can be concluded that 
although several proteins were able to bind to these probes in the Southwestern, no in 
vitro expressed proteins were able to bind the probes used. Possibly, the factors that 
bind to these DNA sequence in vivo depend on post-translational modifications such as 
glycosylation and phosphorylation for their activity, and were lacking these 
modifications in the expression libraries (Old and Primrose, 1989; and for example 
Yue et al., 2000; Szameit et al. 1999). Alternatively, from these results it can also be 
inferred that no mRNAs for the proteins regulating tubulin expression were present at 
the different stages of expression libraries used for the screening. As both 8-cell and 
40-cell stage expression libraries were screened, it can be hypothesized that instead of 
differentially segregated mRNAs perhaps segregated maternal proteins are responsible 
for switching on tubulin gene expression in the trochoblast cells. The results of the 
Southwestern assay indicate that the 55 kDa protein binding to the total core probe 
increased from the 16-cell stage to the 40-cell stage. This can be explained either by an 
increase in translation of this protein or by post-translational modifications of the 
protein at the proper time necessary for the ability to bind to the tubulin gene promoter. 
The former possibility would infer that mRNA for this protein was present between the 
16-cell and 40-cell stage. As no 55 kDa protein was isolated in the screenings of 
expression libraries, this suggests that this protein is indeed subject to post-
translational modifications like phosphorylation (Hunter and Karin, 1992). Whether 
this 55 kDa protein is from maternal origin or transcribed zygotically remains to be 
determined. An example of a transcription factor that has to be phosphorylated to 
become active is the sea urchin stage-specific activator protein (SSAP), which binds to 
embryonic enhancer elements of the sea urchin late H1 gene (Li and Childs, 1999). 
SSAP activation depends on threonine phosphorylation of the transactivation domain, 
which is necessary for the formation of a transcriptionally active SSAP homodimer (Li 
and Childs, 1999). Other examples include the Smad proteins, involved in TGF-β 
signaling (reviewed in Heldin et al., 1997), and cubutis interruptus, a Drosophila 
transcription factor mediating hedgehog signaling (Chen et al., 1999). 

The second approach to isolate the factors responsible for activation of the 
tubulin gene, i.e. magnetic DNA affinity purification, circumvents the problem of post-
translational modification, as native nuclear extracts are used as starting material. Four 
proteins of approximately 110 kDa, 120 kDa, 45 kDa and 70 kDa protein were isolated 
using both a total core probe and a probe containing 5 copies of element 5. The 
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proteins of approximately 110 kDa and 120 kDa were also isolated when a non-
specific probe was used, strongly indicating that these proteins were not specifically 
recognizing sequences in the α-tubulin-4 promoter. Using affinity purification, often 
proteins are isolated that have affinity for DNA, which is not sequence specific. One 
example of this, is poly (ADP-) ribose polymerase, a 116 kDa protein, which was 
previously isolated by Ueda and Hayashi (1985) and Slattery et al. (1983). To test 
whether any of the other proteins that were isolated were specific for the α-tubulin-4 
promoter, a Southwestern assay was performed. No binding of any of the isolated 
proteins was observed with the total core probe, from which it can be concluded that 
the isolated proteins are probably not specific. An explanation for this could be that the 
scale used for the isolation is not sufficient to isolate low-abundant transcription 
factors. Magnetic DNA affinity purification was previously successfully used to isolate 
specific DNA-binding proteins by Gabrielsen and coworkers (Gabrielsen et al., 1989; 
Gabrielsen and Huet, 1993), Ozyhar et al. (1992) and Ren et al. (1994). The yeast 
transcription factor IIIC, named τ, was isolated successfully from 1.4 mg total protein 
of a partially purified factor τ preparation using 4 mg beads containing 6 pmol/ml  
200 bp fragment of the yeast tRNAGlu including the τ binding site, and 100 µg/ml  
a-specific competitor (Gabrielsen et al., 1989). In comparison, we used 4 ml beads 
coated with 20 pmol/ml total core and 50 µg/ml a-specific competitor to isolate the 
factors from 900 µg 4 hr Patella nuclear extract under the same conditions which were 
previously successful in showing binding of proteins to the total core in the 
Southwestern assay. Although our a-specific/specific DNA ratio, which was  
0.6 µg/ml· pmol, was almost 30 fold lower than used by Gabrielsen et al. (1989), it is 
in the same range as used for the Southwestern (ratio a-s/s= 1 µg/ml· pmol) and 5 fold 
lower than the gel shifts. Moreover, Gabrielsen and co-workers used a partially 
purified fraction, which was at least 9 fold enriched in factor τ compared to crude 
extracts (Ruet et al., 1984). Ren and co-workers (1994) isolated the factor MS2 that 
specifically binds to the s4 region of the muscle creatine kinase enhancer from 120 µg 
C2 myotube extracts, of which they estimated that the prevalence of MS2 was 0.1%. 
Considering this, our conditions to purify the factors binding to the total core, may not 
have been optimal. Due to limitations of the amounts of extract that could be isolated 
from Patella embryos, these experiments could unfortunately not be optimized and 
repeated. 
 
Concluding remarks 
 
 We have identified proteins of <20 kDa, 42 kDa and 55 kDa that bind in vitro to 
the core of the α-tubulin-4 promoter at the start of tubulin gene expression at the 40-
cell stage, and therefore are most likely involved in the initiation of tubulin gene 
expression. These proteins were not found at the 15 hr trochophore stage. Gel shift 
assays, however, showed the emergence of different complexes at the 15 hr 
trochophore stage compared to the 40-cell stage, suggesting that different proteins are 
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responsible for the initiation and maintenance of tubulin gene expression. 
Unfortunately, none of these proteins were isolated with either the screening of 
expression libraries or magnetic DNA affinity purification. Possibly, the latter still can 
be successful if sufficient nuclear extract can be obtained and the conditions are further 
optimized.  
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 Pattern formation and cell differentiation are nearly identical in embryos with 
spiral cleavage; cells with the same lineage have corresponding developmental fates. 
The most complete example of this is the band of ciliated cells known as the prototroch 
in the trochophore larva of spiralians, such as molluscs and annelids. To address the 
question whether the regulatory mechanisms directing differentiation of the trochoblast 
cells in the prototroch are conserved among Spiralia, a promoter/lac Z reporter gene 
construct containing the α-tubulin-4 promoter that is specifically expressed in the 
ciliated cells of the mollusc Patella vulgata (Gastropoda), was injected into other 
spiralian embryos.  
 The reporter construct was expressed specifically in trochoblast cells of the 
molluscs Acanthochiton critinus (Polyplacophora) and Dentalium vulgare 
(Scaphopoda), which shows that the mechanism controlling trochoblast specific 
tubulin expression is conserved within the Mollusca. 
 The reporter construct was also injected into embryos of other spiralian phyla, 
in casu the polychaetes Platynereis dumerilii, Nereis limbata and Chaetopterus 
pergamentaceus (Annelida), the ribbon worm Cerebratulus lacteus (Nemertea) and the 
flatworm Hoploplana inquilina (Platyhelminthes). From the injected polychaetes only 
one Platynereis embryo expressed the reporter construct, and this expression was 
trochoblast specific. A considerable number of Cerebratulus embryos, which develop 
into pilidium larvae, also expressed the reporter construct, but not specifically in 
ciliated cells. The flatworms did not express the reporter construct. 

 We conclude that the molecular mechanism underlying tubulin gene expression 
in the prototroch cells therefore is conserved within Mollusca, but there is no strong 
molecular evidence supporting a conservation of this mechanism among Spiralia. 
However, indications for a partial conservation of the mechanism are present, 
suggesting that the trochophore larva may be a plesiomorphic character for some 
Spiralia. 
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 Spiral cleavage is a highly characteristic developmental pattern, in which the 
cell division of the embryo follows a regular and invariant pattern. Cleavage patterns 
of the spiral type can be found in representatives of the sipunculans, molluscs, 
annelids, entoprocts, platyhelminths, nemertines and echiurans (Nielsen, 1995). 
Already a century ago, the early development and cleavage patterns were described for 
several species of these phyla and a typical spiral cleavage with four quartets and 
mesoderm formation from the 4d cell was recognized (Conklin, 1897; for an extensive 
reference list see Verdonk and Van den Biggelaar, 1983 and Freeman and Lundelius, 
1992). Usually, cells with the same cell lineage have corresponding developmental 
fates as is depicted in Figure 4.1 (Siewing, 1979; Verdonk and Van den Biggelaar, 
1983; Nielsen, 1995). These similarities in cell fate suggest that the processes 
underlying the determination of these cells may be evolutionarily conserved. 
Consequently, evolutionarily conserved molecular mechanisms could be used for 
differentiation processes in equivalent cells. 
 In the majority of spiralians, the embryos develop into trochophore or 
trochophore-like larvae which are provided with a transverse band of ciliated cells: the 
prototroch. In these phyla the prototroch stems from the same cell lineage. In embryos 
of annelids, molluscs and sipunculans, the prototroch is formed by descendants of the 
primary trochoblasts, 1a2-1d2, often supplemented by a variable number of secondary 
and accessory trochoblasts (see Figure 4.1) (Nielsen, 1995; Damen and Dictus, 1994b).  
 In the snail Patella (Mollusca), the stem cells of the prototroch, the primary 
trochoblasts, are fully specified from the fourth cleavage onwards and differentiate 
soon into cleavage arrested and ciliated cells (Wilson, 1904a; Damen and Dictus, 
1994b). The differentiation of the trochoblasts is most likely the result of a differential 
distribution of regulatory determinants during the first four cleavages (Janssen-
Dommerholt et al., 1983; Damen et al., 1996). The regulation of trochoblast 
differentiation and trochoblast specific gene expression has been investigated in 
Patella (Damen et al., 1994; Damen and Van Loon, 1996). The α-tubulin-4 gene is 
expressed as part of the differentiation program of the trochoblasts. Correct expression 
of this gene depends on transcriptional regulation directed by at least seven cis-acting 
elements in the promoter as was established by injecting different α-tubulin-4 
promoter/lac Z reporter gene constructs in early Patella embryos (Damen et al., 1994; 
Damen and Van Loon, 1996). The expression seems to be controlled predominantly by 
one repressing and one activating cis-acting element, of which the regulating trans-
acting factors have remained unidentified so far (Damen and Van Loon, 1996; this 
thesis chapter 3). 
 In order to test the hypothesis that similarities between ontogenetic patterns are 
the result of homologous molecular mechanisms in spiralian embryos, we analyzed the 
expression of this cell-type specific promoter in other spiralian embryos. 



�

����������	� ��������	����������������	����
������	�����

�� 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1. Conservation of the primary trochoblast cell lineage in different species of the  Mollusca (A-
C), the Annelida (D-F) and one member of the Echiriura (G). Although the cleavage patterns are 
diverse, the primary trochoblast cells descend from the 1a2-1d2 blastomeres, here indicated in gray.  
A-G in animal view, H and I lateral view with animal pole at the top. A. 58-cell stage Patella coerulea 
embryo (Mollusca, Gastropoda) (Wilson, 1904a). B. 64-cell stage embryo of Ischnochiton magdalensis 
(Gastropoda, Polyplacophora) (Heath, 1899). C. Almost 64-cell stage embryo of Dentalium dentale 
(Mollusca, Scaphopoda) (Van Dongen and Geilenkirchen, 1974). D. 46-cell stage embryo of 
Platynereis dumerilii (Annelida, Polychaeta) (Dorresteijn, 1990). E. Embryo of Amphitrite ornata during 
the sixth cleavage (Annelida, Polychaeta) (Mead, 1897). F. Nearly 64-cell stage embryo of 
Chaetopterus pergamentaceus (Annelida, Polychaeta) (Mead, 1897). G. 64-cell stage embryo of 
Urechis gaupo (Echiura) (Newby, 1932). H. 16-cell stage Patella vulgata embryo (Mollusca, 
Gastropoda) (Van den Biggelaar, 1977). I. 16-cell stage embryo of Cerebratulus lacteus (Nemertea, 
Anopla). The cells indicated in gray will not form primary trochoblasts, but do contribute the most to the 
ciliated band bordering the lappets of the pilidium larva (Hörstadius, 1937). 
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Embryos 
 

 The experiments on Dentalium and Acanthochiton were performed at the Station 
Biologique in Roscoff (France). Embryos of Dentalium vulgare were obtained as described 
before by Van Dongen and Geilenkirchen (1974). Adult specimens of A. critinus were 
collected from the shore and placed separately in Boveri dishes with sea water at room 
temperature. After spontaneous spawning, which was usually the next morning, the eggs were 
washed once in filtered seawater (FSW) and fertilized with a diluted sperm solution. Embryos 
were reared at a temperature of 18-20����8�������9�00�&���!��::�;� 
 The experiments on Platynereis were done in Utrecht and in the department of 
Zoology at the University of Mainz (Germany). Embryos of Platynereis dumerilii were 
obtained and treated as described by Dorresteijn (1990). 

 The experiments on Nereis limbata, Chaetopterus pergamentaceus, Cerebratulus 
lacteus and Hoploplana inquilina were performed at the Marine Biological Laboratory in 
Woods Hole (USA). Nereis specimens were collected from the Eel Pond at night and kept 
separately in Petri dishes in the dark overnight. The next morning, the females were teased 
with forceps to release their gametes and the oocytes were washed in FSW a few times. 
Embryos were obtained by fertilizing the oocytes with a few drops of highly diluted sperm. 
Chaetopterus pergamentaceus was purchased from the Marine Resource Center. Adults were 
kept in running seawater and embryos were obtained as described by Eckberg and Hill (1996). 
Cerebratulus lacteus was also purchased from the Marine Resources Center. Embryos were 
obtained as described by Henry and Martindale (1998). Hoploplana inquilina embryos were 
obtained as described by Boyer (1987).  
 Specimens of the sea urchin Paracentrotus lividus were collected near Roscoff and 
were kept in aquaria in running seawater. Eggs were obtained as described by McMahon et al. 
(1985). After injection the oocytes were fertilized with a diluted sperm solution and cultured 
at 16��� 
 
Microinjection of DNA and analysis of the expression pattern 
 
 Injection of the pNL-α4-04 fusion gene was performed as described previously for 
Patella (Damen et al., 1994). No direct epifluorescence was used to monitor the injections of 
the molluscs Dentalium and Acanthochiton and the sea urchin Paracentrotus. Instead, injected 
eggs were monitored under an epifluorescence microscope at regular intervals.  
 Fertilized Dentalium eggs could be injected directly. Fertilized Acanthochiton eggs 
were treated in acidified FSW pH 3.8 before injection to remove the follicle cells around the 
egg. In the gallocyanin-stained (Van den Biggelaar, 1977) Acanthochiton embryos the 
prototroch was clearly visible. Labeled cells could easily be identified as trochal or as non-
trochal cells. In the Dentalium embryo, the prototroch is less distinct and is composed of three 
transverse bands of large cells (see Figure 4.2.C). These large trochal cells cover a great part 
of the surface of the embryo (Van Dongen and Geilenkirchen, 1974). Trochal cells were 
identified as large surface cells; the apical tuft cells that protrude at the apical site of the 
trochophore could be used as a landmark in these embryos.  
 Eggs of Platynereis dumerilii were micro-injected with pNL-α4-04 fusion gene DNA 
after they had been fertilized. Two different injection set-ups were used. First, injections were 
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performed on Platynereis as on Patella (Damen et al. 1994). Later, a new technique was used, 
in which the tough vitelline membrane was softened up. First, 30 minutes to 1 hour after 
fertilization, the embryos were dejellied by a 5 minute treatment in calcium and magnesium 
free sea water (CaMgFSW; 495.1 mM NaCl, 9.7 mM KCl, 27.6 mM NaHCO3 and 5 mM 
EDTA) and were washed back to natural sea water (NSW). Just before injection the embryos 
were treated in 1 mg/ml dithiothreitol (Sigma) and 4 mg/ml trypsin in CaMgsFSW for  
2-4 minutes. After washing the embryos 4 times in NSW, the embryos could be injected on a 
Zeiss inverted microscope using a piezomanipulator. To monitor the injections under UV 
light, fluorescin-dextran (5% in 0.05 M NaCl; Sigma) was co-injected with the DNA instead 
of Lucifer Yellow (Damen et al., 1994). Embryos that developed into normal trochophore 
larvae were fixed 24 hours after fertilization and analyzed for β-galactosidase activity (Damen 
et al., 1994). Nuclei were stained with Hoechst to identify the labeled cells (Serras and 
Speksnijder, 1991). The embryos were mounted in 30% glycerol.  
 To enable micro-injection of Nereis embryos, the vitelline membrane was removed by 
treating the embryos 5-6 minutes after fertilization in 0.53 M NaCl brought to pH 10.5 by 
adding 1 g Na2CO3 per liter (Costello, 1945). The embryos were kept in this solution until 
they started to escape from the vitelline membrane after 20-25 minutes, after which they were 
gently washed back to FSW. After micro-injection of the DNA using the same set-up as used 
for the Cerebratulus embryos, the embryos were cultured until 24 hours after first cleavage 
before fixation and staining. 

 The vitelline membrane of the Chaetopterus embryos was removed after GVBD had 
taken place, 15-20 minutes after fertilization. The embryos were treated in a 1:1 mixture of 
0.25 M sodium citrate and 1 M sucrose for 40 seconds and washed back to FSW (Henry, 
1986). After injections the embryos were cultured for 24 hours and fixed in 2% formaldehyde 
for 30 minutes before staining. 
 Micro-injections in embryos of Cerebratulus lacteus were performed as described by 
Henry and Martindale (1998). The DNA was mixed with rodamin dextran to monitor the 
injection. The injected embryos were cultured until they had reached the pilidium stage  
(40 hours), and fixed in 2% formaldehyde for 1 hour at room temperature. After three washes 
in PBS, β-galactosidase staining was performed. Embryos were mounted in 50% glycerol.  
 Injections in Hoploplana inquilina were done as described by Boyer et al. (1996) with 
the same DNA solution as used for Cerebratulus. The embryos were fixed in 0.2% 
glutardialdehyde for 15 minutes and washed 3 times with FSW before staining for 
β-galactosidase activity. 

 Unfertilized eggs of the sea urchin Paracentrotus lividus were microinjected as 
described by McMahon et al. (1985). After injection the oocytes were fertilized and cultured 
at 16���� ���� ���� �&�� )&�	���� &��1�������� ��2��� ���� ���&yzed for β-galactosidase activity. 
Staining reactions were performed for 24 hours at room temperature. 
 
In situ hybridization and immunocytochemistry 
 
 In situ hybridizations on Acanthochiton embryos were done as described before for 
Patella (Damen et al., 1996). As a probe digoxygenin-labelled anti-sense RNA transcribed 
from the Patella α-tubulin-2 cDNA was used (Van Loon et al., 1995).  
 In situ hybridizations on Platynereis were performed as described above for 
Acanthochiton with some modifications: the embryos were fixed for 15 min. in 4% 
paraformaldehyde in 0.1 M Hepes, pH 6.9, 2 mM MgSO4, 1 mM EGTA, 0,1% Triton X-100. 
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After 3 washes in phosphate buffered saline (PBS; 8 g NaCl, 0.2 g KCl, 1.15 g Na2HPO4 and 
0.21 g Na2H2PO4 per liter) supplemented with 0.1% Tween-20 (PBS-T) and an 8 minute 
proteinase K treatment (25 mg/ml in PBS-T), the original protocol was continued. Embryos 
were mounted in 30% glycerol. 
 For the immunocytochemistry on Dentalium embryos, trochophores were collected 
and fixed in 3.7% formaldehyde in 0.1 M Hepes, pH 6.9, 2 mM MgSO4, 1 mM EGTA. After 
extensive washing with PBS supplemented with 0.1% Tween-20 (PBS-T), the embryos were 
incubated with a 1:2000 diluted anti-β-tubulin antibody (Amersham, UK) in PBS-T 
supplemented with 0.3% BSA (PBS-TB) for 2 hours. As secondary antibody we used sheep-
anti-mouse Fab conjugated to alkaline phosphatase (Roche), diluted 1:200 in PBS-TB. 
Embryos were observed as described for the in situ hybridizations. 
 
)��������
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Conservation of molecular mechanism of trochoblast specification within the Mollusca 
 
 A lacZ reporter gene under control of the α-tubulin-4 promoter from the 
gastropod Patella vulgata was injected into fertilized eggs of two representatives of 
different classes of molluscs, namely Dentalium vulgare (Scaphopoda) and 
Acantochiton critinus (Polyplacophora). Injected embryos were reared until they 
reached the trochophore stage and assayed for lacZ expression. The reporter gene was 
expressed in trochoblasts of both species (Figure 4.2, Table 4.1). In only a few 
embryos weak ectopic expression was found in some non-trochoblast cells, but this 
was always accompanied by strong expression in trochoblast cells. This ectopic 
expression may be due to the possible introduction of excessive amounts of reporter 
gene DNA into some of these eggs, because during injection no direct epifluoresence 
was used to check the amount of fluorescent Lucifer Yellow co-injected with the 
DNA. Therefore we conclude that the Patella trochoblast specific α-tubulin-4 
promoter contains all elements required for correct trochoblast specific expression in 
not only Patella embryos, but also in representatives of the scaphopods and 
polyplacophores. Moreover, this suggests that the molecular mechanism necessary for 
expression of this tubulin gene in trochoblasts is functionally exchangable in these 
species. Considering the complexity of the transcriptional regulation of the α-tubulin-4 
gene in Patella, this indicates a strong conservation of all factors involved (Damen et 
al. 1994; Damen and Van Loon, 1996). 
 Investigation of molluscan phylogeny on the basis of 18S rRNA sequences, has 
not been able to resolve the relationships between the different classes or molluscan 
relationships within the Eutrochozoa and at least four different hypotheses on 
molluscan phylogeny based on morphological and larval features exist (see 
Winnepenninckx et al., 1996). Nevertheless, the Gastropoda, Scaphopoda and 
Polyplacophora are never grouped in close relation to each other. A general agreement 
in all phylogenetic trees is that the Polyplacophora have diverged earlier from the 
Gastropoda than the Scaphopoda (Winnepenninckx et al., 1996). As trochophore  
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Figure 4.2. Expression of a Patella 
trochoblast specific tubulin gene in other 
molluscs as monitored with the pNLα4-04 
lacZ reporter gene. In the pNLα4-04 
construct, lacZ is placed under control of 
the α–tubulin-4 promoter from the 
gastropod Patella. This construct was 
previously shown to be expressed 
specifically in the trochoblast cells of P. 
vulgata in a spatio-temporal manner. This 
construct was injected into embryos of 
the molluscs Acantochiton critinus and 
Dentalium vulgare and expression was 
observed in 24 hr and 20 hr trochophore 
larvae, respectively. 
A. In situ hybridization with an RNA probe 
of the Patella α-tubulin-2 cDNA of a 24 hr 
old trochopore larvae of A. critinus.B. 
Expression of the  pNLa4-04 lacZ 
reporter gene in an A. critinus 
trochophore larva.  
C. Immunocytochemistry of a 20 hr D. 
vulgare embryo with an β-tubulin 
antibody, which stains the trochal cells in 
the three ciliated bands that form the 
prototroch. D. Expression of the pNLα4-
04 lacZ reporter gene in an D. vulgare 
trochophore larva. Scale bars 50 µm. 
 

larvae or trochophore-like larvae are found in all molluscan classes with the exception 
of cephalopods, Nielsen (1995) concluded that the trochophore larva may be the 
ancestral larval type of all Mollusca. Our results support this statement, for they clearly 
show that the mechanism controlling terminal differentiation of the trochoblast cells is 
functionally exchangeable in three molluscan classes. Most likely this is due to the 
presence of this mechanism in a common ancestor. Thus, these results suggest that the 
regulatory mechanism underlying trochoblast differentiation is evolutionarily 
conserved within all molluscs. 
 
Expression of the trochoblast specific reporter gene construct in different spiralian 
phyla 
 

 In trochophore larvae of spiralian phyla other than the Mollusca, trochoblast 
cells are also derived from corresponding cell lines (Damen and Dictus, 1994b, 
Nielsen, 1995). The regulatory mechanism for trochoblast specification therefore may 
possibly be very similar in these phyla as a result of the presence of this mechanism in 
a common ancestor. 
 

A
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Table 4.1. Expression of the Patella vulgata α-tubulin-4 promoter /lacZ reporter 
construct in other species. Only embryos that developed normally after injection of the 
reporter gene construct containing the promoter of the α-tubulin-4 gene of Patella, 
were analyzed, except for the Nereis embryos. The vitelline membranes of these 
embryos were removed, and therefore they lacked correct coherence and positioning of 
the cells. Data for the molluscs have been taken from Damen et al. (1994) and Damen 
(1996, thesis Universiteit Utrecht). “Embryos positive in” indicates the number of 
embryos positive in trochal cells exclusively, in other cells exclusively or in both, as 
indicated above the columns. 
             
Cleavage type     Embryos Embryos positive in  
      scored       
Phylum      trochal cells trochal cells other cells 
 Class      exclusively & other cells exclusively 
  Species          
Spiralia 
Mollusca 
 Gastropoda 
  Patella vulgata  503  81  0  0 
 Polyplacophora 
  Acanthochiton critinus 124  29  4  0 
 Scaphopoda 
  Dentalium vulgare  877  17  1  0 
 
Annelida 
 Polychaeta 
  Platynereis dumerilii  42  1  0  0 
  Nereis limbata   107  0  0  0 
  C. pergamentaceus  840  0  0  0 
 
Nemertea 
 Anopla 
  Cerebratulus lacteus  709  0  0  17 
 
Platyhelminthes 
 Turbellaria 
  Hoploplana inquilina  133  0  0  0 
  
Non-Spiralia 
Echinodermata 
 Echinoidea 
  Paracentrotus lividus  329  0  0  0 
 
Annelida 
 
  Of the annelids, the polychaetes can be considered to be the most 
primitive (Westheide, 1997). In embryos of polychaetes and molluscs the cleavage and 
the normal fate of the resulting blastomeres can be correlated in detail (Nielsen, 1995). 
The prototroch of the trochophore larva is usually formed from descendants of the  
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primary trochoblasts, 1a2-1d2, often supplemented by a varying number secondary 
trochoblasts and accessory trochoblasts (Nielsen, 1995; Damen and Dictus, 1994b). 
 The polychaete worms Platynereis dumerilii and Nereis limbata have strikingly 
similar eggs and the early cleavages of both species are nearly identical with each other 
(Wilson, 1892; Dorresteijn, 1990). The trochoblast cell lineages resemble that of the 
molluscs as is depicted in Figure 4.1. To investigate whether the molecular 
specification of these cells is identical to the specification of the trochoblast cells in 
molluscs, the lacZ reporter gene under control of the α-tubulin-4 promoter from the 
gastropod Patella vulgata was injected. First, embryos of Platynereis dumerilii were 
injected without treatment of the vitelline membrane. Due to the tough vitelline 
membrane, the embryos were hard to inject without damaging them, and many injected 
embryos did not develop. Nevertheless, seven embryos survived and developed into 
swimming trochophore larvae. One of these trochophores expressed the reporter gene 
and expression was limited to trochoblast cells (Table 4.1, Figure 4.3.B). Later, a 
different injection set-up was used and the Platynereis embryos were treated with a 
DTT/trypsin solution to make the vitelline membrane easier to penetrate with an 
injection needle. A larger number of embryos developed into normal or almost normal 
moving trochophores, but none of them expressed the fusion gene (Table 4.1).  
 As the vitelline membrane of the Nereis embryos could not be penetrated with a 
micro-injection needle, it was removed. This resulted in abnormal development with 
an aberrant morphology of the trochophore larva. However, differentiation of 
trochoblasts did occur as these larvae developed cilia and were moving in their dishes. 
Of the embryos fixed, however, none did express the reporter gene (Table 4.1).  

 Chaetopterus pergamentaceus is a polychaete worm of which the trochophore 
larvae have a different development from typical trochophores because of the absence 
of a pre-oral prototroch. Instead, the entire ectoderm is ciliated in the larva. The 
description of the cell lineage by Wilson (1882) suggests that there is a mesotrochal 
ciliary band around the embryo. Later investigation by Henry (1986) does not 
corroborate this. The absence of the prototroch may be correlated with the observation 
of Mead (1897) that the primary trochoblasts do not go into cleavage arrest after the 
sixth cleavage, but divide at least one more time. Until the 6th cleavage, the cleavage 
pattern follows the cleavage pattern of the studied polychaetes and molluscs. Another 
difference in the development compared to Patella is the phenomenon of 
‘differentiation without cleavage’ in K

+
 activated oocytes and cleavage blocked 

embryos of Chaetopterus (Lillie, 1902; Eckberg, 1981). These oocytes and 1-cell 
cleavage arrested embryos show the development of cilia on the surface, which 
indicates that cytokinesis is not required for this differentiation. In Patella a 
compartmentalization of morphogenetic determinants at the third cleavage is required 
for trochoblast differentiation, as inhibition of cytokinesis before the third cleavage 
prevents development of cilia (Damen et al., 1996). All this together suggests that the 
mechanism of trochoblast specification as found in the molluscs is not present in the 
annelid Chaetopterus. None of the large number of Chaetopterus eggs injected with  
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Figure 4.3. Expression of a Patella 
trochoblast specific tubulin gene in the 
annelid Platynereis dumerilii and the 
ribbonworm Cerebratulus lacteus as 
monitored with the pNLα4-04 lacZ 
reporter gene (see legend Figure 4.2). A. 
In situ hybridization with an RNA probe 
of the Patella α-tubulin-2 cDNA of a 24 
hr old trochopore larvae of P. dumerilii, 
staining the prototroch. B. Expression of 
the pNLα4-04 lacZ reporter gene in 
trochal cells of an P. dumerilii 
trochophore larva. C–F. Expression of 
the pNLα4-04 lacZ reporter gene in four 
different C. lacteus pilidium larvae. 
Expression was observed in all cells as 
indicated with an arrow. As the entire 
ectoderm of the pilidium larva is ciliated, 
no in situ hybridization with a tubulin 
probe was performed. 

 
 
 
 
 
 

the Patella reporter gene construct expressed the construct (Table 4.1), which indicates 
that this mechanism is indeed not conserved in this species. 
 Thus, the trochoblast specific promoter of the mollusc Patella was only 
expressed in one embryo of the polychaete Platynereis. Nereis and Chaetopterus were 
both negative. These results may be explained in two ways. The only positive embryo 
of Platynereis suggests that the molecular mechanism controlling trochoblast 
differentiation in molluscs and annelids is conserved, but due to technical difficulties 
this result could not be repeated. On the other hand, the expression in this Platynereis 
embryo, although trochoblast specific, could have been erratic for an unknown reason. 
In that case, the results indicate that the mechanism for trochoblast specific tubulin 
gene expression is not conserved between molluscs and annelids.  

The experimental approach of injecting a promoter construct, however, cannot 
discriminate between slight changes in the mechanism, e.g. a single base pair change in 
the promoter or an amino acid change in the binding region of a transcription factor, 
and a completely different mechanism used for activation of the tubulin gene. It is 
therefore possible that only a minor change in the regulatory mechanism is responsible 
for the lack of expression of the tubulin gene in these polychaete species. Study of the 
promoter of a polychaete trochoblast specific tubulin gene could reveal the extent of 
the differences between an annelid and molluscan tubulin promoter, which would also 
give information on the conservation of the mechanism.  
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Nemertea 
 
 Nemerteans do not form a trochophore larval stage. Members of the 
Heteronemertea, such as Cerebratulus lacteus, show indirect development by 
formation of a pilidium larva. The entire surface of the pilidium is ciliated, but the 
lappets are bordered by a special ciliated band. Interestingly, the cell lineage analysis 
of the first four tiers of cells of the 16-cell stage embryo by Horstadius (1937) showed 
that most of the ciliated band is formed by the vegetalmost derivatives of the first 
quartet micromeres and that the second quartet micromeres contribute to a small 
portion of the ciliated band (Figure 4.1.H-I). In typical trochophores, the large ciliary 
band also originates from 1a2-1d2, the primary trochoblasts in molluscs and annelids, 
and 2a-2d (Nielsen, 1995; Damen and Dictus, 1994b). Thus, the specialized ciliary 
band of both the pilidium larvae of nemertines and the trochophore larvae of molluscs 
and annelids are formed from the same cell lineage and conservation of the mechanism 
underlying specification of these cells might be possible.  
 Injection of the Patella tubulin promoter/lac Z reporter gene construct into 
embryos of the heteronemertean Cerebratulus lacteus resulted in expression of the β-
galactosidase gene in 2% of the injected embryos (see Table 4.1). Expression of the 
reporter gene, however, was not restricted to the ciliary band, or to the ectoderm. 
Expression was found randomly in all types of cells, including cells, which normally 
do not form cilia (Figure 4.3.C-F). It is therefore unlikely that the reporter gene was 
expressed correctly with regard to tubulin expression. We do not expect that the 
random expression in Cerebratulus is the result of leaking of the construct, since this 
has never been observed with this construct, except for the small number of Dentalium 
and Acanthochiton embryos in which the construct was expressed weakly in some non-
trochal cells, but only in addition to strong expression in trochal cells (see Table 4.1). 
Thus, we think that the expression of the reporter gene is the result of activation of the 
promoter by a trans-acting factor. An alternative and more speculative explanation for 
the activation of the reporter gene construct in nemertean embryos, could be that the 
repressor, which in Patella is responsible for the correct spatio-temporal expression of 
the tubulin gene and which prevents expression in non-trochoblast cells, is not present 
in Cerebratulus lacteus, whereas the activator is conserved. Analysis of the regulatory 
mechanism in Patella indicates that the activator is a ubiquitous factor not restricted to 
the trochoblasts and that the repressor is responsible for the restriction of tubulin gene 
expression to the trochoblasts (Damen and Van Loon, 1996). However, further analysis 
of the activation of the reporter construct in Cerebratulus is necessary, which could be 
achieved by injecting mutant promoter constructs into Cerebratulus embryos.  
 Although expression of the reporter gene construct was found, it does not point 
to a conservation of the mechanism for tubulin gene expression among molluscs and 
nemerteans, for the expression found was not specific for ciliated cells. From this it 
can be inferred that the ciliated cells in the pilidium larvae of Cerebratulus and the 
trochophore larvae of molluscs are specified by a different mechanism. 



�

��	
������

�� 

Platyhelminthes 
 
 Flatworms are of particular interest, because it has often been assumed that they 
are at the basis of the phylogenetic tree of the Bilateria and share spiral cleavage with 
other spiralians (e.g. Boyer et al., 1996; Valentine et al., 1996; Winnepenninckx et al., 
1995). However, recently Ruiz-Trillo et al. (1999) proposed a split of the acoels from 
the rest of the Platyhelminthes based on an 18S rRNA phylogenetic tree, putting the 
rest of the Platyhelminthes in the Lophotrochozoa. If a member of the Platyhelminthes 
would be capable of expressing the Patella tubulin gene, this would support the close 
proximity of the Platyhelminthes to the Mollusca and Annelida and suggest a common 
ancestor for these phyla with a larval stage, in which the mechanism for trochoblast 
specification was already present. The polyclad flatworm Hoploplana inquilina 
exhibits quartet spiral cleavage like the annelids and molluscs, and develops indirectly 
through the formation of a free-swimming Müller’s larva (Surface, 1907). The larva is 
completely ciliated with an apical tuft and a more densely ciliated band along the sides 
of the lobes (Nielsen, 1995). The origin of the ciliated cells in the Müller’s larva has 
never been studied in detail. None of the injected flatworm embryos of the species 
Hoploplana inquilina expressed the Patella tubulin promoter reporter construct (Table 
4.1), which indicates that there is no conservation of the mechanism among the 
flatworms and the molluscs. 
 
Expression of a trochoblast specific gene in a non-spiralian 
 
 In order to explore whether the mechanism underlying trochoblast 
differentiation is typical for spiralian development we microinjected the reporter gene 
construct also into eggs of a non-spiralian species that develops into a ciliated larva, 
the sea urchin Paracentrotus lividus. We never found expression of the reporter gene 
in pluteus larvae (see Table 4.1), which indicates that another regulatory mechanism is 
responsible for the formation of ciliated cells in these larvae. 
 
Evolutionary conservation of the regulatory mechanism for trochoblast differentiation 
in Spiralia 
 
 To investigate whether the similarities in development of different spiralians, in 
particular the formation of locomotory ciliated bands in different types of larvae, stems 
from a common evolutionary conserved molecular mechanism, we analyzed the 
expression of a Patella trochoblast specific tubulin gene promoter in other spiralian 
embryos. Our results show that the regulatory mechanism underlying trochoblast 
differentiation used by Patella is conserved within the Mollusca, which indicates that 
this molecular regulatory mechanism may be a synapomorphy of the Mollusca and that 
the ancestor had a trochophore larval stage. 
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 However, there is no strong molecular evidence for the conservation of this 
mechanism in other spiralian phyla. For the Annelida there is some evidence in the 
form of one positive embryo that the mechanism may be conserved in polychaete 
trochophore larvae. This suggests that the Mollusca and Annelida may have a common 
ancestor, for a common molecular control mechanism for trochoblast differentiation is 
highly unlikely if the formation of a trochophore larva is due to convergent evolution 
instead of a common descent. Although cladistic analysis of the position of the 
molluscs and annelids based on morphological and 18S rRNA data sets is subject to 
constant debate (the Eutrochozoa hypothesis versus the Articulata hypothesis), there is 
accumulating evidence that the Mollusca and Annelida should be grouped in close 
proximity to each other in the Eutrochozoa (Eernisse et al., 1992; Rouse and Fauchald, 
1995; Aguinaldo et al., 1997; Zrzavy et al., 1998; de Rosa et al., 1999). In that case, 
the Mollusca and Annelida, together with the Sipuncula, Echiura, Pogonophora and 
Nemertea most likely would share a common ancestor. 
 The initial result in Platynereis dumerilii, one embryo positive of seven injected 
embryos, led us to believe that the mechanism was conserved among molluscs and 
annelids and therefore we looked for conservation in other spiralian phyla. 
Surprisingly, nemertean embryos were capable of expressing the reporter gene 
construct, though expression was not restricted to ciliated cells. If this expression 
depends on a conservation of the activator involved in the mechanism for tubulin gene 
expression in Patella, it would argue for a close relationship between the Nemertea 
and the Mollusca and Annelida. Morphological analyses have revealed that 
nemerteans, which were previously thought to be acoelomate and closely related to the 
flatworms, are coelomates, and 18S rRNA sequence comparison strongly indicates that 
nemerteans are more closely related to coelomate spiralians such as annelids and 
molluscs (Turbeville et al., 1992; Winnepenninckx et al., 1995). However, in the 
absence of a consensus on nemertean phylogeny and the inferred ancestral nemertean 
developmental pattern (Henry and Martindale, 1997; Nielsen, 1995), the precise 
significance of the present findings remains unclear. Additional investigation of 
various nemerteans with direct development (the dominant mode of development in 
this phylum) would be needed for a better insight into the relationships of 
developmental patterns between different spiralian phyla. 
 A conservation of the mechanism between the polyclad flatworm and the other 
spiralians investigated was not observed. This does not, however, exclude a common 
ancestor for these spiralians and Platyhelminthes. In case of a common ancestor, it 
would indicate that the mechanism for specification of the trochoblasts may be a 
plesiomorphic character that has diverged in both groups so that it can functionally no 
longer be exchanged. On the other hand, it could also be interpreted as another 
argument against a close relationship between the Müller’s larva of the 
Platyhelminthes and the trochophore larva of the Annelida and Mollusca. Both Nielsen 
(1995) with his trochaea theory, and Davidson and coworkers (Peterson et al., 2000) 
with their set-aside cell hypothesis argue for a trochophore-like larva to be primitive 
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for the spiralians and even all lophotrochozoans (see also Balavoine, 1997). Regarding 
the Platyhelminthes, however, indirectly developing flatworms with larvae with a 
prominent ciliary band are restricted to polyclads, which argues against the presence of 
this larval type in the primitive flatworm life cycle (Littlewood et al., 1999; Jenner, 
2000). Our results would be in accordance with the latter. 
 Finally, this experimental approach may have been too crude to detect delicate 
changes in a complicated mechanism for transcriptional regulation in which at least 
seven promoter elements and accompanying transcription factors play a role (Damen 
and Van Loon, 1996). Therefore, identification and comparison of the genes directly 
involved in specification of trochoblasts in spiralian embryos may still prove to be 
successful in establishing a (partial) conservation of one of the mechanisms regulating 
the early development of Spiralia. Alternatively, a reverse approach, i.e. injection of an 
annelid tubulin promoter reporter gene construct in the accessible Patella embryo, may 
be successful. 
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 Segregation of morphogenetic determinants is an important mechanism for cell 
specification in many embryos. During the third cleavage of the spirally cleaving 
embryo of the mollusc Patella vulgata, four animal micromeres and four vegetal 
macromeres are formed. These first two tiers already differ in developmental potential 
as was shown by the expression of a trochoblast specific tubulin gene by the 
micromeres, but not the macromeres after cleavage arrest of the embryos at the 8-cell 
stage by cytochalasin B (see chapter 2). We investigated whether the difference in 
developmental potential between these cells was a result of a differential distribution 
of mRNAs, and therefore performed a differential display on micromere and 
macromere mRNA pools.  
 25 Putatively micromere and 18 putatively macromere specific cDNA fragments 
were isolated. From these, nine putatively micromere specific fragments were used to 
screen an 8-cell stage Patella vulgata cDNA library. After a second screening, DNA 
sequence analysis, Northern blot analysis and whole mount in situ hybridization  
20 putatively micromere specific clones were grouped into five groups. The first two 
groups contain mitochondrial cDNA clones. The third group contains two cDNAs with 
a very specific expression pattern, i.e. mRNA is present in the nucleus of non-dividing 
cells from the 32-cell stage onwards. The fourth group consists of a single clone, 
which encodes a 38 kDa HMG-like DNA-binding protein (see chapter 6). The last 
group contains 11 nearly identical clones, which encode a glutaredoxin protein.  
 Although none of the isolated clones showed a micromere or macromere 
specific expression pattern in the in situ hybridization, two genes that are interesting 
from a developmental point of view were isolated. 
 
6
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 Cytoplasmic localization and segregation of morphogenetic determinants is an 
important mechanism for cell specification in most embryos (Davidson, 1990). 
Development of these embryos is characterized by an invariant cleavage pattern. Cell 
lineage studies, which were performed already a century ago, showed that a fixed 
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relationship exists between position of the blastomeres and the formation of particular 
structures in the embryo. From this recognition of mosaic development, the concept of 
cytoplasmic localization was developed: an invariant cleavage pattern divides the 
embryo into different cell lines that differentiate according to the information they 
obtain from differentially distributed cytoplasmic factors. Examples of such ‘mosaic’ 
development have been well studied in ascidians, sea urchins, spiralians, Drosophila, 
C. elegans and Xenopus laevis and a number of determining factors have been 
identified in these species, except for spiralians (reviewed in chapter 1). 
 In molluscs, the largest spiralian phylum, evidence for the existence of 
differentially distributed morphogenetic determinants is based on classical 
experiments, like blastomere deletion and isolation experiments (reviewed in Van den 
Biggelaar and Guerrier, 1983; Verdonk and Cather, 1983). For example, removal of 
the polar lobes of embryos of Dentalium and Ilyanassa at the first cleavage results in 
embryos that lack specific structures like foot, shell and mesodermal bands (Van 
Dongen and Geilenkirchen, 1974, 1975; Clement, 1952). These structures are normally 
formed from the D quadrant, the quadrant that inherits the contents of the polar lobe. 
This strongly suggests that in the polar lobe cytoplasmic determinants are localized, 
which directly determine the fate of the cells from the D quadrant. Micromere 
deletions in Dentalium and Ilyanassa have also shown that the structures missing after 
deletion of individual micromeres are in accordance with the cell-lineage studies on 
the development (reviewed in Verdonk and Cather, 1983). Although these experiments 
suggest that commitment of the deleted cells has already taken place by segregation of 
morphogenetic potential before the time of removal, they do not prove that isolated 
micromeres are capable of differentiating autonomously into the structures they would 
form in the embryo. Recently, Sweet (1998) performed transplantation experiments in 
Ilyanassa, which show that the eye-forming potential of the first quartet micromeres 
depends both on localized factors and on the induction by the 3D macromere. The only 
experimental evidence for the capability of differentiation of isolated cells in molluscs 
comes from the equally cleaving mollusc Patella. In Patella, autonomous specification 
by inherited localized factors was demonstrated by Wilson (1904a). With blastomere 
isolation experiments he showed that primary trochoblasts isolated from 16-cell stage 
embryos develop as they would in the intact embryo: they divide twice and 
differentiate as shown by the formation of cilia. Thus, at the 16-cell stage the primary 
trochoblasts are determined by the presence of all factors necessary for their 
differentiation. Furthermore, Wilson (1904a) showed that isolation of an entire first 
quartet of micromeres produced a ‘larva’ of an irregular form that was purely 
ectoblastic, with trochoblasts and apical tuft present. He did not succeed in culturing 
the first quartet of macromeres, but reported that isolated macromeres of the 8-cell 
stage keep dividing as they would in the entire embryo and even gastrulated. This 
shows that at the 8-cell stage the developmental capacities of micromeres and 
macromeres are different, which suggests that there is an animal-vegetal polarity in the 
8-cell stage embryo. 
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 The mechanism underlying trochoblast differentiation in Patella vulgata was 
recently further investigated by Damen and co-workers (Damen et al., 1994; Damen 
and Van Loon, 1996). The transcriptional regulation of a trochoblast specific tubulin 
gene was studied, which showed the involvement of at least one transcription repressor 
and one activator in the differentiation process of the trochoblasts (Damen et al., 1994; 
Damen and Van Loon, 1996). To study the segregation of the factors directing tubulin 
gene expression in Patella, cytochalasin B experiments were performed. In these 
experiments, segregation of developmental potential by restriction of determining 
factors to specific cell lines can be demonstrated, as was for example shown for the 
muscle specific enzyme acetylcholine esterase (AChE) in ascidian embryos (Whittaker, 
1973). The results of these experiments in Patella show that tubulin expression is 
restricted to the primary trochoblast precursor cells at the 16-cell stage, and one 
cleavage earlier to the first quartet micromeres, the stem cells of the primary 
trochoblasts. Moreover, the third cleavage, at which the embryo is divided into 
micromeres and macromeres, is required to obtain trochoblast specific tubulin 
expression and ciliation (Janssen-Dommerholt et al., 1983; Damen et al., 1996). This 
clearly demonstrates a difference in developmental potential between the micromeres 
and macromeres of 8-cell stage embryos, which most likely is due to a differential 
localization of activating and inhibitory determinants in these cells at the third 
cleavage.  
 In principal, morphogenetic determinants can be any type of molecule like 
transcription factors, signaling molecules or RNA. Studies of mainly Xenopus and 
Drosophila have shown that maternal mRNAs, which are asymmetrically distributed 
over the egg, play an important role in the specification of cells during the early 
development (Rebagliati et al., 1985; Anderson and Nusslein-Volhard, 1984; reviewed 
in Bashirullah et al., 1998). There are also some indications for RNAs as potential 
morphogenetic determinants in molluscan embryos. Morphological studies have 
revealed that in the polar lobe forming embryo of Bithynia a conspicuous electron 
dense structure is present: the vegetal body (Dohmen and Verdonk, 1974). The vegetal 
body is located vegetally in the egg and is segregated to the polar lobe. From the 
results of centrifugation experiments is has been concluded that the morphogenetic 
determinants that are segregated to the polar lobe, are localized in the vegetal body 
(Dohmen and Verdonk, 1979). Cytochemical staining has demonstrated a large amount 
of RNA in the vegetal body, which suggests a possible role for this RNA as 
morphogenetic determinant in the polar lobe. It is, however, unknown whether lobe-
specific RNA is responsible for the development of lobe-dependent structures or other 
molecules associated with the vegetal body. In the equally cleaving molluscs Physa 
and Lymnaea, the presence of RNA rich bodies, named ectosomes, was observed in the 
macromeres (Wiersejski, 1905; Raven, 1974; Dohmen and Van der Mast, 1978). In 24-
cell stage Lymnaea embryos, the ectosomes disperse in the 3D macromere, whereas in 
the other macromeres the ectosomes are segregated to one of the daughter cells and 
then extruded into the cleavage cavity. As the 3D macromere plays an important role 
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as organizer in the Lymnaea embryo and starts behaving differently after specification 
at the 24-cell stage, a possible role for the ectosomes in determinative events has been 
suggested (Raven, 1974; Van den Biggelaar, 1976a,b). 
 
 Although the above described and other data show much indirect evidence for 
the existence of morphogenetic determinants in molluscan embryos, no segregated 
factors have been isolated from any mollusc. In the past, several different approaches 
have been successfully used in other species. In Drosophila, Caenorhabditis elegans 
and recently zebrafish, mutant genetic screens were used to identify maternal effect 
genes (Nusslein-Volhard and Wieschaus, 1980; Mello et al., 1992; Bowerman et al., 
1993; Driever et al., 1996; Haffter et al., 1996). In model systems where genetics are 
not possible, methods have been developed to identify differences in the contents, 
more specifically mRNAs, of cytoplasmic fractions of the egg. For example, Vg1 in 
Xenopus was obtained by screening an oocyte cDNA library with vegetal versus 
animal-specific probes made from polyA+ RNA isolated from these fractions 
(Rebagliati et al., 1985). Another vegetal mRNA in Xenopus, Xcat, was isolated from 
mRNA associated to the cytoskeletal compartment as found in the intermediate 
filament fraction of the cytoplasm using a subtractive hybridization (Mosquera et al., 
1993). A differential screening with different egg fragments has also yielded a number 
of maternal mRNAs, pem and pem-2 to pem-6, in the ascidian Ciona savignyi (Yoshida 
et al, 1996; 1997). Swalla et al. (1993) used subtractive hybridization to isolate 
maternal genes that are specific for the tailed ascidian Molgula oculata from a gonad 
cDNA library, by subtracting a gonad cDNA library from a closely related tailless 
species, M. occulta. These approaches have resulted in the isolation of a large number 
of differentially distributed mRNAs that play a role in specification processes, 
suggesting that segregated mRNAs may also be good candidates for morphogenetic 
determinants in molluscan embryos. 
 In this chapter we present a first attempt to isolate factors that are specifically 
segregated to the first quartet micromeres in the mollusc Patella vulgata. We used the 
PCR based differential display technique (Liang and Pardee, 1992) to show possible 
differences between the mRNA populations of micromeres and macromeres from 8-
cell stage embryos. The PCR based differential display technique has been successfully 
used in showing differences between cultured cells treated differently (e.g. Donohue et 
al., 1995). One of the main advantages of a PCR based technique is that the amount of 
starting material needed, i.e. RNA, is far less than for differential or subtractive 
hybridization. In our case, the amount of RNA that could be isolated from micromeres 
and macromeres was indeed limiting.  
 Both putatively micromere and macromere specific cDNA fragments were 
isolated, of which a number of micromere specific fragments were used as probes to 
screen a 8-cell stage cDNA library. Next, in situ hybridizations were performed to test  
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the specificity of the isolated clones. Furthermore, the temporal expression pattern was 
established with Northern blot analysis and DNA sequence analysis was performed to 
identify similarities with DNA sequences of other known genes.  
 Several clones encoding a glutaredoxin were isolated, of which a possible 
determinative role in the early development is discussed. Analysis of another clone 
encoding a HMG-like DNA binding protein will be described and discussed in  
chapter 6.  
 
����	�����
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Embryos and separation of blastomeres 
 
 Embryos of the mollusc Patella vulgata were obtained by in vitro fertilization as 
described by Serras and Speksnijder (1991). Synchronously dividing embryos were collected 
for 5 minutes immediately after the first cleavage and if necessary also at the second cleavage. 
The embryos were dejellied at the 4-cell stage by a 1-2 minute treatment with acidified 
Millipore-Filtered SeaWater (MPFSW pH 3.9), after which they were washed three times 
with MPFSW pH 7.5-8. At the 8-cell stage, the blastomeres were separated by incubating the 
embryos in ice cold Calcium Magnesium Free SeaWater (CMFSW, 1 liter contains 27 g 
NaCl, 0.8 g KCl, 1 g Na2SO4 and 0.18 g NaHCO3 in H2O, pH 8.0) for approximately  
4 minutes. As soon as decreased cell coherence was observed, the embryos were washed back 
to ice cold MPFSW. After dissociation of the blastomeres, the micromeres and macromeres 
were collected separately. Typically, 100 micromeres and 100 macromeres could be isolated 
from one batch. Control embryos were taken from the same batch of dejellied embryos and 
kept in MPFSW at the 8-cell stage, and further treated identically to the isolated micromeres 
and macromeres. 
 
Isolation of RNA from micromeres and macromeres 
 
 Immediately after collection, micromeres and macromeres were transferred to 
denaturing solution, which consisted of 6.4 M guanidine thiocyanate, 42 mM sodium citrate, 
0.83% N-lauryl sarcosine and 0.2 mM 2-mercaptoethanol (after Chomczynski and Sacchi, 
1987), and put on ice. The RNA was extracted by adding 1/10 volume 2 M sodiumacetate (pH 
4.0) and 1 volume phenol:chloroform (1:1). After vigorously shaking for 10 seconds, the 
mixture was incubated on ice for 15 minutes. After centrifugation at 10,000 g for 20 minutes 
at 4��!� 	��� �.������ )����� %��	�����0� 	��� <- � ���� )��%�)�	�	��� ��	�� ��� �.��&� 1�&�
��
isopropanol over night at -20���� ���� <- � ���� )�&&�	��� �� �� ��� 
���	�� %��	����0�	���� �	�
10,000 g at 4������������&1��� ���"'�µl denaturing buffer. The RNA was again isopropanol 
precipitated over night at -20��� ���� �����.���	&� +�)	� ������ �	����&� ���� �	���0��� ����ible 
chromosomal DNA contamination was removed by treatment of the sample with 1-2 units 
DNaseI for 30 minutes at 37�����������%	�����������%��	�����0��'�
������-Cl, pH 8.3, 50 mM 
KCl and 1.5 mM MgCl2, in the presence of 5-10 units RNAguard Ribonuclease Inhibitor 
(Boehringer Mannheim). DNase treatment was followed by a phenol:chloroform (3:1) 
extraction and ethanol precipitation. 
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Differential display 
 
 The differential display (DD-PCR) method used is a combination of the technique as 
described by Liang and Pardee (1992) and Liang et al. (1993). First, cDNA was made of the 
different RNA pools. The RNA was redissolved in H2O in an appropriate concentration and 
heated to 65��� ���� �� 
���	��� 	�� ����+� ��%������ �	��%	����� ���� �����.���	&� )�	� ��� �%���
According to Van der Kooij et al. (1995) 50 Patella embryos contain 1 µg of total RNA, 
which converted to 8-cell stage blastomeres corresponds to approximately 1 µg total RNA in 
400 micromeres or 400 macromeres. Reverse transcription (RT) reactions were performed on 
0.2 µg RNA of the three different RNA pools with three different T12MN primer mixes, 
namely T12MA, T12MG and T12MC. The reaction mixtures containing 0.2 µg template RNA, 
2.5 µM T12MN primer, 10 units MMLV reverse transcriptase, 20 µM dNTPs, 10 mM DTT in 
1x first strand buffer (50 mM Tris-Cl, pH 8.3, 25 mM KCl and 8 mM MgCl2) were incubated 
at 37����������������������%	���������	�))��������	����%	�1�	�����	�:����������
��utes. 
 The differential display PCR (DD-PCR) was performed with 15 primer combinations. 
As first primer one of the T12MN primers was used and as second primer one of the decamer 
(DECA) primers (DECA1: 5’- GTG CAA TGA G-3’; DECA2: 5’-CAA TGC GTC T-3’; 
DECA3: 5’-AGG ATA CGT G-3’; DECA4: 5’-TCC CTT TAG C-3’; DECA5: 5’-CGG ATA 
ACT G-3’). A 10 µl PCR reaction was performed on 2 µl RT reaction as a template with  
2.5 µM T12MN primer, 0.5 µM DECA primer, 1 µM dNTP’s, 5 µCi a-35S-dATP and 2 units 
Taq polymerase in 1x PCR buffer (10 mM Tris-Cl pH 8.3, 50 mM KCl, 1.5 mM MgCl2, 
0.01% NP40, 0.01% Tween-20 and 0.01% gelatin). The cycling parameters of the PCR were 
94�������$'���%����!�*'�������"�
���	�������#"�������$'���%���������*'�%%&��!���&&�������
10 minutes at 72��� 
 The amplified DNA fragments were separated on a 6% polyacrylamide DNA 
sequencing gel (Sambrook et al., 1989). Next, the gel was transferred onto a piece of 
Whatman paper and vacuumdried at 80�������*��
���	����������	������0��
����������	������
the gel with tracker tape (Amersham) and after developing the film, putatively micromere and 
macromere specific fragments were excised from the gel. The gel was autoradiographed again 
to check correct excision. The DNA fragments were isolated from the gel by incubating the 
gel slice still attached to the Whatman paper in 100 µl H2O at room temperature for  
10 minutes and subsequently boiling it for 15 minutes. The DNA was ethanol precipitated 
after addition of 100 µg glycogen carrier to the DNA solution. A quarter of the isolated DNA 
was used for reamplification with the same primer combination as used in the original PCR, 
with 2.5 µM of both primers, 2 units Taq polymerase and 20 µM dNTPs in 1x PCR buffer. 
Cycling parameters were 94�������$'���%����!�*'���������
���	������#"�������$'���%���������
40 cycles, followed by 10 minutes at 72�����������%	�on product was visualized on an agarose 
gel and the rest of the sample was stored at -20��� 
 
Screening of cDNA library 
 
 An 8-cell stage Patella vulgata λZAP cDNA library was constructed with the cDNA 
Synthesis Kit, ZAP-cDNA Synthesis Kit and ZAP-cDNA Gigapack III Gold Cloning Kit 
(Stratagene, Cambridge, UK) as described in the instruction manual supplied. Screening of the 
8-cell stage library with micromere specific cDNA fragments was essentially performed as 
desribed in the same manual. 30,000 pfu were plated onto 144 cm2 NZY agar plates and 
incubated at 37��������))��2�
�	�&��������������)&�	��������%��&&����1�����0�	��	�*��������
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DNA was transferred onto a positively charged nylon membrane (Boehringer Mannheim, 
Mannheim) for one minute for the first filter and for 2 minutes for the duplicate filter. Next, 
the filters were subsequently submerged in 1.5 M NaCl/0.5 M NaOH for 2 minutes to 
denature the DNA, 1.5 M NaCl/0.5 M Tris-HCl (pH 8.0) for 5 minutes to neutralize, and in 
2xSSC for 1 minute. The filters were air dried on Whatman 3MM paper, and the DNA was 
crosslinked to the filters by oven baking at 80�������"-3 hours. The filters were prehybridized 
in hybridization solution containing 6xSSC, 0.5% SDS, 5x Denhardt’s solution, 500 ng/ml 
denatured sonicated herring sperm DNA at 60��������	�&���	�"�������� 
 α-32P labeled probes were generated by PCR. As template for the reaction 0.5 µl of the 
reamplification of a cDNA fragment isolated from the denaturing polyacrylamide gel was 
used. The same primers used for the generation of each cDNA fragment in the original 
differential display were used, i.e. one T12MN primer and one DECA primer. A 25 µl reaction 
mix contained 0.5 µl template DNA (micromere specific cDNA fragment), 2 µl α-32P-dATP 
(specific activity 3000 mCi/mmol), 200 µM dCTP, 200 µM dTTP, 200 µM dGTP, 5 µM 
dATP, 2.5 µM of each primer, and 1 unit Supertaq in 1x PCR buffer. The same thermocycle 
as in the differential display was used. Of the labeled micromere specific probes, 3 µl were 
pooled and separated from the unincorporated α-32P-dATP using a Sephadex G-50 column. 
The probes were denatured at 95���for 10 minutes before adding to the hybridization solution. 
After hybridization overnight at 60��!�	�����&	���������������������&����"2���/'��3��,���	�
42��� ���� �'�
���	��� ���� 	����������� 	�� "2���/'��3� �,�� �	� ���
� 	�
)���	����� ���� ��&	����
were wrapped in Saran Wrap and autoradiographed.  
 After identification of putatively positive clones, they were plugged out of the plates 
and transferred to SM (per liter H2O: 5.8 g NaCl, 2.0 g MgSO4x7 H2O, 50 mM Tris (pH 7.5) 
0.01% (w/v) gelatin) supplemented with 2% chloroform. A secondary screening was 
performed with the putative positive clones as above. Of the positive clones, the bluescript 
phagemid was excised from the λZAP vector as described in the instruction manual from the 
λZAP cDNA library (Stratagene, Cambridge, UK). 
 
DNA sequence analysis 
 
 Plasmid DNA for DNA sequencing was isolated using the FlexiPrep Kit (Pharmacia 
Biotech). DNA sequence analysis was performed on an ABI 310 automated sequencer (Perkin 
Elmer/Applied Biosystems) using the ABI PRISM Dye Terminator Cycle Sequencing Kit. 
Sequence reactions were prepared according to the manufacturer’s protocol. As primer one of 
the following pBluescript (Stratagene) sequences flanking the insert were used: pBS-A  
5’-CTA TGA CCA TGA TTA CGC CAA G -3’ and pBS-E 5’-TAA CGC CAG GGT TTT 
CCC AGT-3’. If necessary, internal primers were designed and obtained from Gibco BRL 
(Life Technologies). 
 Sequence data were analyzed using MacVector and Assembly line. Searches for 
sequence similarity were carried out on the EMBL databases using basic BLAST and Fasta 
(Altschul et al., 1990;1997; Pearson, 1994). 
 
Northern blot hybridization 
 
 The Northern blot hybridizations were performed non-radioactively using the DIG 
Nonradioactive Nucleic Acid Labeling and Detection System (Boehringer Mannheim) and 
therefore, the same probes could be used as for the in situ hybridizations. RNA of different 
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stages of embryos were prepared in batch using the method of Rosenthal and Wilt (1986) and 
stored at -80����������	����&��������	��&�����0!�"���µg RNA of different stages was heated to 
80��� �����'�
���	�������%��&������ �%�������<- � ��� &�����0�������� ��'3�0&%���&!�"'�
��
guanidinethiocyanate and 0.02% bromophenolblue) was loaded onto a 1.2% agarose gel of 
about 3-4 mm in height buffered with 0.5x TBE containing 20 mM guanidinethiocyanate and 
0.4 µg/ml ethidiumbromide. The gel was run for 200 Volthours and the RNA was checked 
under UV. The RNA was blotted onto Hybond-N (Amersham) on a semi dry blotter (KEM 
EN TEC) in 0.5x TBE for 60 minutes and crosslinked to the filter with 125 mJ UV in a GS 
gene linker UV chamber (Biorad).  
 The blot was prehybridized in hybridizationbuffer (50% formamide, 5xSSC, 0.02% 
SDS, 0.1% N-laurylsarcosine, 100 µg/ml torula RNA and 1% blocking reagent (Boehringer 
Mannheim) at 68�������$��������"'-100 ng/ml probe was added and hybridized overnight at 
68�����	���	��0�	�	����������&�	������������	��%�����"2���/'��3��,���	����
�	�
)���	����
and twice in 0.1x SSC/0.1% SDS at 68°C for 30 minutes. Before antibody incubation, the blot 
was washed in MNT (100 mM Maleic Acid, 150 mM NaCl and 0.1% Tween20) and blocked 
in 1% blocking reagent in MNT for 60 minutes at room temperature. Anti-Digoxygenin-AP 
was added in a 20,000 x dilution and incubated for 60 minutes. Unbound antibody was 
removed by washing in MNT for 5x 15 minutes. For chemiluminescent detection, the blot was 
incubated in staining buffer (100 mM NaCl, 50 mM MgCl2, 100 mM Tris-Cl pH 9.5 and 0.1% 
Tween) containing 1:200 CDP-Star (Boehringer Mannheim) for 4 minutes and exposed to a 
ECL hyperfilm (Amersham) for 10 minutes to overnight.  
 
In situ hybridization on whole mount embryos 
 
 In situ hybridizations on dejellied embryos of different stages were performed as 
described before (Damen et al., 1996). DIG labeled RNA probes of both strands of the 
selected clones were synthesized. Positive control reactions were done with an anti-sense 
RNA probe of the α-tubulin-2 cDNA (Damen et al., 1994) on embryos of the same batch 
fixed at the 40-cell stage. 
 
Reverse transcription PCR 
 
 RNA was isolated with the same method as used for the differential display, except 
that seeDNA (Amersham) was added to the isolation reactions, which made precipitation 
steps quicker. Before the first precipitation with isopropanol 1 µl seeDNA was added to the 
RNA. 1 volume isopropanol was added and the sample was vortexed for 10 seconds. After a  
2 minute incubation at room temperature, the RNA was pelleted by spinning it down at 
16,000 g for 5 minutes. The pellet was washed with 500 µl 70% ethanol (-20��;���������������
for 5 minutes. These steps were performed again for subsequent precipitation steps in the 
RNA isolation protocol and after DNase treatment, which were performed as described above. 
Reverse transcription (RT) reactions were done on RNA isolated from 25 embryos, and  
100 micromeres and macromeres, which approximately equals 0.5 µg and 0.25 µg RNA 
respectively. For the RT reaction a mix containing 50 µg/ml oligo(dT)12-18 primer 
(Pharmacia), 0.01 M DDT, 1 mM of each dNTP, 10 u RNAguard (Pharmacia), and 100 u 
MMLVRT (GibcoBRL) in 1x first strand buffer (25 mM Tris-Cl pH 8.3, 37.5 mM KCl,  
1.5 mM MgCl2) was added to the different samples and was incubated at 37�������:'�
���	����
After incubation the reaction was terminated by a 5 minute heat inactivation at 95������<�
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was performed with 1 µl from the different RT-reactions as template and clone specific 
internal primers. Control reactions were performed on an equivalent amounts of RNA which 
was also DNAse I treated but not reverse transcribed. The 25 µl PCR reaction further 
consisted of 50 ng of each primer, 1.5 mM MgCl2, 0.8 units Taq polymerase in 1xPCR buffer. 
Cycling parameters were 94��� ������
���	�!��=��� ������
���	������#"��� ����"�
���	��� ���� 
40 cycles, followed by 10 minutes at 72���� >�����0� ������� ���� ������ 	�� 	��� ��	���� ��<�
sample, which was run on an agarose gel of a percentage appropriate for the expected 
fragment size. 

 

)��������
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Isolation of putatively micromere and macromere specific cDNA fragments 
 
 A differential display was performed to show differences in the mRNA 
populations of the micromeres and macromeres of 8-cell stage Patella embryos. First, 
the reproducibilty of the method was established by comparing the banding patterns 
(fingerprints) obtained in different reactions performed with a given primer 
combination and cell type. Two separate displays were performed on independently 
isolated RNA of total embryos using the following primer combinations: T12MG and 
DECA1, 2 and 3. Each primer combination gave a different pattern. However, the 
banding patterns of the displays with the same primer 
combination were reproducible, except for minor 
relative intensity differences (results not shown). 
 The mRNAs of both micromeres, macromeres 
and 8-cell stage embryos were compared using three 
polyA tail anchored primers and five reverse decamer 
primers: T12MA, T12MC, T12MG and DECA1-5, of 
which an example is given in Figure 5.1. Theoretically 
this does not give a complete display of all mRNAs 
present in a cell. Calculations based on a number of 
approximately 10,000 to 20,000 mRNAs expressed in 
a eukaryotic cell (Alberts et al., 1994; Davidson, 
1986) and 70-140 bands appearing in a differential 
display reaction (Liang and Pardee, 1992; Bauer et al., 
1993) predict that the number of PCRs necessary for a 
complete display should be 300. We performed 45 
 
Figure 5.1. Example of a differential display. 35S labeled PCR 
fragments were generated from total embryo (to), micromere 
(mi) and macromere (ma) cDNA with a T12MN primer and either 
the DECA3 or DECA4 primer. Fragments were separated on a 
DNA sequencing gel, which was autoradiographed. Putative 
macromere specific fragments are indicated with an open arrow. 
Putative micromere specific fragments with a closed arrow. 
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Table 5.1. Overview of the micromere and macromere specific fragments isolated in 
the differential display. In the mi/ma column the lane from which the fragment was 
isolated is indicated. The primers that were used are given in the T12MN and DECA 
columns. In gray boxes, the fragments that were selected to screen an 8-cell stage 
λZAP expression library. 
 
fragment mi/ma T12MN DECA length 

(bp) 
fragment mi/ma T12MN DECA length 

(bp) 
1 ma MA 4 215 23 mi MC 2 170 
2 ma MA 4 170 24 mi MC 2 125 
3 ma MA 5 150 25 ma MC 1 n.d. 
4 mi MA 5 220 26 mi MC 1 n.d. 
5 mi MA 5 170 27 mi MG 2 80 
6 mi MA 5 160 28 mi MG 2 440 
7 ma MA 5 135 29 mi MG 2 280 
8 ma MC 1 180 30 mi MG 2 270 
9 ma MC 1 160 31 ma MG 3 220 

10 ma MC 1 150 32 mi MG 3 150 
11 ma MC 1 140 33 mi MG 4 270 
12 ma MC 1 125 34 ma MG 5 280 
13 ma MC 1 110 35 ma MG 5 270 
14 mi MC 1 105 36 mi MG 5 260 
15 mi MC 2 160 37 mi MG 5 220 
16 mi MC 2 110 38 mi MG 3 300 
17 mi MC 4 130 39 mi MG 3 180 
18 mi MC 4 125 40 ma MG 4 160 
19 mi MC 5 170 41 mi MG 4 190 
20 mi MC 5 125 42 ma MG 5 260 
21 mi MC 5 115 43 ma MG 5 110 
22 mi MC 5 90      

 
reactions, which is 15% of a total differential display. In total 52 bands were isolated, 
of which 43 could be reamplified. The results of the differential display are 
summarized in table 5.1. We chose to analyze these 43 putatively micromere or 
macromere specific fragments first, rather than performing a complete differential 
display. 
 
Establishing the expression pattern of nine putatively micromere specific cDNA 
fragments 
 
 As our research focus lies on the specification of the primary trochoblasts, 
which are the vegetalmost daughter cells of the first quartet micromeres 1a-1d, we 
chose to continue with the putatively micromere specific fragments first. A general 
problem of the differential display is the possible presence of more than one fragment 
in excised bands (Consalez et al., 1996). Therefore, after cloning the fragment(s) from  
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the excised band, each clone should be tested separately to establish its specificity. 
Northern blot analysis could not be used, because of the large amounts of RNA 
necessary. For each lane in a Northern blot, it would have been necessary to isolate 
500-2000 micromeres and macromeres. Therefore, only whole mount in situ 
hybridization was available to test the specificity.  
 Initially, 18 fragments of the 43 putatively micromere and macromere specific 
fragments were cloned. Arbitrarily, six putatively micromere specific fragments (19, 
23, 30, 36, 37 and 41) and one putatively macromere specific fragment (31) were 
chosen to make probes for in situ hybridization. Although each band possibly contains 
more than one fragment (Consalez et al., 1996), only one clone of each fragment was 
randomly picked to make a probe. Probes of both strands were made. None of the 
clones gave a signal above background staining (results not shown), whereas control in 
situ hybridizations with an α-tubulin probe gave specific staining of the primary 
trochoblasts at the 40-cell stage. A possible cause for the absence of a specific signal 
could be that the probes used, which were 170-270 nucleotides long, were too short to 
generate a signal. As a test, a 100 bp fragment located at the 3' end of the coding 
region of the α-tubulin, was used as a probe. The small α-tubulin probe was not able to 
generate the specific staining pattern for tubulin gene expression (not shown), which 
strongly indicated the size of the fragments used may have been unsuitable to perform 
whole mount in situ hybridizations. 
 As in situ hybridization with cloned differential display fragments was not 
possible, the corresponding full length cDNAs were isolated by screening an 8-cell 
stage Patella vulgata λZAP cDNA library with putatively micromere specific 
fragments. As probes, reamplification products of the first reamplification of the 
originally excised bands were used. Further reamplification was avoided. A major risk 
of this approach is that non-specific fragments which were possibly co-excised in the 
bands will also be amplified and labeled. However, cloning of isolated bands and 
screening of a library in principle pose an equal danger to losing specificity. Nine 
fragments were selected based on the following criteria: 1. the fragment should be 
putatively micromere specific, 2. primers used for DD-PCR should vary, and  
3. selected fragments should not represent the same mRNA, which was established by 
dotblot hybridization with other micromere and macromere specific fragments (results 
not shown). Screening of the library should therefore in the perfect case that only 
specific fragments are cloned yield nine different groups of clones. After a first 
screening of the library with a mixture of these fragments as probes, 31 clones were 
obtained (mi1 to mi31), of which 20 were positive after the second screening. The 
nucleotide sequence of the 5’ and 3’ ends of these clones were determined and 
compared to each other and to nucleotide databases of the EMBL. On the basis of the 
nucleotide sequences, the clones were put together in five groups, which is depicted in 
table 5.2. Of each group a number of clones were selected to test their specificity by in 
situ hybridization and for Northern blot analysis. 



�

��	
������

�� 

Table 5.2. Grouping of cDNA clones isolated after screening of an expresssion library 
with micromere specific fragments. Classification into five groups is based on DNA 
sequence analysis, Northern blot and in situ hybridization. Mi30 shows sequence 
similarity to both mitochondrial and glutaredoxin clones, and was not further analyzed. 
 

analysis group cDNA length 
(bp) DNA seq Northern in situ results 

mi1 800 + + + mitochondrial 

mi5 800 partial - +  1 

mi6 800 partial - -  

mi7 2000 partial - + mitochondrial 
2 

mi16 1050 + + +  

mi3 3300 partial + + unknown 
3 

mi23 2300 partial + + no ORF, staining in nucleus 

4 mi10 2400 + + + HMG like protein 

mi8 1400 + + +  

mi9 1370 partial - -  

mi11 1250 partial - -  

mi12 1350 partial + +  

mi13 650 partial - -  

mi14 1300 partial - - glutaredoxin 

mi17 900 partial - -  

mi20 1400 partial - -  

mi22 1350 + + +  

mi29 1400 + - -  

5 

mi31 1000 partial - -  

 mi30 2500 partial + + part. similar to mi9 and mi16 

 
 A striking result of the screening is the number of clones isolated in group 5. 
Although 12 of the 20 clones contain similar sequences, the mRNA they represent is of 
low abundance as was shown by the Northern blot and in situ hybridization as will be 
described below. In contrast, the highly abundant mitochondrial clones of group 1 and 
2 were isolated three and two times respectively. Apparently, no correlation exists 
between the abundance of a particular mRNA and the number of times this cDNA has 
been isolated. This may be the result of differences in labeling effiency of the probes. 
This indicates that labeling conditions may not have been perfect, and may have been 
disadvantageous for some micromere specific fragments in the labeling reactions. 
 Unfortunately, we have not found any evidence for a micromere specific gene 
using a differential display on micromeres and macromeres. Assessing the micromere 
or macromere specificity of the isolated DNA fragments was a problem, and a long 
track of experiments had to be performed before specificity of the fragments could be 
established. More recently, a new method has been developed for testing cloned  
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fragments on a differential display fingerprint. In this experiment, part of the original 
DD-PCR reaction is labeled to a high specific activity with 32P-α-dATP by random 
priming and is hybridized with a Southern blot containing 5-10 clones of each 
putatively specific fragment (Consalez et al. 1996). If we had been able to test cloned 
fragments on Northern blots or differential display fingerprints, this would have meant 
a considerable gain in time and effort. Moreover, only nine of the 43 putatively 
micromere or macromere specific fragments have been tested so far. Although none of 
the clones was micromere specific, a number of developmentally interesting clones 
were obtained and further analyzed. 
 
High mitochondrial mRNA levels in the prototroch probably reflect high energy 
demand 
 
 Of the 20 clones, five were identified as mitochondrial by DNA sequence 
analysis and comparison with DNA sequence databases. Mi7 and mi16 probably 
represent the same transcript. Mi30 also has a partial sequence overlap with these 
clones. Mi1, mi5 and mi6 have strong sequence similarity to each other (not shown). 
The mitochondrial gene represented by mi7 and mi16 showed high sequence similarity 
(overall 70% in 1100 bp) with mitochondrial 16S ribosomal RNA from the bovine 
Damaliscus pygargus, and thus probably encodes a Patella vulgata mitochondrial 16S 
ribosomal RNA. Mi1, mi5 and mi6 also showed 65% overall identity with as yet 
unidentified mitochondrial DNA sequences. 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2. Northern blot 
analysis of mitochondrial 
clones mi1 and mi16. Blots 
were probed with either 
mi16 (A) or mi1 (B) RNA 
probes. CDP-star 
illumination was allowed for 
2 hrs. The lower panels 
show ethidiumbromide 
staining of the gels before 
blotting, which are 
indicative for the amounts 
of total RNA loaded. The 
arrow indicates the position 
of the 18S rRNA band. 
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Figure 5.3. In situ hybridization of mitochondrial cDNA clones mi1 and mi16 in different stages of 
Patella embryos. Both probes show an identical pattern. A-D. High expression of mi1 all over the 
embryo was observed in the oocyte (A), at 8-cell stage (B), at the 64-cell stage (C) and in 16 hr 
trochophore larva (D). At the 64-cell stage darker staining can be observed in the primary trochoblast 
cells, whereas at the trochophore stage the prototroch is darker (indicated with the arrows). E-H. 
Different localization patterns of mi16 in oocytes and eggs, which may correlate with their maturation 
state (a=animal, v=vegetal, p= prototroch). 
 

 Mitochondrial mRNAs are frequently isolated in a differential display or 
differential hybridization (Yoshida et al., 1996). These RNAs are also subject to a 
differential distribution in embryos, but are usually not further analyzed in a 
developmental context. However, Weeks en Melton (1987) showed localization of 
An2, a mRNA for a mitochondrial ATPase at the animal pole of Xenopus eggs. As this 
localization is maintained during the early cleavages and the mRNA is preferentially 
segregated to the animal pole cells of blastula, they speculated on a function of the 
ATPase in activating mitochondria at the animal pole. This would be in accordance 
with the observed respiration gradient in Xenopus embryos (Brachet, 1974).  
 Northern blot analysis of mi1 and mi16, showed that these clones represent 
different single transcripts (Figure 5.2). Furthermore, the expression of both 
mitochondrial genes is very high at all stages and even increased at the trochophore 
stage, which shows that the mitochondrial clones isolated in our differential display 
represent highly abundant transcripts. The proportion and prevalance of mitochondrial 
mRNAs in the poly(A) pool of maternal RNAs has not been extensively investigated in 
molluscs (see Rosenthal and Ruderman, 1987), but in eggs and early embryos of 
Xenopus, more than 10% of the total poly(A)+ RNA consists of mitochondrial 
transcripts (Dworkin and Hershey, 1981). Also in sea urchin eggs and early embryos a 
large fraction of total poly(A)+ RNA is of mitochondrial origin (Davidson, 1986). 
 In situ hybridization confirmed the high abundance of both mi1 and mi16 
mRNAs. An identical localization pattern was observed for both groups of clones 
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(Figure 5.3). In oocytes and eggs, several localization patterns of the maternal mRNA 
for these mitochondrial genes were observed. In prophase I or metaphase I arrested 
oocytes, next to an overall staining of the cytoplasm, localization of mRNA to one or 
two spots localized on opposite sides of the oocyte, was observed. In eggs, the mRNA 
quantity decreased visibly and only little spots and occasionally one big spot were 
present. The localization pattern of the mitochondrial mRNAs as observed in oocytes 
is probably associated with the localization of the mitochondria, which reorganize 
during maturation. We did not further investigate this, because this localization does 
not sustain during the first cleavage stages. 
 Although the mi1 and mi16 clones were isolated using micromere specific 
fragments, the mRNA was found to be equally distributed in 8-cell stage embryos as 
well as 40-cell stage embryos. However, at the trochophore stage, a concentration of 
mitochondrial mRNA is observed in the prototroch. This was concomitant with an 
increase in expression of both mRNAs. The staining seemed to be localized in two 
stripes in each prototroch cell on both sides of the F-actin band, which is most likely 
closely associated with the basal attachment of the cilia (Serras and Speksnijder, 1991). 
As the beating cilia have a high energy requirement, this is probably accompanied by a 
concentration of mitochondria around their attachment. In Lymnaea and Dentalium, 
innumerably very fine mitochondria were observed in the prototroch cells (Raven, 
1966; Reverberi, 1958). As this is probably also the case in Patella, this would explain 
the localization of mRNA of the isolated mitochondrial clones. An accumulation of 
mitochondria in cells that have high energy requirements was also observed in other 
embryos (Wall, 1990). In ascidians, mitochondria are segregated to the muscle cell 
lineage (Whittaker, 1979; Zalokar and Sardet, 1984), and in ctenophores to the e1 
cells, which will form the rows of comb plates, and the m1 cells, which form the apical 
organ (Reverberi, 1957). Although this segregation of mitochondria is specific, it is 
probably not involved in the specification of these cells as was shown with 
centrifugation experiments in ascidians (Conklin, 1931). Moreover, in a tailless 
species, M. arenata, mitochondria did not localize to the presumptive muscle cells, 
whereas these muscle cells were able to differentiate as shown by the presence of 
Acetyl Choline Esterase (Whittaker, 1979). 
 
Is nuclear staining of mi3 and mi23 caused by hybridization with intron sequences? 
 
 Mi3 and mi23 were grouped because they showed an identical localization 
pattern with in situ hybridization (Figure 5.4). This pattern is very striking, because 
apart from a weak cytoplasmic staining, a strong nuclear localization of the transcript 
was observed from the late 32-cell stage onwards. Before the 32-cell stage, the mRNA 
is equally distributed over the embryo. In situ hybridization on early and late 32-cell, 
40-cell and 64-cell stage embryos showed that nuclear staining possibly coincides with 
transcriptional activity of the cell. Van Loon et al. (1995) have previously shown that 
in Patella vulgata zygotic transcription increases from the 32-cell stage onwards. 
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Figure 5.4. In situ hybridization of cDNA clones mi3 and mi23 in different stages of Patella embryos. 
Both probes show an identical hybridization pattern. A. Low expression all over the embryo was 
observed until the early 32-cell stage, as shown here for the 8-cell stage embryo. B-F. Nuclear staining 
observed with mi23. Animal (B) and vegetal (C) view of 32-cell stage embryo. D. Vegetal view of a 
different 32-cell stage embryo showing a different localization pattern in the four macromeres 
(indicated with arrows). One of the crossfurrow macromeres (*) does not show nuclear localization of 
mi23, whereas the other three show both nuclear and perinuclear localization. E. 52/60-cell stage 
embryo in which the 1m12 do not show staining. F. 64-cell stage embryo, in which all cells are staining. 
G. Mi23 expression in 16 hr trochophore larva. H. and I. Schematic representation of 32-cell and 60-
cell stage Patella embryos (courtesy of P. Damen). In B and H the primary trochoblasts duets are 
boxed. In F, G and I, the quartets of primary trochoblasts are boxed and one of the 1m112 cells is 
indicated with the arrow for orientation (a=animal, v=vegetal, p= prototroch). 

 
Nuclear localization of mi3 and mi23 was not observed before late 32-cell stage. 
Remarkably, at the 32-cell stage in most but not all embryos, one of the cross-furrow 
macromeres did not show nuclear localization of mi3 and mi23, whereas the rest of the 
embryo, including the three other macromeres, is stained (Figure 5.4.B-D). Moreover, 
cells that were in mitosis did not show nuclear localization of these cDNAs.  
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Figure 5.5. Southern and Northern blot analysis of cDNA clones mi3 and mi23. A. The Southern blot 
was probed with a mi3 antisense RNA probe. Northern blots were probed with either mi23 (B) or mi3 
(C) RNA probes. CDP-star illumination was allowed for 2 hrs. The lower panels show ethidiumbromide 
staining of the gels before blotting, which are indicative for the amounts of total RNA loaded. The 
arrows indicate the position of the 18S rRNA band and the RNAs recognized by mi3 and mi23. Band 1 
is specific for mi3, whereas band 2 is recognized by both mi3 and mi23. 

 
This was clearly observed in a 52/56-cell stage embryo in which the 1m12 cells were 
dividing. The primary trochoblasts, the 1m21 and 1m22, had already divided, as well as 
the 1m11 cells at the animal pole (figure 5.4.E and F). In another embryo, which was a 
little more advanced, the 1m121 and 1m122 had formed and were positive in their nuclei. 
No observations were made at the next division, but in 16 hr trochophore larvae mi3 
and mi23 transcripts were also present, but no pattern could be found. Possibly, 
staining was still nuclear, but because of the great increase in cell number this was 
hard to discern. 
 The in situ hybridization clearly shows that both cDNA clones are not 
micromere specific. Expression of these genes was found in all cells from the 32-cell 
stage onwards in a specific temporal pattern, which most likely correlated with 
transcriptional activity of the cell. However, it is striking that the mRNA was not 
translocated to the cytoplasm, but remained in the nucleus. This could mean that 
hybridization may have taken place on parts of pre-mRNAs that remain in the nucleus.  
 Northern blot hybridization showed that both cDNA clones were larger than the 
transcripts they recognize (Figure 5.5.B and C). This would confirm that mi3 and mi23 
correspond to pre-mRNAs, which have not been fully processed. In that case, mi3 and 
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mi23 may contain small repetitive sequences, which may be abundant in pre-mRNAs. 
In the molluscs Spisula, Crassostrea and Aplysia between 66 and 75% of single copy 
DNA was found to be interspersed with repeated DNA sequences (Goldberg et al., 
1975; Angerer et al., 1975), which is also likely for Patella. Southern hybridization 
subscribes that mi3 and mi23 recognize repetitive sequences, because both clones were 
binding to DNA in a seemingly a-specific manner (Figure 5.5.A). The nuclear signal 
would, in that case, probably not be mi3 or mi23 specific, but represent transcription of 
many genes. 
 Northern blot hybridization of both mi3 and mi23 furthermore showed the 
presence of two transcripts for both clones. The larger transcript hybridizing with 
mi23, which migrates with 18S rRNA, was present at a steady level from the oocyte to 
64-cell stage and the amount increased at the trochophore stage. The second transcript 
was first expressed at the 64-cell stage and was increasingly expressed at the 
trochophore stage. The largest transcript hybridizing with mi3 is a little smaller than 
18S rRNA and was expressed from the oocyte to the trochophore stage at slightly 
increasing levels. The second also smaller transcript was expressed from the oocyte 
stage onwards, which increased significantly from the 32-cell stage. Moreover, mi3 
probe showed specificity to RNA in general. Possibly, the small transcripts recognized 
by mi3 and mi23 represent the same mRNA, which would be an alternative 
explanation for the identical in situ hybridization pattern observed for both clones. 
However, this does not explain the presence of these transcripts in the nucleus. 
 The DNA sequence of both clones was partially determined. From mi3, which is 
approximately 3300 bp in length, 607 nucleotides from the 5' end and 1407 nucleotides 
from the 3' end including a short poly(A) tail were determined. From the 
approximately 2300 bp long mi23 clone, 553 nucleotides from the 5' DNA sequence 
and 697 nucleotides from the 3' end were determined. There was no DNA sequence 
similarity between these two clones, or any other sequence in the EMBL nucleotide 
databases established. Moreover, in the partial sequences of both clones, no open 
reading frame was found, but possibly only 5' or 3' untranslated regions were analyzed. 
Further analysis of the DNA sequence will show whether these cDNA clones encode 
proteins. 
 Although the in situ hybridization patterns obtained with mi3 and mi23 were 
intriguing, these clones were not further analyzed, because they did not show a cell 
specific expression pattern.  
 
Mi 10 is an HMG-like DNA-binding protein 
 
 Mi10 is an approximately 2500 bp clone, which encodes a HMG-like protein. 
Analysis of mi10 will be described and discussed in chapter 6. 



�

�����������	�����
�	 ���������������	����	���������

��� 

Figure 5.6. PaGrx expression in different 
stages of Patella embryos. A-C. 
Expression of PaGrx as observed with in 
situ hybridization using a mi22 antisense 
RNA probe. Over all staining in oocyte 
(A), 8-cell stage (B) and 32-cell stage 
embryo (C). Staining of the antisense 
probe does not exceed background 
staining levels as observed with in situ 
hybridisation of 40-cell stage embryo of 
the same batch with a mi22 sense RNA 
probe (D). 

 
 
 
 
 
 
 
 

 
Does PaGrx, a glutaredoxin-like protein, have a determinative role in Patella 
development? 
 
 DNA sequence analysis of clone mi8, mi9, mi11, mi12, mi13, mi14, mi17, 
mi20, mi22, mi29 and mi31 revealed that they were identical at the presumptive 3’ 
end, which contained a short poly(A) sequence. The longest clones (mi8, mi9, mi22 
and mi29) were analyzed from the 5’ end, which showed that they were largely 
identical, but mi22 was divergent at the 5’ end. Further analysis of mi8, mi9, mi22 and 
mi29 with an internal primer revealed the entire nucleotide sequence of the cDNA 
represented by these clones, which will be referred to as mi9 (Figure 5.7).  
 Although mi9 was represented 11 times in the screening, the mRNA is not 
abundant. In situ hybridization failed to detect an expression pattern, because no signal 
was obtained above background staining levels (Figure 5.6). To establish if mi9 was 
micromere specific a reverse transcription-PCR (RT-PCR) was performed on 
micromere and macromere RNA with mi9 specific primers. A band of the expected 
size appeared in both the micromere and macromere reaction. Control reactions 
without reverse transcriptase were negative showing the absence of DNA 
contamination (Figure 5.8). RT-PCR was done in duplo on RNA obtained from 
different isolations. In both experiments, amplification was even higher in the 
macromeres compared to the micromeres. This suggests that more mi9 mRNA was 
present in the macromeres. However, one should be cautious to interprete RT-PCR 
amplification levels as quantitative for original RNA levels, and therefore it is still 
possible that PaGrx mRNA levels differ significantly in these cells. 
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GAATTCGGCA CAGATTTAGC TCGGTGACGA CAATTGAGCT GGGCTTTATT AATAACAAAT AGATTTAGCC 64 
GTAAGGAATG AATCCCCTGC TGTATTTTTA GACCAAAGAA ACGTGCTGTC AATCTTATAT TCTGGTGACA 134 
TTCTAGGATA CAACTATAAC ATGAAATGAC CTGAATAAAT CAACAGATTG TATAAATTTG GTATTTGTAC 204 
ACAATTAACA CAAAATGGGT AATTCAGCAC CAACTCCAGT AGATATGAAT TCAGAAGAGG CTGTATATGT 274 
                M  G   N  S  A   P  T  P  V   D  M  N   S  E  E   A  V  Y  V 19 

TCAAAATACC ATAGGCAGCA ACTGTGTTGT TATATTTTCT AAAACATATT GTCCTTATTG TGATTCTGCT  344 
  Q  N  T   I  G  S   N  C  V  V   I  F  S   K  T  Y   C  P  Y  C   D  S  A 42 

AAGAAAATAT TTTCTAAATT ACAAGTTTCA CCAAAAATAA TAGAACTAGA TAATATTGAA GGTGGTAGTA  414 
 K  K  I   F  S  K  L   Q  V  S   P  K  I   I  E  L  D   N  I  E   G  G  S 65 

AAATGCAGAA TATTCTGGAA CACATGACAA ATGCACGGAC TGTACCAAGA GTGTTTATAA ATGGAAAGTG  484 
K  M  Q  N  I   L  E   H  M  T   N  A  R  T   V  P  R   V  F  I   N  G  K  C 89 

TATAGGTGGA GCTAGCGAGA CAAAAAGTTT AAATAATTCA GCAAAACTAC AATCTTTATT AAATGATTGT  554 
  I  G  G   A  S  E   T  K  S  L   N  N  S   G  K  L   Q  S  L  L   N  D  C 112 

TCAGGTTAAT GCAATCGTTT AAATATTTTA TGCTATTTTA AATACAGATT GCCGTTATTT AATTTATTTG  624 
 S  G  * 

GCTTTTTTAC ATATGTTTGA TTTCTAAAAT TTTGTACATA TATTCATAGA GAAACACAAA CATAGGCTTA  694 
CAAATGTATT AAAGTTGTGG ATCATCATTA GCATTTTTTG GACAATATCT CATTTTTCAC GGCTTAATCT  764 
ACACTAATTT GATTGTTTAA CATTTGATTA CAAAAACAAA AACTAAATAT CAACTGTAGA TAATTTCCTA  834 
TCTTGCATTC AAAAGAGGAC CATCAAAAGA TGTCACCAAA CACTGGGACT TTTTTTTATA TTTGGAGCCA 904 
TGGTGGCTCA GTGTACGAGA TGCTGGCTCA CTAACCAGGA GATCCCAGGT ATAATCCTGG TGTTGGTCAA 974 
GAAAACTCCC AGGGTTTTTG AGTGAGATTT CTCCATGTCA CTGGTATAGG ACTGACATTC CTTTCAGAGA  1044 
TTCAGCTTAA AAAATATTGT TAGTTTGCAA GGGACTTAAA ATCCCTCAAA TGACACTCAG CAACTTTAAT  1114 
ACAAAAATGT GTGATGAAAT TATTGTCAAT CTGATGAAAA TAAGATGTTT TCCATTCTTG TTTCATTTTC  1184 
TTTTCTTTTG TTTTTTTCGG TATTTTGATG TGATATGGGC ATGGCAATCA GCAACCATCA TTACCCATAC 1254 
AGTTAAAGAA AAGATGAAAA TTCTGGAAAA AATGTACGAG TGAAAATTTC AAATGTTTTT GTTAGATCAT  1324 
TAATAAAATG CCTCATTAAA CATATGAAAG TAAATAGTCA TTTGATTGGA AAGATCAGAA ATTAAGTTAC  1394 
AACACCCAAA AAAATCCAAC GTAATTTTAA ACTCTTTATG TCTATTAAAA TTTTTGTTGT CTGGGTCTTC  1464 
TGAGGTAGAC CTCTAGAGAT GTTTTAATTA ATTTATGCAT GCATATACTG TACATGTATG AAGAGATGTA  1534 
AATAAAAATG TTTTAAGCTT TAAAAAAAAA AAAAAAAAAA CTCGAG  
 
 
 
Patella   1   MGNSAPTPVDMNSEEAVYVQNTIGSNCVVIFSKTYCPYCDSA-KKIFSKLQVSP-K---- 
Oryza     7                      KETVASAPVVVYSKSYCPFCVRV-KKLFGQLGATF-K---- 
Yeast     2             VSQETVAHVKDLIGQKEVFVAAKTYCPYCKATLSTLFQELNV-P-KSKAL 
Human     5                    FVNCKIQPGKVVVFIKPTCPYCRRA-QEILSQLPIKQ-G---- 
C.elegans 40                    IVNDVMTHKVMVYSKTYCPWSKRL-KAILANYEIDDMK---- 
E.coli    4                              VEIYTKETCPYCHRA-KALLSSKGVSF-Q---- 
 
 
Patella    IIELDNIEGGS---KMQNILEHMTNARTVPRVFINGKCIGGASETKSLNNSGKLQSLLNDCSG 114 
Oryza      AIELDGESDGS---ELQSALAEWTGQRTVPNVFINGKHIGGCDDTLALNNEGKL          92 
Yeast      VLELDEMSNGS---EIQDALEEISGQKTVPNVYINGKHIGGNSDLETLKKNGKLAEIL      104 
Human      LLEFVDITATNHTNEIQDYLQQLTGARTVPRVFIGKDCIGGCSDLVSLQQSGEL          95 
C.elegans  IVELDRSNQTE—--EMQEILKKYSGRTTVPQLFISGKFVGGHDETKAIEEKGEL          127 
E.coli     ELPID---GNA---AKREEMIKRSGRTTVPQIFIDAQHIGGCDDLYALDARGGLDPLL      82 

 

Figure 5.7. DNA sequence and predicted amino acid (aa) sequence of glutaredoxin encoding cDNA 
clones. A. Consensus nucleotide sequence of mi8, mi9, mi11, mi12, mi13, mi14, mi17, mi22, mi29 and 
mi31. The first ORF encodes a 114 amino acid glutaredoxin-like protein (PaGrx), of which the aa 
sequence is given below the nucleotide sequence. The conserved thioredoxin/glutaredoxin active site 
is boxed. Possible phosphorylation sites for either PKC or casein kinase II are in bold. In the 3’UTR a 
possible polyadenylation site is underlined (position 1535). Amino acid sequence positions are 
indicated in italics, whereas nucleotide positions are indicated in normal characters. In italics also the 
restriction sites flanking the cDNA clones. B. Amino acid sequence comparison of several 
glutaredoxins from other species with PaGrx (from top to bottom: Minakuchi et al., 1994; Gan, 1992; 
Park and Levine, 1997; Faick, A., unpublished; Sofia et al., 1994). Boxed in gray the conserved 
thioredoxin/glutaredoxin active site. A second conserved region is boxed in light gray. In bold the 
conserved amino acids of PaGrx shared with other glutaredoxins are highlighted. 
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Figure 5.8. RT-PCR. Expression of PaGrx 
detected by RT-PCR in whole embryos and 
separated micromeres and macromeres. 
Slightly less micromeres and macromeres 
were used as present in 45 whole embryos 
(180 of each). A 778 base pair fragment 
was generated with mi9 specific primers. In 
control reactions without reverse 
transcriptase (-RT), no fragments were 
generated. 
 

 
 
 
 

 
 Northern blot analysis of mi8, mi12 and mi22 showed a single mRNA co-
migrating with 18S rRNA (Figure 5.9). Weak expression of the gene was found from 
the oocyte to the 64-cell stage, which decreased at the trochophore stage. On a 
Northern blot of poly(A)+ RNA of different stages with mi8 and mi22 probes, no 
signal was observed in trochophores. The observed expression suggests that the 
mRNA is of maternal origin and is not transcribed zygotically. Moreover, it seems that 
the mRNA is not polyadenylated anymore at the trochophore stage, which may indicate 
that it is no longer translatable at this stage in development. From this expression 
pattern, it may tentatively be inferred that mi9 probably does not encode a general 
protein, but is instead required for specific processes during the early development.  
 DNA sequence analysis of mi9 revealed several open reading frames, of which 
the first was 114 amino acids. Comparison of this hypothetical protein with the EMBL 
protein databases showed sequence similarity with a number of glutaredoxin proteins 
(Figure 5.7.B). The other ORFs in the cDNA of mi9 did not show any similarity with 
known proteins. The 3’ UTR of mi9 is 996 bases, which suggests that the 3’ UTR may 
play a role in translational control of the corresponding mRNA. However, no known 3’ 
UTR motifs containing regulatory elements were identified in the 3’ UTR using 
UTRscan.  
 Glutaredoxin (thioltransferase, Grx) is a 11-12 kDa redox active protein, which 
has been isolated from bacteria, plants, yeast and vertebrates (for references see Powis 
et al., 1995). The active site of Grx is conserved, having a consensus sequence Cys-
Xaa-Xaa-Cys, of which the sequence Cys-Pro-Tyr-Cys is most common. This 
sequence is also present in mi9, which indicates that mi9 encodes a genuine 
glutaredoxin-like protein, possibly with Grx-like activity. Moreover, the overall amino 
acid similarity with other glutaredoxins is approximately 50% and the predicted length 
and molecular weight of the protein are in accordance with other glutaredoxins 
(Minakuchi et al., 1994; Park and Levine, 1996; Gan, 1992; Sofia et al., 1994). The 
hypothetical protein encoded by mi9 will therefore in future be referred to as PaGrx for 
Patella glutaredoxin. 
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Figure 5.9. Northern blot analysis 
of PaGrx mRNA expression. A. 
Northern blot of 2.5 µg total RNA 
of different stages with mi20 RNA 
probe. B. Northern blot on 
poly(A)+ RNA with a mi20 RNA 
probe. CDP-star illumination was 
allowed for 2 hrs. The lower 
panels show ethidiumbromide 
staining of the gels before 
blotting, which are indicative for 
the amounts of total RNA loaded. 
The arrows indicate the position 
of the 18S rRNA band in the total 
RNA blot. 

 
 
 
 
 
 
 
 
 
 

Glutaredoxins (Grxs) are part of a redox signalling pathway in cells. The 
NADPH-dependent glutathione reductase reduces oxidized gluthatione (GSSH) to 
reduced gluthatione (GSH). GSH directly reduces oxidized Grx, which in turn can 
post-translationally modify certain proteins by altering their redox state via thiol-
disulfide exchange (reviewed in Holmgren, 1989). The exact targets and actions of 
eukaryotic Grx are unknown, but it probably affects correct folding of proteins, protein 
assembly into multimeric complexes, enzyme activity and the binding of transcription 
factors to DNA, as was established for other protein disulfide reductases like 
glutathione (GSH), thioredoxin (Trx) and redox factor-1 (Ref-1). Redox signalling 
pathways have been shown to play a role in oxidative stress, DNA synthesis, cell 
growth, apoptosis and, in relation, the activity of several transcription factors 
(reviewed in Powis et al., 1995). Activation of DNA binding of redox regulated 
transcription factors usually depends on conformational changes in the DNA binding 
site brought about by reduction or oxidation. For example, reduction by Trx increases 
the DNA binding of the ubiquitous transcription factor NF-κB (Hayashi et al, 1993). 
Cooperative DNA binding of human HoxB5, on the other hand, depends on oxidation 
of a cysteine residue in the homeodomain (Galang and Hauser, 1993). 
 From a recent study there is also evidence arising that redox modification may 
play a role in regulating the activity of factors that control developmental decisions. 
Tell et al. (1998) showed that DNA binding of the highly conserved paired domain of 
the Pax proteins depends on reduction of Cys37 and Cys49 of the PAI subdomain. Pax 
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proteins are important transcriptional regulators that control a variety of processes in 
the development of the nervous system, in organogenesis and in cell proliferation and 
differentiation (reviewed in Mansouri et al., 1996).  
 Other evidence that redox systems may play an important role very early in 
development, comes from thioredoxin defective mutants in Drosophila and in the 
mouse (Salz et al., 1994; Matsui et al. 1996). In Drosophila, the maternal-effect gene 
deadhead (dhd) encodes a thioredoxin, which is essential for female meiosis and early 
embryonic development (Salz et al., 1994). Rescue experiments with a dhd carrying a 
mutation in the two cysteins of the active site, have revealed that deadhead function 
depends on its redox-active site (Pellicana-Pallé et al. 1997). Matsui et al. (1996) 
constructed a thioredoxin (Txn(+/-)) knockout mouse, of which homozygous mutants 
were found to die early in development, shortly after implantation. When Txn(-/-) 
embryos were cultured in vitro, the ICM cells failed to proliferate. A possible 
explanation for the early lethality of thioredoxin mutants is that thioredoxin plays a 
role in DNA synthesis and progression through the cell cycle, as was observed in yeast 
(Muller, 1995). This is also supported by the observation of Hartman et al. (1993) that 
spinach thioredoxin m, injected as an inhibitor of endogenous thioredoxin, inhibits 
DNA synthesis in Xenopus eggs. However, the dhd mutant in Drosophila can not 
suppress a ‘giant nuclei’ phenotype in mutants in which DNA synthesis is initiated 
prematurely, which demonstrates that DNA synthesis can proceed in the absence of 
thioredoxin (Pellicana-Pallé et al., 1997). 
 Redox signalling systems depend on NADPH. Interestingly, the NADPH level 
increases in eggs of both the sea urchin and the mollusc Spisula after fertilization 
(Krane and Crane, 1960). An increase in both free intracellular Ca2+ and pH turns on 
development of the egg (reviewed in Epel, 1990). One of the effects of the calcium rise 
is the increase in NADPH, which is the result of activation of NAD kinase (Epel et al., 
1981) and glucose-6-phosphate dehydrogenase (Isono and Yasumasu, 1968; Eisen et 
al., 1984). In sea urchins, it was shown that NADPH affects the activity of eukaryotic 
initiation factor 2B (eIF-2B), which is required for protein synthesis initiation 
(Akkaraju et al., 1991). Direct involvement of a redox system was not shown, but in 
this respect it must be noted that earlier experiments on protein synthesis in rabbit 
reticulocyte lysates show that lysates depleted from glucose-6-phosphate 
dehydrogenase, 6-phosphogluconate dehydrogenase, gluthathion reductase and 
thioredoxin reductase, require an NADPH-generating system and a functional 
thioredoxin/thioredoxin reductase system, in addition to certain sugar phosphates for 
protein synthesis (Hunt et al., 1983). Although the mechanism of maturation is 
different in sea urchins and P. vulgata, maturation and activation of Patella oocytes 
also depends on intracellular alkalinization and Ca2+ mobilization (Guerrier et al., 
1986; Borg et al., 1992). The first step, in which maturation is completed, is triggered 
by an increase in intracellular pH. Next, sperm entry triggers an increase in 
intracellular free calcium, which releases the oocytes from the metaphase-1 block 
(Guerrier et al., 1986). However, it is unknown if the Ca2+ rise at fertilization of 
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Patella embryos similarly brings about an increase in NADPH as shown for the sea 
urchin. 
 It is also remarkable that in some eggs and embryos redox gradients can be 
observed, i.e. differences in the capability of reducing or oxidizing redox sensitive 
indicator dyes between different parts of the egg or embryo (see Wall, 1990). This is 
most likely correlated with localization of mitochondria and differences in the 
respiratory metabolism of cells. Gradients in oxidoreduction potential have been 
observed in ascidians (Child, 1951; Zalokar and Sardet, 1984), sea urchins (Hörstadius, 
1952), Xenopus (Weeks and Melton, 1987) and also in molluscs (see Raven, 1966). 
Hypothetically these physiological differences between cells in early embryos may play 
a role in determination processes, when the activity of redox dependent enzymes, like 
thioredoxin or glutaredoxin, are considered. 
 
 Summarizing, the above discussed results indicate that mi9 encodes a 
glutaredoxin protein, PaGrx, which is expressed only maternally and during the early 
cleavages. This NADPH dependent protein may post-translationally modify proteins, 
thus changing the activity of these target proteins. Considering the possible changes in 
NADPH levels at fertilization of the egg or the existence of a redox gradient in the 
embryo, we speculate that PaGrx could be activated at fertilization or locally in the 
Patella embryo. This opens possibilities for PaGrx as a determinant during the early 
development of the mollusc Patella vulgata. On the other hand, PaGrx may play a 
more general role in the activation of transcription or protein synthesis in the early 
embryo. Further experiments have to be performed which could give further clues 
about the function of PaGrx. The following questions should be answered: 1. When is 
PaGrx mRNA translated and how is PaGrx protein distributed over the embryo? 2. 
What is the effect of changing PaGrx mRNA levels by overexpression or antisense 
injections? 3. Is the Patella embryo subject to changes in NADPH levels or redox 
potential, and can this be linked to PaGrx activity?  
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Did we choose a suitable experimental approach? 
 
 Although there is ample indirect evidence for the existence of localized factors 
directing the early embryogenesis of molluscan embryos, it is even with modern 
molecular techniques still very difficult to isolate one of these factors. No evidently 
micromere specific gene was isolated using a differential display on micromeres and 
macromeres. Assessing the specificity of the isolated DNA fragments, which can be 
considered as a general problem of the differential display technique, was also the 
bottleneck in our case. If we had been able to test the specificity more efficiently, a 
larger number of fragments could have been tested, which might have resulted in the 
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isolation of a true micromere specific gene. At the time we started this approach, PCR 
based methods for making cDNA libraries and subtractive hybridization kits, as for 
example the PCR-Select cDNA Subtraction Kit (CLONTECH), were not yet 
commonly used or commercially available. If they had been, they would have been 
considered as possible alternatives for the experimental approach taken. 
 An obvious disadvantage of the approach we used is that genes will be isolated 
of which the function and targets remain unknown until extensive experimental 
research has been done. DNA sequence analysis and establishing the spatio-temporal 
expression pattern are important tools for elucidating the function of the gene isolated. 
Two interesting though not micromere specific genes, PaGrx and mi10 were isolated. 
As PaGrx encodes a protein modifying enzyme and mi10 can possibly act as a 
transcription factor, they both are candidates to be determinants for specification of 
particular cells in the Patella embryo. However, to establish the exact role of these 
proteins, further experiments have to be performed. 
 
Do segregated maternal mRNAs play a role in the development of Patella vulgata?  
 
 All evidence linking maternal RNAs with developmental phenomena in 
spiralians has been circumstantial. There is no doubt that regional differences exist in 
the egg and early embryo of molluscs, as can be concluded from morphological and 
physiological studies (reviewed in Raven, 1966; Dohmen and Verdonk, 1979; Tyler et 
al, 1998). RNA has been found to be associated with several morphological structures, 
like the vegetal body in Bithynia, the ectosomes in Lymnaea and Physa, and also in the 
cortex and a subcortical layer of RNA granules in Lymnaea (Dohmen and Verdonk, 
1974; Dohmen and Van der Mast, 1978; Raven, 1966). As differentially localized 
maternal RNAs play an important role in pattern formation in Drosophila and 
Xenopus, it is not unreasonable to presume that they may also be used as a mechanism 
for specification in molluscs. However, we have not succeeded in isolating a 
differentially segregated mRNA from Patella. This could be the result of the 
experimental approach taken, but it should also be considered that perhaps 
differentially localized maternal mRNAs do not play a role in cell specification in 
Patella. In the sea urchin, in which specification of cell fate in early embryogenesis has 
been studied extensively at a cis-regulatory level and a number of transcription factors 
have been isolated, mRNA encoding those factors and/or the factors themselves are 
always present in the cytoplasm of the unfertilized egg (Davidson et al., 1998), and 
only one transcription factor has been shown to be differentially distributed as a 
mRNA (Vlahou et al., 1996). 
 Besides localized maternal RNAs, several other mechanisms for setting up a 
pattern of regulating factors are possible. First, regionally different translational 
control of a uniformly distributed maternal mRNA could establish a differential protein 
distribution of a determinant, e.g. a transcription factor. Regulatory elements residing 
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in the 3’ UTR play an important role in the translational regulation of maternal 
mRNAs (for references and review see Wickens et al., 1995). An example for 
translational regulation in development is the repression of translation of hunchback 
mRNA by pumilio and nanos protein in the posterior of the Drosophila embryo in 
setting up the anterior-posterior axis. Murata and Wharton (1995) have proposed a 
model in which repression depends on the binding of pumilio protein to Nanos 
Responsive Elements (NREs; Wharton and Struhl, 1991) in the 3’ UTR of hunchback 
mRNA and subsequent protein-protein interaction between pumilio and nanos in the 
posterior of the embryo. Similarly, in the early C. elegans embryo, the uniformly 
distributed mRNA for GLP-1 is possibly also under negative translational control in 
the posterior part of the embryo. GLP-1 translation has been shown to be restricted to 
the anterior blastomeres, in which the protein may function as a determinant for 
anterior fate (Evans et al., 1994). Interestingly, in the 3’ UTR of GLP-1 mRNA motifs 
similar to the NREs in Drosophila mRNAs are present, which suggests that the 
mechanism for maternal mRNA regulation may be conserved in different organisms 
(Evans et al., 1994). Recently, a differentially expressed gene encoding a putatively 
RNA-binding protein, named Esther 32, was isolated from Patella embryos, which 
may be involved in translational regulation of mRNAs during the development of 
Patella (see chapter 7). 
 Second, post-translational control can spatio-temporally activate or repress the 
activity of determinants, as e.g. transcription factors. Phosphorylation is an important 
mechanism for post-translational control of the activity of many proteins, as has been 
shown for cell cycle control, cell differentiation and many other cellular processes 
(Alberts et al, 1994; Guerrier et al., 1990; Seger and Krebs, 1995). For example, 
phosphorylation has been shown to be required for nuclear localization of dorsal, 
which plays a determinative role in the formation of the dorso-ventral axis in 
Drosophila embryos (Whalen and Steward, 1993). In the HMG-like DNA-binding 
protein isolated in this differential display, mi10, 32 putative phosphorylation sites 
were identified, which may be important for nuclear localization of this DNA-binding 
protein (see chapter 6). Moreover, a cdc2 kinase site proximal to one of the DNA-
binding domains, may interfere with the DNA-binding activity.  
 Redox modification as extensively discussed above may also play a role in 
changing the activity of determinants. Finally, as already briefly mentioned, 
translocation of transcription factors from the cytoplasm to the nucleus may be 
regulated. The transcriptional activator SpOtx, which is involved in the specification of 
the aboral ectoderm in sea urchin embryos, is cytoplasmic in early cleavage stage 
embryos. Translocation into the nucleus coincides with the activation of one its targets, 
the Spec2a gene (Mao et al., 1996). 
 However, all mechanisms mentioned above are relying on pre-existing 
differences to set up a differential distribution pattern of regulators, and these can 
therefore not be the initial determinants for specification. Translational regulation can 
only be spatially controlled when the repressor is unequally distributed. Differential 
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activation or repression by covalent modification such as phosphorylation and 
oxidoreduction implicates that the modifying enzyme should be either differentially 
distributed or controlled by other factors. This last possibility requires yet another level 
of control, which could for instance be achieved by pre-existing differences in 
physiological conditions in different parts of the embryo.  
 The genes isolated in this differential display rather point to the use of other 
mechanisms for setting up a pattern for specification than give evidence for the 
existence of segregated maternal mRNAs in the mollusc Patella vulgata. However, as 
we are biased by the concept of cytoplasmic localization and considering that other 
mosaic embryos use maternal mRNAs for specification of cells, we think that mRNAs 
still remain excellent candidates for cytoplasmic determinants in molluscan embryos. 
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 Mi10 is a HMG-I/Y-like DNA binding protein, which is expressed during the 
early development of the mollusc Patella vulgata. A mi10 cDNA clone was isolated by 
screening an 8-cell stage P. vulgata cDNA library with putatively micromere specific 
DNA probes. These probes were previously obtained by a differential display PCR of 
micromere and macromere specific mRNA pools at the 8-cell stage (see chapter 5). 
The obtained 2500 bp mi10 cDNA clone encodes a 40 kDa protein that contains eight 
HMG DNA-binding domains characterized by a GRGRP amino acid core sequence 
that can bind to the minor groove of AT rich DNA. 
 Analysis of mi10 mRNA with Northern blot analysis, RT-PCR and in situ 
hybridization indicated low abundancy of the mRNA from the oocyte stage to at least 
the 16 hr trochophore stage. The RNA level was fairly constant throughout these 
developmental stages and no spatial distribution pattern was observed. Furthermore, a 
polyclonal antibody directed against a 16 amino acid peptide of mi10 showed equal 
distribution of mi10 protein in different stages of embryos with whole mount 
immunocytochemistry and Western blot analysis. 
 Mi10 encodes a HMG-like DNA-binding protein and therefore could act as a 
transcription factor. Interestingly, a consensus recognition site for a HMG DNA-
binding domain was identified in close proximity of the most important activating 
element in the promoter of the α-tubulin-4 gene, which is specifically expressed in the 
primary trochoblast cells of Patella embryos. These are the first cells to differentiate 
during the early development of Patella. A possible mechanism for regulation of 
trochoblast specific tubulin expression by mi10 is discussed. 
 

6
�	������
�

 
As reviewed in chapter 5, there is ample albeit indirect evidence for the 

existence of morphogenetic determinants in molluscan embryos. This was first shown 
for Patella by Wilson in 1904(a) with blastomere isolation experiments. He observed 
that primary trochoblasts isolated from the 16-cell stage embryo differentiate as they 
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would in the intact embryo (Wilson, 1904a). Furthermore, cytochalasin B experiments 
showed that the determining factors necessary for primary trochoblast differentiation 
are restricted to the micromeres, which are the stem cells of the primary trochoblasts 
(Janssen-Dommerholt et al., 1983; Damen et al., 1996). This restriction of potential 
takes place at the third cleavage when the embryo is divided into four animal 
micromeres and four vegetal macromeres. In addition, Damen et al. (1996) showed 
that correct formation of the micromeres and macromeres along the animal-vegetal 
axis of the embryo at the third cleavage is necessary to obtain trochoblast specific 
tubulin expression. 
 As previously described in chapter 5, we have performed a differential display 
on the micromeres and macromeres of 8-cell stage Patella vulgata embryos to isolate 
mRNAs that are differentially segregated to the animal and vegetal halves of the 
embryo. After screening of an 8-cell stage Patella vulgata cDNA library with putative 
micromere-specific fragments obtained in the differential display, several clones were 
isolated and further analyzed. 
 Here we report the isolation of mi10, an HMG-like DNA-binding protein from 
the mollusc Patella vulgata. HMG proteins are non-histone chromosomal proteins that 
can act as architectural transcription factors and cofactors that facilitate either binding 
of transcription factors to the DNA or the interaction of proteins in transcription 
preinitiation complexes (reviewed in Bustin and Reeves, 1996). Three distinct classes 
of DNA-binding motifs were found in HMG proteins, by which virtue they were 
divided into the HMG-1 box family, the HMG-14/17 family and the HMG-I/Y family. 
Mi10 was found to contain so-called AT-hook motifs, the DNA binding domain that 
was first identified in HMG-I/Y which preferentially binds to AT-rich sequences 
(Reeves and Nissen, 1990). AT-hook motifs have been found in a wide range of 
eukaryotic proteins (for references see Aravind and Landsman, 1998) and also in a 
bacterial transcription factor, carD, of Myxococcus xanthus (Nicolas et al., 1996). 
 Interestingly, some HMG-like proteins play a role in developmental processes 
of different species. An HMG-like protein was isolated from Drosophila, the dorsal 
switch protein (DSP1), which can interact with dorsal in vitro, converting dorsal from 
a transcriptional activator to a repressor (Lehming et al., 1994). Dorsal is a key-
regulator of dorsoventral patterning in Drosophila. This Rel-like transcription factor, 
which is present in a ventral-to-dorsal nuclear gradient, activates and represses several 
zygotic target genes in distinct domains of the Drosophila embryo along the dorso-
ventral axis (reviewed in Rusch and Levine, 1996). DSP1, which is expressed in a 
similar pattern as dorsal in early embryos and later on is restricted to the central 
nervous system, may play a role as both a repressor of dorsal and independently in 
neurogenesis (Mosrin-Huaman et al., 1998). Furthermore, the Manx protein in the 
urodele ascidian M. oculata, which is required for the development of chordate 
features in the larva, contains an HMG-I/Y-like AT-hook motif (Swalla and Jeffery, 
1996; Aravind and Landsman, 1998). In addition, in vitro and co-transfection 
experiments have shown that HMG-I/Y can interact with the binding of 
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homeodomains to DNA, which suggests that HMG-I/Y class proteins may be potential 
regulators of the binding of some homeodomain containing proteins to their target 
genes (Arlotta et al., 1997). Therefore, mi10 may possibly act as a transcriptional 
regulator and as such as a determinant for specification processes in Patella. 
 To elucidate the function of mi10 in Patella, the expression pattern and protein 
distribution was studied. Furthermore, possible post-translational regulation of mi10 by 
phosphorylation is discussed as a mechanism for control of mi10 activity. 
 
����	�����
����������
 
Isolation of mi10 and primary analysis 
 
 Mi10 was isolated from an 8-cell stage Patella vulgata cDNA library as was 
previously described in chapter 5. The 8-cell stage cDNA library was screened with nine 
cDNA fragments isolated from a differential display on micromere and macromere mRNA 
pools. Northern blot analysis, Southern blot analysis, DNA sequence analysis, in situ 
hybridization, and RT-PCR were performed on mi10 as described in chapter 5. Protein 
sequence analysis was carried out using services offered by the EMBL Predict-Protein, i.e. 
BLASTP (Altschul et al., 1990), PROSITE (Bairoch et al. 1997), ProDom (Corpet et al., 
1998). Prediction of the secondary structure of the protein and 3’ UTR analysis was done as 
decsribed (Rost and Sander, 1993; 1994, Pesole et al., 2000). 
 
In vitro translation 
 
 Capped mi10 mRNA was prepared using the mMessage mMachine kit according to 
the manufacturer’s protocol (Ambion). Nucleotides were removed using a RNeasy spin 
column (Qiagen). In vitro translation was performed as described in Scheper et al. (1992). 
 
Peptide-coupling, antibody production and affinity purification 
 
 An mi10 peptide (amino acid sequence (C-)S-T-R-E-K-G-R-G-R-P-K-K-Y-Q-S), 
containing an N-terminal cysteine was coupled to keyhole limpet haemocyanin (KLH) using 
the heterobifunctional cross linker m-maleimidobenzoyl-N-hydroxysulfosuccinimide ester 
(sulfo-MBS, Pierce). Routinely 2 mg of Imject® KLH (Pierce) dissolved in 200 µl 
conjugation buffer (0.083 M Na2HPO4, 0.9 M NaCl, 0.1 M EDTA, pH 7.2) was incubated for 
1 hour at room temperature with 200 µg sulfo-MBS dissolved in 100 µl conjugation buffer. 
Unreacted sulfo-MBS was removed using a PD-10 desalting column (Sephadex G-25, 
Pharmacia), equilibrated with conjugation buffer. The elution of the maleimide activated KLH 
was monitored by photospectrometry at 280 nm. To the total amount of activated KLH, 2 mg 
peptide was added and the mixture was incubated for 16 hr at 4�����,� �������
�1������
�
the KLH-peptide preparation using a PD-10 desalting column equilibrated with phosphate 
buffered saline (PBS; 8 g NaCl, 0.2 g KCl, 1.15 g Na2HPO4 and 0.21 g Na2H2PO4 per liter). 
The elution of the KLH-peptide preparation with PBS was monitored at 280 nm. 
 Polyclonal antiserum specific for mi10 was obtained by immunizing two rabbits (New 
Zealand White) with the purified mi10 peptide coupled to Keyhole Limpet Haemocyanin 
(KLH). The animals were injected subcutaneously with approximately 200 µg mi10-KLH in 
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0.5 ml sterile PBS mixed with Freund’s complete adjuvant (v/v 1:1). At appropriate time 
intervals booster doses were administered subcutaneously by injection of approximately  
200 µg protein in 0.5 ml sterile PBS, mixed with Freund’s incomplete adjuvant (v/v 1:1), and 
anti-mi10 serum was collected. 
 Affinity purification of the antibody was performed with mi10 peptide coupled to a 
Sepharose 4B column. NHS-activated Sepharose beads were washed three times with MOPS 
buffer pH 7.5. To 1 ml activated beads, 5 mg mi10 peptide dissolved in 1 ml MOPS buffer 
was added and the mix was incubated overnight on a rotating wheel at 4�������������������
centrifuged briefly and the pellet was resuspended in 3 ml 1 M ethanolamine pH 8.0. After 
incubating for 1 hour on a rotating wheel at 4��!�	��������������)����������9�������%�&�
��
was loaded with 3 ml of anti-mi10 serum and washed with PBS while monitoring the 
absorbance at 280 nm. When the absorbance was back to base level, bound antibody was 
eluted with 10 ml 0.1 M glycin pH 2.5. The peak fraction was collected in 150 µl Tris base. 
Next, the column was washed with 10 ml of PBS and eluted with 10 ml 0.1 M bicarbonate  
pH 11.5. The peak fraction was collected in 300 µl 1 M HAc. These fractions were tested with 
an ELISA. To the antibody fractions 0.1% BSA was added and the samples were stored at  
-80��� 
 
ELISA 
 
 For a standard ELISA, multi-well immunoassay plates (Costar, Cambridge, MA) were 
coated with free mi10 peptide by incubating the wells with 100 µl 2 µg peptide/ml PBS for  
2 hours at room temperature. Next, the wells were blocked with BSA and incubated for  
2 hours at room temperature with 100 µl of the obtained antisera in a dilution series. The 
wells were incubated with peroxidase conjugated goat anti-rabbit serum (Brunschwig Chem., 
Jackson) for 1 hour at room temperature. Between each incubation the wells were extensively 
washed with PBS using a BIORAD multi-well plate washer. Bound antibodies were 
visualized with 100 µl o-phenyldiamine reagent (OPD, 0.4 mg OPD per ml buffer containing 
25 mM citric acid, 50 mM Na2SO4, 0.02% H2O2, pH 5.5). The reaction was stopped by adding 
50 µl H2SO4 to the wells and the absorbance was read at 492 nm using a BIORAD Novapath 
microplate reader. 
 
Western blotting 
 
 Cellular extracts were obtained by lysing 200 dejellied embryos in 10 µl HEMG  
(25 mM Hepes pH 7.6, 40 mM KCl, 0.1 mM EDTA, 1 mM DTT, 1 mM Pefabloc, 10 µg/ml 
leupeptin and 10% glycerol) by three repeated freeze-thawing cycles in liquid nitrogen and at 
37������&&�&����2	��%	��������	������	�-80�����	�&������-�%&�����2	��%	�������������	��	�0���of 
embryos were obtained as described in chapter 3.  
 SDS-PAGE gel electrophoresis and transfer of the separated proteins onto PVDF 
membrane was performed as described in chapter 3. After transfer, the blot was washed three 
times for 5 minutes in PBS and blocked in PBS containing 3% bovine serum albumin (BSA) 
for 2 hours at room temperature on a rocking platform. Incubation with the mi10 affinity 
purified antibody (1:1500 dilution) in PBS containing 3% BSA was performed for 3 hours at 
room temperature or alternatively overnight at 4����-�2	!�	����&�	�����������������	�
������
PBS for 5 minutes and once in TN buffer (150 mM NaCl, 50 mM Tris pH 7.5) for 10 minutes. 
Goat-anti-rabbit coupled to alkaline phosphatase (GARAP, Jackson) was used at a 1:2000 
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dilution in TN buffer containing 3% BSA. After 2 hours, the blot was washed twice in PBS 
and three times in TMN buffer (100 mM Tris pH 9.5, 50 mM MgCl2, 100 mM NaCl) to 
remove unbound antibodies. Detection of the alkaline phosphatase was performed by standard 
staining of the blot in TMN buffer containing 5-bromo-4-chloro-3-indolyl-phosphate (BCIP) 
and 4-nitro blue tetrazolium chloride (NBT) as described (Roche). 
 
Immunocytochemistry 
 
 Different stages of Patella vulgata embryos were obtained by in vitro fertilization as 
described before (chapter 2). Whole mount immunocytochemistry was essentially performed 
as described by Damen et al. (1996), except that the affinity purified mi10 antibody was tested 
at different dilutions and incubated at 37��� ���� "� �����  �	��� �	�����0� 	��� �
bryos were 
mounted as described for the in situ hybridization. 

 
)�������

 
Mi10 encodes an HMG-like protein 
 
 The DNA sequence of the entire mi10 cDNA clone, which is 2537 base pairs, 
was determined (Figure 6.1). At the presumptive 3’ terminus a short poly(A) tail of 17 
nucleotides was found, which was preceded by a polyadenylation signal at position 
2441 to 2446. In this orientation five non-overlapping open reading frames (ORFs) 
were detected. The first ORF encoded a hypothetical protein of 356 amino acids 
(ORF1, nucleotides 139-1206). This ORF was found to contain an almost perfect 
nucleotide repeat of 157 bp starting at positions 171 and 351. Only five changes at the 
nucleotide level are present, which translates to three amino acid changes in the 
hypothetical protein. Comparison of ORF1 with the EMBL protein database showed 
partial sequence similarity with the DNA-binding domains of HMG-I(Y) and several 
HMG-I(Y)-like proteins (Figure 6.2) (Laux et al., 1991, Eckner and Birnstiel, 1989, 
Johnson et al., 1988). This binding domain, also referred to as AT-hook, has a 
conserved amino acid sequence composed of a well conserved Arg-Gly-Arg-Pro 
(RGRP) motif surrounded by additional proline, glycine and basic amino acids (Reeves 
and Nissen, 1990; Aravind and Landsman, 1998). In ORF1, eight possible DNA-
binding domains (BDs) containing the RGRP core are present (Figure.6.2); BDs 1 and 
2 are identical to BDs 3 and 4, respectively, because they are part of the 157 bp repeat. 
From the eight BDs in ORF1 a consensus sequence for the amino acids surrounding 
the RGRP motifs can be made, which is R/K GRPRP R/K K. This is identical to 
binding domain 1 of HMG-I(/Y) and also correlates well with the distribution of amino 
acids surrounding RGRP motifs found in other species (Figure 6.2).  

An additional feature of HMG proteins is the presence of an acidic tail, as are 
present in HMG-I(Y) and HMGI-C as well as in proteins of the HMG1 family, and 
which is typical for Ptashne-type transcriptional activators (Ptashne, 1988; Reeves and  
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GAATTCGGCA CGAGAAGAGG TCTTTGTTAG ACCGAAATAG ATCATTATCA CAGATTTGTG AAACTGGTAA 64 
CAAATGATAG ACATCATTAC TATTATTTAA CAATTATAAG AAGAAGAACA CCGACATTTT TTTAGCTAGT 134 

AAATATGAAA AGAGGTTTTG ATGAAGTTTC AAACCCAGAA GAAGAGGTTG AAGAAGAAGA TTTAGATGTA  204 
     M  K   R  G  F   D  E  V  S   N  P  E   E  E  V   E  E  E  D   L  D  V  22 

TCAACATCAA AACGAGGCAG AGGGAGACCA AAGATTCCAG ATGAACTGAA AAAAACGAAG CCCAAAATAC  274 
 S  T  S   K  R  G  R   G  R  P   K  I  P   D  E  L  K   K  T  K   P  K  I    45 

CTTCTGGTAA ATCCCGAGGA CGTCCTAGAA AATATCCTGC TGGACCACCA GTACATAACC CAGAAGAAGA  344 
P  S  G  K   S  R  G   R  P  R   K  Y  P  A   G  P  P   V  H  N   P  E  E  E  69 

GATAGAAGAA GAAGAGGTTG AAGAAGAAGA TTTAGATGTA TCAATATCAA AACGAGGCAG AGGGAGACCA 414 
  I  E  E   E  E  V   E  E  E  D   L  D  V   S  I  S   K  R  G  R   G  R  P 92 

AAGATACCAG ATGAACTGAA AAAAACGAAG CCCAAAACAC CCTCTGGTAA ATCCCGAGGA CGTCCTAGAA  484 
 K  I  P   D  E  L  K   K  T  K   P  K  T   P  S  G  K   S  R  G   R  P  R    115 

AATATCCTGC TGGATCACCA GTATACAGAT CTACAAGAGA GAAAGGTAGA GGTCGACCAA AGAAATATCA  554 
K  Y  P  A   G  S  P   V  Y  R   S  T  R  E   K  G  R   G  R  P   K  K  Y  Q  139 

AAGTGATTCA GATGTAGAAG ATATTACAGA TTCAGACACG GATATATCAT ACACAGACGA TATAACAGAT  624 
  S  D  S   D  V  E   D  I  T  D   S  D  T  D  I  S   Y  T  D  D   I  T  D   162 

TCCGACACAG ATGTATCATA CACAGACTAT ATGACAGAAT CTAGTAAAGT TGTAAAAGTT GGTAGAGGAC  694 
 S  D  T   D  V  S  Y   T  D  Y   M  T  E   S  S  K  V   V  K  V   G  R  G    185 

GTCCTAGAAA AGATCCAACG ACCACTCCAT CTACATCTAA AGCATATATT AGTACACCAA CAAGAGGAAG  764 
R  P  R  K   D  P  T   T  T  P   S  T  S  K   A  Y  I   S  T  P   T  R  G  R  209 

AGGACGTCCT AGAAAGACAC CTGATAGTGG TAGAGGAAGA GGTAGACCAC GGAAATCTGT GGTAGAAAGG 834 
  G  R  P   R  K  T   P  D  S  G   R  G  R   G  R  P   R  K  S  V   V  E  R 232 

ACGGTTCCTG AATCACCTAC TAGATCTCTT AGTGATAGAA CACGAAGACA GTCTCGTGGG TCAATAAAGT  904 
 T  V  P   E  S  P  T   R  S  L   S  D  R   T  R  R  Q   S  R  G   S  I  K    255 

TAGTTATTAA AGATATTCAG AGTCTAGAGG AGGATTTTGG CAACCAGTTA AAAGAAATTC AGTACAGAGT  974 
L  V  I  K   D  I  Q   S  L  E   E  D  F  G   N  Q  L   K  E  I   Q  Y  R  V  279 

GACCAAAGTT TTAAAAACAG AGATGGAGAA TTTGAGACAG AGTTTTAATC TTCAGCTAGC GGATATCGGA 1044 
  T  K  V   L  K  T   E  M  E  N   L  R  Q   S  F  N   L  Q  L  A   D  I  G   302 

GACAAAGTTC GAGATGCGGA AACCTATAAA ATTGTATTCA ATGGTGATAT GAATTCTCCA CAAAACGGTG  1114 
 D  K  V   R  D  A  E   T  Y  K   I  V  F   N  G  D  M   N  S  P   Q  N  G    325 

AAGATGAGGA AGAAAATATG GCAGACATGG AAGACTTCCA GAATGTAGAC ATGGATCCAG AAGTACAAAT 1184 
E  D  E  E   E  N  M   A  D  M   E  D  F  Q   N  V  D   M  D  P   E  V  Q  I  349 

AACTAGAGTA GAAGAATCAT CATGATTATC AGTCTGATTA TTGTCAAGTT ACATGAACAA CATTATTATT 1254 
  T  R  V   E  E  S   S                                                    356 

TTCAATACTA TTTAAAAGAT TATTGTTTGT TTATTTTTCA GTCAAATTCA CAATCTGACA AATACTGGAT  1324 
AAAAAGTAGG GTTTTCAAAA TAATATCAAT ATATTTTTAT ACAAATCCTC TGCAATACGT CTCACAATAC  1394 
AAATTTTCGT GTATCAACAT TTTCACTCTA CTTTCACTTT GGAAGTAAGA GTAGACTGTT TTTCCGTTGG  1464 
CGTATATTTC CATCTTCATG AACCTGTTGG TGCAGAACAG TAAGACGTTA AATCTATTAT AGGCAAAATT  1534 
GTTGAAATGA AGGGTTAAAG TATATTTTAA CCCTTTAGTA TTTGTAAATA TTAACTACCC TGATTCACAG  1604 
ATAAAAATCA AGAGAAGTGA TATATGTGTT TTACGCTGAG TATTATATTC ATGGAATAAA AGTGATGTAT  1674 
GTTATTTTAG TTGAGTTTTG TAGCTACTGC TCCTTACACC GCCCAAGTTA CAGTACAAGT ATATACACTT  1744 
ATTAAAGATA CATTATGGAA GATTAGATAA CGAGTTGGCA GTTTTCACTA TAATAGTTAA AAACTAGATG  1814 
ATGTAAAGGC AATTTGCTGA AAATTCCATT CAAATTGAAC CACTATGTAC CCAGAATTAA GCGATCACCA  1884 
TTACTAAAGT CAGTACGATA AACAGCATAA TCTTGATTAT CCATTTAATT ATTAAATCGT GAAGGAAAGT  1954 
TATGCAGTAA ATCGGCTCAT AGTCCACTAA AGATCGCAGG CTAGCGATAC CATCGAGAGT TGATTATGGT  2024 
CTGGATAGGT TAATTAATGT CAAATTAATA ATTTAGATAA CATTTCAGGC CTAAAGAAAG ACCTGCAATA  2094 
GACTGATTTA GCTCTTGCAT AATGTATGTT TAAGTAGTTG ATATATTCAA GTAGCACTGG CAGTTAGGGG  2164 
CGATGGAGGA AGCAGTAGTT TCAGACGATC CCAGAGCTAA GGGATTAAAA ACTAAATATA GAACACAACA  2234 
CTGTGTAGGA TCATTTCCAA GAAAAAAATA ATTTGTATTA AATTCATCAT ATAAAAGTTT TCATGTTTTC  2304 
CGTTTATGGT TCACATGATC ACATTGTTTA TCTAAAGCTT TATCATATAG AGCTAGATTC AATGTACTCA  2374 
TTGTTAAACT GTTTCTTCAT CACAATTTTC ATGTAATATA ATTGCATGAA CATATTGCTA AAAGCAAATA  2444 
AAACTTTAAA GGATCTCATA ACATAATTCA CTCTTAAGAC TCTCAGCAAC ATCTCCTTTC TGCTTTAAAG  2514 
TTGCTTAAAA AAAAAAAAAA AAACTCGAG 

 



�

�����!�	��������"����	���������
�������������	

��

�� 

Nissen, 1990). ORF1 contains next to an acidic tail (aa 326-354), short additional 
acidic regions (aa 6-21; 67-81; 141-166). These are separated by the BDs, which are 
rich in basic residues, revealing a remarkable clustering of residues in ORF1. 
 A search for other structural motifs in ORF1 based on known peptide functional 
domains with PROSITE yielded a striking number of putative phosphorylation sites of 
several kinases, which adds up to 32 in total (Figure 6.1). Potential target sites for 
casein kinase 2 were found predominantly in the acidic regions, but also in the vicinity 
of BD 5 at serine 107. Putative protein kinase C phosphorylation sites were found 
mostly in proximity of the BDs. Moreover, a cdc2 kinase site was identified in the 
vicinity of BD 7. Furthermore a cAMP- and cGMP-dependent protein kinase and a 
tyrosine kinase phosphorylation site are present. Finally, a possible glycosaminoglycan 
attachment site was found, which overlaps with BD 8. A possible function of these 
sites in relation to the in vivo function of this putative protein will be discussed below. 
 The other identified ORFs did not show amino acid sequence identity with 
known proteins, except for the last ORF. This encoded a hypothetical peptide of 38 
amino acids and was shown to contain sequence similarity with casein kinase II of 
several species (43-47% in 23 aa) (Lozeman et al., 1990). However, this was neither 
the ATPase site nor the active site of casein kinase II. 
 In vitro translation of mi10 mRNA resulted in the synthesis of a 54 kDa protein 
(Figure 6.3). This protein probably represents the product of the 356 amino acid HMG-
like protein encoded by ORF1, though the calculated molecular weight of this protein 
is 40 kDa. The retarded mobility is probably caused by the presence of acidic and basic 
domains. The smaller proteins visible are also made in the control lane, containing 
another transcript. The 25 kDa band is an artefact of this assay, probably 35S-Met-
tRNA.  

The indication that ORF 1 is the only possibly functional ORF also would mean 
that the mRNA contains a 1332 basepair long 3’ UTR. This is extremely long for a  
3’ UTR, suggesting a particular role for these untranslated sequences. However, with a 
search for UTR motifs containing regulatory elements with UTRscan in the entire 
DNA sequence of mi10, no known regulatory sequences were identified in the 3’ UTR.  
 
Figure 6.1. Nucleotide and predicted amino acid sequence of mi10. In italics the restriction sites, in 
which mi10 was cloned. Numbers indicate the nucleotide position, whereas italic numbers indicate the 
amino acid position. Double underlined putative DNA binding domains (BD). Dotted lines indicate 
acidic residues/regions. In bold characters potential phosphorylation sites are indicated. Potential 
target sites for casein kinase 2 (CK2; pattern [ST]{2}.[DE]) are present predominantly in the acidic 
regions, namely serine 9 and in the acidic stretch from aa 141 to 166 (serines/threonines 140,142, 148, 
150, 155, 161, 163 and 168) and in the acidic tail (serines/threonines 228, 233, 241, 263, 285 and 
350), but also in the vicinity of BD 5 at serine 107. Putative protein kinase C phosphorylation sites 
(pattern [ST].[RK]) are found mostly in proximity of the BDs, namely at serines or threonines 24, 25, 
47, 85, 107, 126, 176, 197 and 218, and in the acidic tail at serines or threonines 243, 246, 253 and 
310. A cdc2 kinase site, which phosphorylates a serine or threonine in the consensus sequence 
Ser/Thr-Pro-Xaa-Lys/Arg ([ST]P.[KR]) is identified in the vicinity of BD 7 at position 204-207. A cAMP- 
and cGMP-dependent protein kinase can possibly phosphorylate serine 250 (pattern [RK]{2}.[ST]) and 
a tyrosine kinase phosphorylation site is present from aa 304-311 (pattern [RK].{2,3}[DE].{2,3}Y). A 
possible glycosaminoglycan attachment site is found from aa 218-221, namely SGRG, which overlaps 
with BD 8. A possible poly-adenylation site is present at position 2441-2446. 
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mi10 HMG-BD1&3           K  R  G  R  G  R  P  K  I 
mi10 HMG-BD2&4               K  S  R  G  R  P  R  K 
mi10 HMG-BD5              K  G  R  G  R  P  K  K 
mi10 HMG-BD6     *     K  V  G  R  G  R  P  R  K 
mi10 HMG-BD7     T  P  T  R  G  R  G  R  P  R  K 
mi10 HMG-BD8           G  R  G  R  G  R  P  R  K 
 
mi10 consensus             R/K G  R  G  R  P R/K K 
     
HMG-I(Y) consensus     T  P  K  R  P  R  P  R  P  K  K 
HMG-I(Y) BD1 (human)    T  E  K  R  G  R  G  R  P  R  K 
 
Oat PF1 (plant)            K  R  G  R  G  R  P  P  K 
Rat MeCP2 (rat)               R  G  R  G  R  P  K   
CarD (bacterial)              K  K  R  G  R  P  P  K 
Manx (M. oculata)              K  K  R  G  R  P  R  K 
CPD1 (Drosophila)              K  K  R  G  R  P  P  K 
cHMGI (Chironomus)           K  K  G  R  G  R  P  A  K 
 
Figure 6. 2. Amino acid sequence motifs of the mi10 binding domains (BDs). 
Comparison with each other results in the mi10 consensus indicated below. In 
the lower part, amino acid sequence comparison of the HMG BDs of other 
species with mi10 BDs is depicted (for references see Nicolas et al., 1996; 
Aravind and Landsman, 1998). In bold the conserved amino acids that fit the 
mi10 consensus. The asterisk indicates the conserved phosphorylation site of 
cdc2 kinase in mi10 HMG-BD7. 

 
 
 
 
 
 
Figure 6.4. Southern 
blot analysis of mi10. 
One fragment was 
observed when 10 µg 
genomic DNA was 
digested with either 
PvuII or HindIII as 
indicated by the arrows. 
 
 
 
 
 
 
 

 
Figure 6.3. In vitro translation of mi10 mRNA. Different amounts of capped mi10 
mRNA (0-80 ng as indicated above the lanes) were transcribed in 5 µl system, of 
which 4 µl was loaded onto the gel. Of the control CAT mRNA reaction 0.4 µl 
was loaded. On the left the molecular weight markers are indicated in kDaltons 
(kDa). 
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 Lastly, as the protein encoded by ORF1 is probably responsible for the 54 kDa 
product of the mi10 mRNA, it will in future be referred to as mi10.  
 
Mi10 is encoded by a single gene and is expressed constitutively during early 
development 
 
 Southern blot analysis with a probe of the entire cDNA revealed that mi10 is 
encoded by a single gene (Figure 6.4). Northern blot analysis on total RNA of different 
developmental stages showed that two transcripts exist for mi10, of which the size of 
the smallest agrees with the cDNA clone (Figure 6.5.A). Remarkably, both transcripts 
were present from the oocyte stage to the early trochophore stage (16 hr) at equal 
amounts. A Northern blot of poly(A)+ RNA of different stages revealed that only the 
smaller transcript was detected, which may indicate that the larger transcript is devoid 
of a polyA sequence and may therefore represent a pre-mRNA or heterogeneous 
nuclear RNA (hnRNA) (Figure 6.5.B). Remarkably, no variation in mRNA levels of 
mi10 was observed, even not after the zygotic transcription start at the 32-cell stage. 
This may suggest that mi10 is a maternal mRNA. However, it is unlikely that a 
maternal mRNA would persist until the 16 hr trochophore stage. 
 
Equal distribution of mi10 mRNA 
 
 The Northern hybridization of mi10 with mRNA of different developmental 
stages of Patella already showed that the mRNA was present at all stages and probably 
at a low abundance. Whole mount in situ hybridization failed to detect an expression 
pattern, because no signal was obtained above background staining levels (Figure 
6.6.A-H). From these results it can be concluded that mi10 mRNA is expressed equally 
over the embryo at all stages, but it should also be considered that a possibly existing 
differential expression pattern could not be detected because the method was not 
sensitive enough for this low abundant mRNA. As mentioned above, mi10 was 
originally isolated by screening a cDNA library with a pool of putatively micromere 
specific fragments, and therefore is expected to be micromere specific. As the in situ 
hybridization could not reveal this, an RT-PCR was performed on micromere and 
macromere RNA with mi10 specific primers. A band of the expected size appeared in 
both the micromere and macromere reaction and controls without reverse transcriptase 
were negative (Figure 6.7). This strongly suggests that mi10 mRNA is not micromere 
specific, but is present in the entire embryo at the 8-cell stage. 
  
Western blot analysis of mi10 protein 
 

Several attempts were made to clone mi10 in pGEX and pET expression 
vectors, and a pET mi10 clone was obtained. However, stable expression of mi10 was 
not observed, suggesting that mi10 may be toxic for E.coli. Therefore, we designed  
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Figure 6.5. Northern blot analysis of mi10 expression. Mi10 mRNA levels in different embryonic stages 
of P.vulgata. 16 hr and 24 hr indicate different trochophore stages, of which RNA was isolated 16 hr 
and 24 hr after first cleavage, respectively. Upper panel shows probe signal, lower panel is indicative 
for amount of RNA loaded in each lane. The asterisks indicate the position of the 18S RNA band only 
in panel A. A. 2.5 µg total RNA was separated on an agarose gel and probed either with a T3 sense or 
T7 antisense probe of the mi10 cDNA clone. B. polyA+ RNA was separated on an agarose gel and 
probed with T7 antisense probe.  

 
a synthetic peptide based on the mi10 amino acid sequence to be able to raise an 
antibody against mi10. 
 Anti-mi10 serum obtained from two rabbits immunized with the mi10 peptide 
was tested with Elisa after affinity purification. Both antisera showed a response above 
pre-immune serum, of which rabbit 2 had a higher response than rabbit 1 (not shown). 
The serum of rabbit 2 was therefore used for the Western blot analysis and 
immunocytochemistry.  
 Western blot analysis was performed on both cellular and nuclear extracts of 
different stages of development (Figure 6.8). Among other bands, two main products 
were recognized by the mi10 antiserum in the nuclear extracts. The largest band was  
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Figure 6.6. mRNA and protein expression pattern of mi10. A-H. In situ hybridization of mi10. A-D. 
Expression of mi10 all over the embryo was observed with an antisense RNA probe of mi10 in the 
oocyte (A) and at 8-cell stage (B), 40-cell stage (C) and trochophore larva (D). This, however, does not 
exceed background staining levels as observed with a sense probe in embryos of the same stages (E-
H). F-K. Immunocytochemistry with mi10 antibody in 4-cell (I) and 40-cell (J) embryo and trochophore 
larva (K). L. Second antibody control on trochophore larva. 

 
57 kDa, which is likely to represent the full length product of ORF1. This band did not 
show a differential temporal expression pattern. The second band of 27 kDa showed an 
inconsistent differential expression pattern in two blots. Because this band probably 
represents a degradation product of mi10, we did not further investigate this. 
Furthermore, an enrichment of the major band was shown in the nuclear protein 
fractions compared to the cellular protein fractions. This indicates that mi10 is a 
nuclear protein. 
 
Equal distribution of mi10 protein observed with the generated antibody 
 
 Although the mRNA of mi10 did not show a differential spatio-temporal 
expression in the in situ hybridization, mi10 could possibly be differentially distributed 

A B C D 
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Figure 6.7. RT-PCR. Expression of mi10 
detected by RT-PCR in whole embryos and 
separated micromeres and macromeres. A 
998 base pair fragment was generated with 
mi10 specific primers .  
 

 
 
 
 
 
 
 
 
 
 

as a protein. Therefore, we performed whole mount immunocytochemistry with the 
mi10 antibody on embryos of different stages. Also no differential expression pattern 
of the protein was observed (Figure 6.6.I-L). This suggests that like the mRNA, protein 
levels either were too low to be detected or the protein was also evenly distributed over 
the embryo. 
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Analysis of mi10 reveals an HMG-I(Y) like protein in Patella 
 
 Mi10 was previously isolated in a differential display on micromere and 
macromere mRNA of 8-cell stage P. vulgata embryos, which was designed to identify 
regulatory factors responsible for early specification processes in these embryos. Our 
initial analysis of the clones isolated in this differential display focused on Northern 
blot analysis, whole mount in situ hybridization and partial DNA sequence analysis. 
These experiments revealed that the putatively micromere specific mi10 clone 
probably encodes an HMG-like DNA-binding protein that is very low abundant and is 
both constitutively expressed and evenly distributed in the embryo. Our rationale for 
pursuing the analysis described in this chapter was threefold. First, this was the first 
cDNA isolated from P. vulgata that encoded a putative transcription factor or co-
factor. So far only two reports have been published on the isolation of cDNAs 
encoding transcription factors from representatives of the entire phylum Mollusca 
(Degnan et al., 1997; Tomarev et al., 1997). Second, manx, which is thought to be a 
key regulator of tail development in the larva of the ascidian M. oculata, was found to 
contain an HMG-like DNA-binding domain (Aravind and Landsman, 1998; Swalla 
and Jeffery, 1996), indicating that HMG-like proteins may play a role in specification 
processes. Third, mi10 is of special interest because a putative binding site for a HMG 
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Figure 6.8 Western blot analysis with mi10 antibody. 60 µg cell extract and 50 µg nuclear extract were 
used for A and B. For C 25 µg nuclear extract was used. A. Control lanes without second antibody. B. 
Different stages of both cellular (C) and nuclear extract (N) with mi10 antibody. Bands are designated 
according to their molecular weight in kDa, which was established with molecular weight markers as 
indicated on the left. The 43 kDa band was not prominent on the second blot. C. Enlargement of the 
region around 57 kDa of a second blot, suggesting different phosphorylation states of mi10. 

 
binding domain containing transcription factor may be present in the promoter of the 
previously isolated α-tubulin gene of P. vulgata, which is a marker gene for 
trochoblast differentiation (Damen et al., 1994). It has been well established that the 
binding domains of HMG-I/Y and HMG box proteins bind to A-T rich regions located 
in the minor groove of the DNA helix (reviewed in Bustin and Reeves, 1996; Reeves 
and Nissen, 1990; Read et al., 1994). Some HMG box proteins exhibit sequence 
specific binding, of which the consensus sequence is 5’-(A/T)(A/T)CAAAG-3’, 
though preferential binding to 5’-(A/T)AACAA(T/A)-3’ and 5’-AACAAT-3’ has been 
established in vitro for SRY and Sox-5 respectively (for references see Read et al., 
1994; Denny et al., 1992). Seven cis-acting elements were identified in the promoter of 
the tubulin gene, of which element 4 and element 5 form the core which is absolutely 
necessary for correct expression (Damen and Van Loon, 1996). Interestingly, a motif 
similar to the sequences recognized by HMG proteins is present in the region where 
element 5 is located (Figure 6.9). 
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Figure 6.9. Putative binding site of mi10 in the promoter of the trochoblast specific α-tubulin gene. In 
bold linker scanning mutant lsc -52/-42, the region in which element 5 is located. Boxed the sequence 
postulated to form the core of element 5 (Damen and Van Loon, 1996). Underlined the region to which 
mi10 can possibly bind. 
 

 Eight AT-hook DNA binding domains were identified in mi10, which all show 
the greatest similarity with BD1 of human HMG-I(Y) (Figure 6.2). Furthermore, the 
spacing between mi10 BD 1 and 2, and BD 4 and 5, is identicle to the spacing between 
two BDs in HMG-B of soybean and murine HMG-Y, respectively (Laux et al., 1991; 
Johnson et al., 1988), indicating that mi10 is a genuine HMG-I(Y)-like DNA binding 
factor. HMG-I/Y has been shown to be an architectural transcription factor that 
recognizes AT-rich DNA in the minor groove of the DNA helix, which facilitates 
binding of other transcription factors (reviewed in Bustin and Reeves, 1996). A well 
known example is the transcriptional activation of the human interferon-β gene, which 
requires the assembly of an enhanceosome, a multicomponent complex consisting of 
the transcription factors NF-κB, IRF-1 (2x) and ATF-2/c-Jun, and three HMG-I 
proteins (reviewed in Thanos and Maniatis, 1995). Analysis of AT-hook motifs of a 
wide variety of DNA-binding proteins has resulted in the classification of different 
types of AT-hook motifs, which are predicted to exhibit different affinities for DNA 
(Aravind and Landsman, 1998). All binding domains in mi10 are of the type II  
AT-hook, which exhibits the lowest affinity for DNA, but still with higher affinities 
than synthetic PRGRP peptides (Huth et al., 1997). Furthermore, most of the AT-hook 
DNA-binding proteins contain other DNA-binding motifs suggesting that the  
AT-hooks are auxiliary for binding. In the amino acid sequence of mi10, no other 
known DNA-binding motifs were recognized with ProDom. Together this indicates 
that mi10 may not have a high affinity for specific DNA sequences, and therefore 
probably may act as a co-factor facilitating or even enabling transcription. 
 
Lack of a spatio-temporal distribution of mi10 protein suggests post-translational 
control mechanisms for mi10 activity 
 

As no differential expression pattern was found for the mi10 mRNA, we 
investigated the protein distribution of mi10. Taking into account that expression 
levels are low, the Western blot analysis and immunocytochemistry indicate that mi10 
protein is probably also evenly distributed over the embryo during the early 
development of P. vulgata. Therefore, it is difficult to envisage a function for mi10 in 
specification processes. After all, this would most likely require a differential 
distribution of the protein. However, it is still possible that mi10 is differentially 
activated or repressed in particular compartments of the embryo by a post-translational 

-43 -58 
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regulatory mechanism. The amino acid sequence of the mi10 protein provides ample 
clues for such control as a large number of possible phosphorylation sites were found 
in mi10. 
 The most interesting possible phosphorylation site with regard to affecting the 
DNA-binding ability of mi10 is the potential cdc2 kinase phosphorylation site that was 
found to overlap with BD 7, which would result in phosphorylation of a threonine 
residue at the N-terminal end of this BD (see Figure 6.2). In human and murine HMG-
I/Y these threonines are found in the BDs twice (Thr53 and Thr78) and once (Thr53), 
respectively (reviewed in Reeves and Nissen, 1995). Reeves and co-workers have 
shown that the threonine residue in murine HMG-I is specifically phosphorylated by 
cdc2 kinase in vitro, resulting in a 20-fold reduced affinity for binding AT-rich DNA. 
Moreover, in vivo labeling studies in human and murine cells have shown that Thr53 in 
mice and both Thr53 and Thr78 in humans are phosphorylated in mitotic, but not in non-
dividing cells (Reeves et al., 1991; Nissen et al., 1991; Meijer et al., 1991). 
Phosphorylation of HMG-I was also strongly reduced in non-dividing cells of the 
dipteran Chironymous (Schwanbeck and Wisniewski, 1997). With respect to this, it is 
interesting to note that already early in development at the 40-cell stage, the 
trochoblast cells become cleavage arrested just after they start their differentiation 
which at the 32-cell stage becomes biochemically apparent by an increased tubulin 
expression and later on morphologically by ciliation (Damen et al., 1994; Damen and 
Dictus, 1994b). Analysis of different cell cycle proteins in Patella has shown that these 
trochoblast cells are arrested in G2 (Van der Kooij et al, 1998).  

Furthermore, multiple potential phosphorylation sites for both casein kinase 2 
and protein kinase C were found in the acidic regions and tail of mi10. Experiments 
with mutant human HMG-I/Y protein lacking the acidic tail suggest that the acidic tail 
may function as a regulatory domain influencing the amount of topological change 
induced in DNA substrates by binding of the protein (Nissen and Reeves, 1995). 
Phosphorylation of these acidic domains in mi10 may alter this property positively or 
negatively, which would result in an altered binding of mi10 to DNA. 
 Lastly, phosphorylation is found to play a role in translocation of proteins to the 
nucleus (Raftery and Sutherland, 1999). For example, the phosphorylation of dorsal 
protein, which is involved in the dorsal-ventral axis formation in Drosophila, 
correlates with the nuclear localization of this protein (Whalen and Steward, 1993; 
Gillespie and Wasserman, 1994). The Western blot shows the presence of several 
bands above the major band of 57 kDa recognized by the antibody, which may 
represent different phosphorylation states of mi10 protein. However, there are no 
indications from the Western blot that suggest nuclear translocation of mi10, as no 
changes in intensity of the potential mi10 band of 65 kDa in the nuclear fractions of 
the different stages were observed. 

Thus, phosphorylation may play a role in establishing a differential activation or 
repression of mi10 protein in different parts of the embryo, and as such enable a 
function for mi10 as a localized determinant. 
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Why is mi10 expressed during the early development of Patella vulgata? A working 
hypothesis 
 
 As remarked earlier, the equal distribution of mi10 protein over the embryo, 
suggests a post-translational mechanism for the activity of mi10 protein. Based on the 
presence of potential phosphorylation sites of several cell-cycle dependent kinases in 
mi10 and the differential cell cycle pattern in Patella embryos, we speculate that it is 
very well possible that mi10 is differentially phosphorylated in some parts of the 
embryo, resulting in a differential activation or repression. Several clues open the way 
for the speculation that mi10 may be involved the regulation of tubulin expression. 
First, a putative binding site for mi10 is present in the α-tubulin-4 promoter in close 
proximity of the cis-acting element required for activation this promoter. Second, as 
cdc2 kinase is not active in the cell-division arrested trochoblast cells, mi10 may not be 
phosphorylated at residue Thr204 in these cells specifically, which would be the active 
DNA-binding form of mi10. Therefore, mi10 can possibly bind to element 5 of the 
α-tubulin-4 promoter in trochoblast cells only, either as an activating transcription 
factor or co-factor, resulting in the transcription of this tubulin. Most likely, mi10 
would act as a co-factor that greatly enhances the transcription of tubulin after the cell 
division arrest of the trochoblasts. 
 In any case, the analysis of mi10 of P. vulgata has provided us with an 
interesting working hypothesis for its function. To test this, first of all recombinant 
expression of mi10, which was unsuccessful until now, is essential. 
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In the mollusc Patella vulgata a cDNA clone named Esther 32 (E32) was found 
to be expressed in a specific spatio-temporal pattern. DNA sequence analysis showed 
that E32 represents a putative RNA-binding protein containing a KH-domain. In early 
trochophore larvae expression of E32 was found in all cells except the already 
differentiated trochoblasts and the apical tuft cells. Later on in development, 
expression was also abolished in the presumptive shell gland and restricted to specific 
areas, among which the head- and foot Anlage. This suggests that E32 is involved in 
maintaining cells in an undifferentiated state via a post-transcriptional mechanism. 
 
6
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 Although the Mollusca is one of the largest animal phyla, very little is known 
about the genes directing the early development of any mollusc. Attempts to isolate 
genes on the basis of homology with genes of other species, have been painstaking and 
often not successful. In the gastropod Haliotis, eight homeobox containing transcripts, 
which possibly play a role in larval morphogenesis and metamorphosis, have been 
identified and one homeobox-containing cDNA has been isolated (Degnan and Morse, 
1993; Degnan et al., 1997). To study the evolution and homology of segmentation in 
the Mollusca, the presence of engrailed homeodomains has been shown in five 
molluscan classes (Wray et al., 1995), and recently the engrailed homeobox has been 
isolated from the gastropod Ilyanassa , which was found to be expressed in the shell 
gland cells of the larva exclusively (Moshel et al., 1998). Furthermore, a Pax-6 
homologue has been reported in the squid (Tomarev et al., 1997), and a TGF-β like 
growth factor, which is involved in metamorphosis, was identified in the oyster 
Crassostrea (Favrel et al., 1998). However, no genes involved in early specification 
processes in molluscan embryos have been reported so far. Problems with isolating 
genes by methods using sequence similarity with other species can most likely be 
attributed to a low G + C content of most molluscan genomes (30-40%) (see Collier, 
1983). We therefore took another approach to obtain genes, which are differentially 
expressed during the early development of the mollusc P. vulgata, and therefore may 
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possibly play a role in specification processes. A random cDNA library screening was 
performed in which 50 randomly picked clones from a 4 hr P.vulgata cDNA library 
were analyzed by whole mount in situ hybridization, Northern blot analysis and DNA 
sequence analysis. Two clones showed a specific spatio-temporal expression pattern, 
of which the first was an α-tubulin (Damen et al., 1994). The second cDNA clone, 
named Esther 32 (E32), showed a novel expression pattern.  
  
)��������
��+������
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E32 represents a putative RNA-binding protein 
 

DNA sequence analysis of the 782 bp E32 cDNA clone did not contain an open 
reading frame or similarity to other DNA sequences. A northern blot showed that E32 
hybridized to a single mRNA of approximately 2500 bp (Figure 7.2). As a poly A-tail 
was present at the 3’ end of E32, E32 probably only represents 3’UTR sequences of 
the full length mRNA. A larger part of the full length mRNA was isolated by 
performing a semi-nested PCR on the 4 hr P. vulgata cDNA library (λZAP, 
Stratagene) with specific primers based on the DNA sequence of E32 directed towards 
the 5’ end. A 1100 bp PCR fragment was obtained, of which the presumptive 3’ end 
was identical to the 5’ end of E32. An open reading frame was found in the additional 
466 bp isolated DNA sequence of this fragment, which was extremely glycine-rich. 
Sequence comparison with the Genbank/EMBL amino acid sequence database showed 
similarity with glycine-rich RNA-binding proteins. Besides a glycine-rich tail, a 
putative KH-domain, which is found in hNRP-K like RNA- binding proteins, was also 
identified in the ORF as depicted in Figure 7.1 (Siomi et al. 1993). This strongly 
suggests that E32 contains the 3’ UTR of the mRNA for a RNA-binding protein. The 
nucleotide sequence of a 1235 bp composed of the E32 cDNA clone and additional 
sequences isolated with the semi-nested PCR will appear under accession number ? of 
the GenBank/EMBL database. Unfortunately, a full length cDNA clone of the gene  
 
Patella E32       DKLTFYIDQQF-VGRVIGKGGSKIRDLQDESGCHIKIEE-PGKWTVKDKPELIYLGN 
 
human hnRNP K(1)  VELRILLQSKN-AGAVIGKGGKNIKALRTDYNASVSVPDSSGPERILSISADIETIG 
human hnRNP K(2)  CELRLLIHQSL-AGGIIGVKGAKIKELRENTQTTIKLFQ---ECCPHSTDRVVLIGG 
human hnRNP K(3)  ITTQVTIPKDL-AGSIIGKGGQRIKQIRHESGASIKIDE----PLEGSEDRIITITG 
 
C. elegans MEX-3(1)   VEVPTSEHVAEIVGRQGCKIKALRAKTNTYIKTPV-------RGEDPVFVVTG 
Ascidian PEM-3(1)     VPVPSSEHVAEIVGRQGCKIKALRAKTNTYIKTPV-------RGEEPVFVVTG 
 
C. elegans MEX-3(2)   VRVPLRV-VGLVVGPKGATIKRIQQQTHTYIITPS-------REREPVFEVTG 
Ascidian PEM-3(2)     VRVPYRV-VGLVVGPKGATIKRIQQQTHTYIVTPS-------RDKEPVFEVTG 

 
Figure 7.1. Amino acid sequence comparison of the KH-domains of E32 with the KH-domains of 
human hnRNP, nematode MEX-3 and ascidian PEM-3. No conservation beyond the highly conserved 
regions of the KH-domain (indicated by the gray boxes) was observed between the amino acid 
sequence of E32 and MEX-3 or PEM-3. 
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Figure 7.2. Temporal expression pattern of E32. A. Northern blot hybridization of digoxygenin labeled 
antisense E32 probe with total RNA isolated from P. vulgata embryos of different stages. B. 
Photograph of the ethidiumbromide stained gel to confirm that equal amounts of RNA were loaded for 
the different stages. Clearly visible are the 18S, 8S and 5S ribosomal RNA bands, which were used to 
estimate the size of the obtained band. 

 
has not been isolated yet, although both 4 hr and 16 hr cDNA libraries were screened 
with E32. 
 
Whole mount in situ hybridization reveals a specific expression pattern 
 

Whole mount in situ hybridization with a digoxygenin labeled E32 probe 
showed that during the early stages in development, from oocyte to 6 hr after first 
cleavage (approximately 88-cell stage), E32 mRNA was present in the cytoplasm of 
the entire embryo (Figure 7.3.A). At 8 hr after first cleavage, the mRNA almost 
disappeared, and at 12 hr after first cleavage expression of the mRNA was observed 
again. E32 mRNA was still present in 48 hr larvae (not shown). Northern blot analysis 
of E32 confirmed the temporal expression pattern of the mRNA as observed in the in 
situ hybridization (Figure 7.2). The presence of E32 in early embryos until 6 hr after 
first cleavage is probably due to maternal expression of the gene. As the mRNA is 
almost evenly distributed over the embryo, it is impossible to speculate about a 
possible function of its presence at these stages.  
 At 12 hr after first cleavage, E32 mRNA was expressed zygotically in the 
pretrochal and posttrochal area of early trochophore larvae (Figure 7.3.B). The 
prototroch, the larval locomotory organ, did not show staining with E32, nor did the 
apical tuft cells. The trochoblast cells are the first cells to differentiate in the embryo. 
The first trochoblasts are specified at the 16-cell stage and start differentiation shortly 
after, which is substantiated by cleavage arrest of these cells after the 40-cell stage and 
by ciliation (Damen and Dictus, 1994a). Moreover, the trochoblasts express large 
amounts of tubulin mRNAs from the 32-cell stage onwards to accommodate ciliation 
as is shown in Figure 7.3.C. The apical tuft is also ciliated and the cells are cleavage 
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arrested. At approximately 16 hr after first cleavage, radial symmetry of E32 
expression was lost. This became clear by a stronger expression of E32 in two crescent 
shaped areas just above the prototroch, which extended more anterior at the dorsal side 
of the embryo (Figure 7.3.D-F). This area may correspond with certain parts of the 
presumptive head, which rises from the pretrochal cells, but a precise fate map of the 
Patella embryo at this stage has never been made (Raven, 1966; Dictus and Damen, 
1997). Most of the ventral posttrochal area was stained except for the stomodeum 
(Figure 7.3.E). The dorsal posttrochal area where the presumptive shell gland is 
formed was also negative for E32 (Figure 7.3.D). Later in larval development, at 
approximately 24 hr after first cleavage, a comparable expression pattern was found, 
which was slightly more restricted to the presumptive head- and foot-Anlage (Figure 
7.3.J-K). The staining disappeared from the other cells previously expressing E32 and 
the prototroch and apical tuft cells again did not show staining. Thus, E32 is not 
expressed in cleavage arrested cells. Furthermore, the E32 expression pattern is not 
limited to a specific cell lineage or areas of the embryo that will form related 
structures, which makes it unlikely that E32 is responsible for the specification of a 
specific organ or structure. From the expression pattern it can tentatively be inferred 
that E32 is expressed only in dividing cells, which are not differentiated yet. 
 
Monensin treated embryos show an altered expression pattern 
 
The expression of E32 in trochophore larvae of 16 hr after first cleavage and older 
clearly showed a distinct dorso-ventral pattern. To see whether embryos, which lack a 
dorso-ventral axis, showed an altered E32 expression pattern, embryos were treated 
with monensin from the fifth cleavage until 1 hr and 30 minutes after fifth cleavage. 
Monensin prevents the formation of the mesodermal stem cell 3D and the dorso-
ventral axis in Patella and thus radializes the embryo (Kühtreiber et al., 1988). 
Monensin treated embryos showed staining with E32, and furthermore showed a 
different expression pattern compared to normal embryos (Figure 7.3.G-I). The 
prototroch, which is formed in radialized embryos, but of which the cells of all four 
quadrants are arranged typically as in the A-quadrant of normal embryos (Damen and 
Dictus, 1996), was not staining with E32 as was also observed in untreated embryos. In 
16 hr monensin treated embryos expression was found in the pretrochal region except 
for the apical tuft and in the entire posttrochal region, in contrast to the appearance of 
differences in expression between the ventral and dorsal side in normal embryos. In  
24 hr monensin treated embryos the entire pre- and posttrochal areas were stained 
similarly to the 16 hr monensin treated embryos (Figure 7.3.G-H). Kühtreiber et al. 
(1988) reported the presence of four shellglands in monensin treated embryos. 
However, no differentiation of larval structures other than the prototroch and apical 
tuft was observed in the monensin treated embryos in this experiment. This suggests 
that also in monensin treated embryos E32 is expressed in non-differentiated cells, 
which is in accordance with E32 expression in normal embryos. 
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Figure 7.3. Expression of E32 as viewed by whole mount in situ hybridization of different stages of  
P. vulgata embryos with a digoxygenin labeled RNA probe of E32 (for procedure see Damen et al. 
1996). A. 6 hr embryo. B. 12 hr trochophore larva. C. α-tubulin expression in 16 hr trochophore larva. 
D. 16 hr trochophore larva, dorsal view. E. 16 hr trochophore larva, ventral view. F. 16 hr trochophore 
larva, animal view. G. 16 hr monensin treated trochophore larva H. 24 hr monensin treated 
trochophore larva, lateral view. I. 24 hr monensin treated trochophore larva, animal view. J. 24 hr 
trochophore larva, dorsal view. K. 24 hr trochophore larva, ventral view. L. Schematic drawing of 28 hr 
trochophore larva (courtesy of P. Damen), lateral view (a=animal pole, v=vegetal pole, d=dorsal side, 
ve=ventral side; p=prototroch, s=stomodeum, ao=apical organ, at=apical tuft, ha=head Anlage, fa=foot 
Anlage, sg=shell gland). 
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RNA-binding proteins are likely candidates for a function as determinants of 

developmental processes, as they can quickly switch on or off particular gene products 
in a temporally and spatially regulated manner (Siomi and Dreyfuss, 1997). There is 
cumulating evidence of post-transcriptional mechanisms regulating gene expression in 
development. A well known example is the translational repression of caudal mRNA 
by bicoid in Drosophila embryos, which results in a posterior-to-anterior gradient of 
caudal (Dubnau and Struhl, 1996). Furthermore, the genes squid, held out wings (how) 
and struthio, that were isolated from Drosophila, all encode KH-domain containing 
RNA-binding proteins, which are involved in developmental processes, i.e. the 
organization of the dorsoventral axis, the development of the muscle and heart, and 
cell adhesion respectively (Kelley, 1993; Zaffran et al. 1997; Lo and Frasch, 1997). In 
addition, MEX-3 in C. elegans and its ascidian candidate orthologue PEM-3 are 
localized KH-domain RNA-binding proteins that are thought to be involved in 
blastomere identity (Draper et al., 1996; Satou, 1999). 

There are some examples of RNA-binding proteins of which the expression 
pattern is correlated with dividing cells. In Drosophila, the suppressor of forked (Su(f)) 
protein, which shows a striking similarity with the 77K subunit of the human cleavage 
stimulation factor (CstF) and therefore is probably involved in mRNA 3’-end 
processing, was found to be expressed in mitotically active cells and absent in non-
dividing cells (Audibert et al. 1998). Also recently, a RNA-binding protein (RBP37), 
which is only expressed in dividing cells, was identified in the plant Arabidopsis 
thaliana (Hecht et al., 1997). 
 In conclusion, Esther 32 represents a gene encoding a putative RNA-binding 
protein, which is interesting because of its specific spatio-temporal expression pattern 
and possible role in post-transcriptional regulation of developmentally important 
genes. From the observation that E32 is not expressed in cleavage arrested and 
differentiated cells it may tentatively be inferred that E32 is involved in the 
maintenance of the undifferentiated state in the cells where it is expressed. E32 mRNA 
knock-out experiments may be helpful in establishing the function of the gene 
represented by E32. 
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This thesis presents the results of an extensive quest for the factors and 
mechanisms determining the specification of the trochoblast cells in the mollusc 
Patella vulgata. Many descriptive and experimental studies of representatives of the 
spiralians were presented one century ago. First, the extraordinary regular spiral 
cleavage pattern was recognized, which is characterized by a left to right alternation of 
cleavage planes oblique to the egg axis. Next, the early cleavage pattern and 
blastomere identity were correlated with particular tissue differentiations, so called 
‘mosaic’ development. From these observations, the concept of cytoplasmic 
localization followed: a cell differentiates according to the information it receives from 
maternally inherited localized cytoplasmic factors that are segregated into to the proper 
cell lineage by the cleavage pattern.  

Experimental evidence for the existence of localized cytoplasmic determinants 
during the early development of the mollusc P. vulgata was provided by Wilson in 
1904. The trochoblast cells form the prototroch, the locomotory organ typical for the 
trochophore larva of molluscs, but also other spiralians. The primary trochoblast 
precursor cells are formed at the 16-cell stage, one in each quadrant. These cells divide 
twice, go into cleavage arrest and start to develop cilia, thus becoming the first 
differentiated cells in the early Patella embryo. With blastomere isolation experiments, 
Wilson showed that primary trochoblasts isolated at the 16-cell stage follow the same 
differentiation process as they would in unperturbed embryos. Thus, Wilson’s data 
strongly suggest that the primary trochoblast cells are specified at the 16-cell stage by 
the presence of localized determinants, which give cues sufficient for the entire 
differentiation program of these cells. As such, the mechanism underlying 
differentiation of the primary trochoblast cells of Patella is an excellent model to study 
autonomous specification in molluscan embryos at a molecular level. 
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To elucidate the mechanism by which the trochoblasts of P. vulgata are 
specified two approaches were taken of which the rationale is explained in chapter 1. 
The first strategy, which is described in chapter 3, makes use of the α-tubulin-4 gene 



�

��	
������

��� 

as a molecular marker for differentiation of the trochoblast cells. The primary 
trochoblast cells, which are the first cells to differentiate in the Patella embryo, express 
α and β-tubulin genes necessary to accommodate ciliation as part of their 
differentiation process. Previous identification and study of the α-tubulin-4 gene 
revealed that this gene is expressed specifically in the primary trochoblast cells from 
the 32-cell stage onwards, and transcriptional regulation of this gene was studied. 
Promoter analysis of the α-tubulin-4 gene showed that seven cis-acting elements play a 
role in regulating transcription of this gene. Two elements in this promoter form the 
core absolutely necessary for correct spatio-temporal expression. This core comprises 
of one negatively acting element, designated element 4, which is necessary for 
repression of tubulin gene expression in the non-trochoblast cells, and a positively 
acting element 5, which when deleted or mutated, results in abolishment of tubulin 
gene expression.  

In chapter 2, we show that tubulin gene expression is regulated by prelocalized 
determinants that become restricted to the first quartet micromeres at the third cleavage 
and one division later to the primary trochoblast precursor cells. The cytochalasin B 
experiments show that at the 8-cell stage only the micromeres possess all the 
information necessary for expression of the trochoblast specific α-tubulin-4 gene. 
Furthermore, correct formation of the micromeres and macromeres at the third 
cleavage is required. When the third cleavage, which is normally the first equatorial 
cleavage, is forced to take place meridionally like the two first cleavages, the resulting 
blastomeres are later on not capable of expressing tubulin. Moreover, the majority of 
embryos in which the proper segregation of determinants was disturbed during the 
third cleavage by centrifugation, did not show tubulin gene expression. Thus, this 
strongly suggests that the factors specifying trochoblast specific tubulin gene 
expression are present at this stage, and are free in the cytoplasmic fraction, or if bound 
to any solid cell compartment, can be released by centrifugation. Correct segregation 
of these factors at the third cleavage is essential for trochoblast specific tubulin gene 
expression.  

We propose a model envisioning an evenly distributed repressing determinant 
and an activator, which becomes restricted to the micromeres and primary trochoblasts 
during the 3rd and 4th cleavage respectively. However, the earlier observations that 
ectopic expression also occurs in cells descending from the macromeres when element 
4 is mutated indicates that the activating factor was also present in these cells, and 
therefore contradicts the model proposed in chapter 2. Therefore, it seems more likely 
that the activating factor is distributed evenly over the embryo and the repressor is 
restricted to specific areas of the embryo where the α-tubulin-4 gene is not expressed. 
In both cases, correct tubulin gene expression relies on the correct distribution of 
prelocalized determinants, all necessary factors becoming fully restricted at the 4th 
cleavage. Possibly, these determinants are the trans-acting factors that are responsible 
for regulation of tubulin gene expression in all cell types, but multiple other regulatory 
scenarios can also be envisioned. 
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Chapter 3 describes the search for the trans-acting factors binding to the core 
elements, element 4 and 5, of the α-tubulin-4 promoter and thus regulating tubulin 
gene expression. We demonstrate that oligonucleotide probes of element 4 and 5 are 
functional in vivo in competing for binding of the trans-acting factors with the tubulin 
promoter/lacZ reporter gene construct and the endogenous tubulin promoter, 
respectively. 

In vitro, we show that in nuclear extracts of 32-cell stage embryos and 
trochophore stage, different factors are binding to the core of the α-tubulin-4 promoter. 
We have identified a <20 kDa protein binding to element 5, which is present in 16-cell 
and 40-cell stage embryos at the onset of α-tubulin-4 expression but not in trochophore 
larvae. Thus, this protein is an excellent candidate for the activating factor required for 
trochoblast specific tubulin gene expression. In addition, we suggest that this protein 
may bind to DNA in a multimerized form. We speculate that the previously identified 
auxiliary cis-acting elements, which next to element 5 all contain one or more motifs 
of the sequence GTTAA are involved in the cooperative binding of a dimer complex of 
this <20 kDa protein to element 5 and one of the auxiliary elements. 

Furthermore, 42 kDa and 55 kDa proteins were specifically binding to the total 
core during the onset of tubulin gene expression, but not later on in development. The 
55 kDa protein was present more prominently at the 40-cell stage. This indicates that 
this protein either is synthesized between the 16-cell and 40-cell stage by translation 
from a maternal or newly transcribed mRNA, or is activated by post-translational 
modification at this stage. The initial presence of this protein coincides with the 
transcriptional increase of tubulin gene expression in the trochoblast cells, suggesting 
that binding of this protein to the α-tubulin-4 promoter may be crucial for initiation of 
tubulin gene expression. Unfortunately, the exact binding sites of the proteins binding 
to the total core remains uncertain, as they still remain to be isolated. Both affinity 
purification and screening of expression libraries with these elements failed.  

Although mRNA levels of tubulin are very high in trochophore larvae, it is not 
known whether this is due to a continued high expression of the tubulin genes or by 
stabilization of the mRNA. With gel shift assays we show association of proteins with 
the α-tubulin-4 promoter in 15 hr trochophore larvae that are different from the 
proteins binding at the initiation of tubulin gene transcription. As the expression level 
of tubulin genes may still be high at this time point, the proteins binding to the α-
tubulin-4 promoter at the trochophore stage may be regulatory factors involved in 
maintenance of tubulin gene expression in the trochoblast cells. 

In chapter 6, it is tentatively speculated that mi10, the Patella HMG-like DNA 
binding factor, may be involved in regulation of the α-tubulin-4 promoter as a putative 
binding site for HMG-box containing proteins is present proximal to element 5 of this 
promoter. However, no binding of proteins of the size of the in vitro products of mi10 
was observed in the Southwestern blot analysis of element 5 (chapter 3). 

Finally, in chapter 4 the evolutionary conservation of the mechanism for 
trochoblast specific tubulin gene expression is examined. The expression of the Patella 
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tubulin promoter/lacZ reporter gene construct in trochoblast cells of two other 
molluscs, Acanthochiton critinis and Dentalium vulgare, indicates conservation of this 
mechanism within the Mollusca. Moreover, we observed trochoblast specific 
expression in one embryo of the polychaete annelid Platynereis Dumerilii and spatially 
unrestricted expression in several embryos of the nemertean Cerebratulus lacteus, 
suggesting that the mechanism responsible for trochoblast specific tubulin gene 
expression may be conserved within the Spiralia. A critical note on the experimental 
approach would be that injecting a promoter construct of one species into another 
species is a very crude method. In case of a negative result, i.e. no expression, no 
discrimination can be made between slight changes in the mechanism, for example a 
single base pair change in the promoter or an amino acid change in the binding region 
of a transcription factor, and a completely different mechanism used for activation of 
the tubulin gene. A positive result, however, is a very strong indication that the 
mechanism is conserved. Interpretation of our results, however, is hampered by the 
number of positive embryos. The trochoblast specific expression in one embryo of the 
annelid P. dumerilii suggests conservation of the mechanism. Moreover, expression in 
pilidium larvae of the nemertine suggests that the mechanism may be partially 
conserved, as the Patella tubulin promoter is activated in these embryos. The factor 
responsible for this activation is possibly identical to the activating factor required for 
expression in Patella, but further injections should be performed to confirm this. 
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Chapters 5 to 7 describe the second strategy employed to identify genes that 
are important for the initial specification processes during the development of Patella 
vulgata. This approach was not exclusively set up to identify the factors that are 
responsible for specification of the trochoblast cells, but also aimed to identify any 
differentially expressed gene in the micromeres or macromeres, which could possibly 
play a role in differentiation processes in the Patella embryo. In chapter 2, as 
summarized above, we showed that the micromeres and macromeres of the 8-cell stage 
embryo are not equal regarding the ability to express tubulin genes. This is the result of 
an unequal distribution of cytoplasmic factors responsible for specification of the 
trochoblast cells over these cells. 

In chapter 5, the results of a differential display on micromere and macromere 
mRNA populations are described. Partial analysis of the 43 micromere and macromere 
specific fragments, resulted in the isolation of several putative micromere specific 
clones, which represent two mitochondrial genes, a glutaredoxin protein and a HMG-
like DNA-binding protein. Furthermore, two unknown transcripts, which show a 
similar expression pattern, were isolated. None of the isolated clones shows the 
anticipated micromere specific expression pattern with whole mount in situ 
hybridization. Both the glutaredoxin-like and HMG-like proteins, which encode 
candidate regulatory proteins, are expressed at such low levels that they do not show 
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any expression with this technique. 
Although not conclusively shown, mi9, representing a low abundant Patella 

glutaredoxin (PaGrx), which is most likely from maternal origin, may still be a 
segregated mRNA that is not evenly distributed over the embryo. Alternatively, PaGrx 
may be differentially activated in the embryo by NADPH. Considering the possible 
changes in NADPH levels at fertilization of the egg or the existence of a redox 
gradient in the embryo, we speculate that PaGrx might be activated at fertilization or 
locally in the Patella embryo. When activated, PaGrx may modify (prelocalized) 
proteins at the post-translational level via redox modifications, thus activating or 
repressing them. This opens possibilities for PaGrx as a determinant during the early 
development of Patella. On the other hand, PaGrx may play a more general role in the 
activation of transcription or protein synthesis in the early embryo. Further experiments 
should be performed which could give further clues about the function of PaGrx. 

Chapter 6 involves the analysis of mi10, one of the putatively micromere 
specific cDNA clones isolated in the differential display. Mi10 is of particular interest, 
as it represents a gene encoding an HMG-like DNA-binding protein in Patella and as 
such can function as a transcription factor. Mi10 mRNA and protein is present at all 
analyzed stages in low abundance, but no differential distribution was observed. 
Differential activation or translocation to the nucleus of mi10 protein in a confined part 
of the embryo, however, can possibly be established by post-translational modification 
of the protein. The amino acid sequence of mi10 predicts 32 possible phosphorylation 
sites by several kinases, such as casein kinase 2, protein kinase C and cdc2 kinase. 
Phosphorylation by the latter may interfere with DNA-binding of mi10, since the 
possible phosphorylation site of cdc2 kinase is found in the vicinity of binding domain 
7. This possibly conserved phosphorylation site was found to play a role in the DNA-
binding activity of the human HMG-I(/Y). Phosphorylation at this site reduces DNA-
binding of HMG-I(/Y) 20-fold, indicating that in mi10 phosphorylation at this site may 
also reduce DNA binding. We speculate on a function for mi10 in regulating 
trochoblast specific tubulin gene expression, as a recognition site for HMG-like 
proteins is present in proximity of element 5 of the tubulin gene promoter, and activity 
of mi10 in the trochoblast cells may be established by the absence of active cdc2 
kinase in trochoblast cells. However, experiments that can corroborate these 
assumptions still have to be performed.  

Chapter 7 describes the isolation of a cDNA clone representing a KH-domain 
containing RNA-binding protein, Esther 32 (E32), which is expressed in a specific 
spatio-temporal pattern. The expression domain of E32 is characterized by the 
undifferentiated state of cells expressing E32. Cells, which are terminally 
differentiated, like the trochoblast and apical tuft cells in the 16 hr trochophore larva, 
do not express E32. Therefore, E32 may possibly play a role in the cell cycle. 
Alternatively, E32 may be involved in the regulation of translation of developmentally 
important regulatory genes. 
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Although classical experiments and the experiments described in chapter 2 have 
shown that at the 8-cell stage the animal micromeres and vegetal macromeres are not 
equipotent in development, indicating the presence of differentially distributed 
morphogenetic substances, no differentially distributed mRNAs were found in a 
differential display of micromere and macromere mRNA pools (chapter 5). This may 
indicate that in Patella early specification may not primarily be controlled by 
differentially segregated mRNAs, in contrast to other species like Drosophila and 
Xenopus. Moreover, in the differential display several new genes were identified of 
which the putative functions suggest that other levels of control may be important 
during the initial specification processes. Clues are provided for establishing spatial 
differences in the embryo by transcriptional regulation, translation control and post-
translational modifications. Each of these mechanisms for control can result in a 
differential distribution or activity of specifying factors. 
 Transcriptional regulation. Zygotic transcription in the Patella embryo greatly 
increases between the 32- and 40-cell stage, which coincides with the loss of division 
synchrony. The quantitative and qualitative changes in gene expression at this stage are 
probably the result of differentiation processes taking place at this moment. Most 
likely, the first genes that are switched on at this stage are under control of maternally 
provided trans-acting factors. Analysis of α-tubulin gene expression in the trochoblast 
cells has shown that this gene is one of first expressed during development. However, 
as α-tubulin is one of the products necessary for terminal differentiation of the 
trochoblast cells, its spatio-temporal expression pattern does not play a role in 
specification processes.  

Evidence for transcriptional regulation as a mechanism for early specification 
processes is the transcription of Esther 32 (E32). This KH-domain containing RNA-
binding protein is a putative regulatory protein, which is expressed in a specific spatio-
temporal pattern. First, E32 mRNA that is probably from maternal origin is present 
until the 64-cell stage and evenly distributed over the embryo. Approximately 12 hr 
after first cleavage E32 is first transcribed zygotically in a very specific spatio-
temporal pattern. In turn, E32 protein may function as a regulatory protein in the 
restricted areas where it is expressed, thus setting up a pattern in the early embryo. 

Translation control. In chapter 7 strong indications are given for the presence of 
translation control as a mechanism to establish asymmetry in the Patella embryo. The 
RNA-binding protein E32 can possibly influence, i.e. most likely repress, translation of 
mRNAs encoding developmentally important genes in the regions where it is 
expressed, thus restricting the presence of their proteins to specific areas.  

Further clues are provided by the presence of exceptionally long 3’ UTRs of the 
isolated mi10, mi9 and E32 cDNAs, which are 1332 bp, 996 bp and 773 bp, 
respectively (chapters 5 to 7). These 3’ UTRs may bear specific cis-regulatory 
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elements, to which RNA-binding proteins involved in either the translational control or 
localization of these mRNAs may bind.  

Post-translational modification. In chapter 5 and 6 clues are provided for the 
existence of post-translational modification as a mechanism to set up regional 
differences in the Patella embryo. Mi9, of which the low abundant presence is most 
likely from maternal origin, encodes a Patella glutaredoxin (PaGrx). This protein, 
which may modify proteins via oxidation-reduction, may be differentially active in the 
embryo, because of redox-gradients or -changes in the embryo. Alternatively, PaGrx 
may be distributed evenly over the embryo, but at a certain time modify prelocalized 
proteins, thus activating or repressing them. As transcription factors are known targets 
for redox control, PaGrx can play a role in extending the regional differences in the 
embryo by differentially activating or repressing factors involved in differentiation 
processes in the early embryo at a post-translational level via redox modifications.  

The presence of multiple putative phosphorylation sites in the ORF of mi10 
encoding an HMG-like DNA-binding protein, also points to a possible involvement of 
phosphorylation and dephosphorylation in the regulation of the activity of specific 
proteins. Interestingly, a potential phosphorylation site for cdc2 kinase was identified 
in vicinity of one of the binding domains of mi10, which in other HMG proteins was 
shown to interfere with the binding to DNA. This suggests that the DNA binding 
activity of mi10 may depend on the phosphorylation state of this site, and possibly 
some of the 31 other identified potential phosphorylation sites are also involved in 
modulation of mi10 activity. As the phosphorylation/dephosphorylation of proteins is 
known to be different in different cell types, this may result in a differential activation 
of mi10. 
 Another important mechanism for specification during the early development of 
eukaryotes is induction by cell-cell interactions. In the Patella embryo inductive cell 
interactions are also known to play a role in cell specification. Although we did not 
include cell-cell interactions in our analysis, they are likely to affect all of the levels of 
control as described above. These inductive cell interactions may even play a role in 
the specification of the trochoblast cells, which have been shown to be specified 
autonomously at the 16-cell stage. It is possible that interactions between the animal 
micromeres and the vegetal macromeres at the 8-cell stage play a role in determining 
the potential of these cells. However, in order to send a specification signal from one 
cell to another, intrinsic differences already have to exist between these cells. Since 
zygotic transcription is not observed until the 32-cell stage in the Patella embryo, these 
differences most likely arise from a differential distribution of maternally provided 
cytoplasmic determinants.  
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This thesis provides several tools for further analysis of specification processes 
in P. vulgata, but also shows the pitfalls of this model system. Little progress has been 
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made since previous work presented by Damen and co-workers handed the molecular 
tools to elucidate the autonomous specification of the trochoblast cells. Interactions of 
trans-acting factors with the identified cis-acting elements of the trochoblast specific 
α-tubulin-4 gene could be shown, but none of these factors have been isolated. 
Furthermore, a differential display in order to show differences in the mRNA 
populations of the two cell types at the 8-cell stage, the micromeres and macromeres, 
has not yielded differentially distributed mRNAs. The micromeres and macromeres, 
however, were shown to be different in the potential to express α-tubulin, suggesting 
that there were intrinsic differences in the contents of these cells regarding regulatory 
molecules. Therefore, future research should perhaps be directed towards the protein 
level by using proteomics strategies, and less to the differential segregation of mRNAs. 
However, as this technique cannot rely on any amplification steps, which are possible 
for mRNAs, this may form a problem for the analysis of low abundant regulatory 
factors in the relatively small amount of Patella embryos available each season.  

Furthermore, the results presented in this thesis show the complexity of early 
specification processes in the mollusc Patella vulgata, since control of these processes 
may rely on interactions between different levels of control. Our results point to 
mechanisms including transcriptional regulation, translation control and post-
translational control via redox and phosphorylation modifications. The identified genes 
provide further tools to analyze the role of these mechanisms in the early specification 
processes taking place in the Patella embryo. The Patella embryo is a suitable model 
to perform functional studies like transient knockout of mRNAs. Unfortunately, 
genetics are not possible because of the long generation time. However, given that 
Patella is one of the few invertebrate model systems for developmental biology and, 
moreover, a representative of the very large group of Spiralia of which relatively little 
is known and which are mostly inaccessible for experimentation, its value as a model 
system is evident and the quest should be continued. 
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Mollusken (o.a. slakken) maken deel uit van de enorm grote groep van 
invertebraten. De vroege ontwikkeling van de mollusk Patella vulgata is bestudeerd 
als modelsysteem voor de mollusken. De vroege ontwikkeling van deze zeeslakken 
kenmerkt zich door enerzijds de manier van klieven, namelijk spiraalklieving, en 
anderzijds door de vorming van een larvaal stadium, de trochophora larve. De 
trochophora beweegt zich voort met behulp van een geciliëerde band met cellen, 
genaamd de prototrooch. De eerste cellen worden al zeer vroeg in de ontwikkeling 
gevormd tijdens de vierde klieving waardoor een 16-cellig embryo ontstaat. Vier cellen 
zullen differentiëren (zich ontwikkelen) tot primaire trochoblasten, die nog twee maal 
delen en daarna ciliën gaan vormen. In dit onderzoek is gekeken naar hoe deze cellen 
weten dat ze trochoblastcel zijn, met name welke factoren hiervoor bepalend zijn.  

Al sinds 1900 wordt gedacht dat deze factoren door de moederslak in de eicel 
worden geplaatst, vandaar de naam maternele factoren, en door de delingen specifiek 
in de trochoblast cellen terecht komen. Dit proces hebben wij op een moleculair niveau 
bestudeerd. De trochoblast cellen brengen als enige cellen vanaf het 32-cellig stadium 
een tubuline gen tot expressie, wat leidt tot de aanmaak van tubuline eiwit dat nodig is 
voor de ciliën. De regulatie van dit tubuline gen is bestudeerd op het niveau van 
transcriptie, het overschrijven van het DNA op het chromosoom wat leidt tot de 
aanmaak van een boodschapper molecuul (mRNA) dat later vertaald wordt in een 
eiwit. Verschillende factoren zijn noodzakelijk voor deze transcriptionele regulatie, 
namelijk specifieke stukken in het gen, de ‘cis-acting’ elementen, en ‘trans-acting’ 
factoren die daar aan kunnen binden, ook transcriptiefactoren genaamd. Voor de 
regulatie van het tubuline gen zijn twee cis-acting elementen onmisbaar, één element 
waar een remmende factor aan kan binden en één element waaraan een activerende 
factor bindt. In hoofdstuk 3 zijn de resultaten van de zoektocht naar de ‘trans-acting’ 
factoren die aan deze ‘cis-acting’ elementen binden beschreven. Met een 
‘Southwestern assay’, waarin de binding van eiwitten aan stukjes DNA kan worden 
bestudeerd, is vastgesteld dat de activerende factor waarschijnlijk een klein eiwitje met 
een molecuulgewicht dat kleiner is dan 20 kDalton. Andere eiwitten die ook aan de 
belangrijkste ‘cis-acting’ elementen binden met molecuulgewichten van 42 and 55 
kDalton werden tevens gevonden. Verder tonen ‘gel shift’ experimenten aan dat er 
verschillende factoren binden aan de belangrijkste ‘cis-acting’ elementen op 
verschillende tijdstippen van de ontwikkeling van de larve, wat zou kunnen betekenen 
dat er verschillende factoren nodig zijn voor het aanschakelen van het tubuline gen 
tijdens de vroege ontwikkeling en voor het onderhoud van de tubuline expressie later. 
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We hebben geprobeerd om deze factoren met verschillende methoden uit embryos te 
zuiveren, maar dat is niet gelukt. Met behulp van ‘Cytochalasine B’ experimenten is 
verder bepaald dat de factoren nodig voor tubuline expressie in de trochoblast cellen al 
aanwezig zijn in de moedercellen van de trochoblasten op het 8-cellig stadium, de 
micromeren, en niet in de overige cellen, de macromeren. Tevens is de correcte 
vorming van de micromeren en de macromeren tijdens de derde klieving, namelijk de 
vorming van een animale laag (aan de ‘bovenkant’) van vier micromeren bovenop vier 
macromeren aan de vegetatieve kant (‘onderkant’) van het embryo, noodzakelijk voor 
correcte tubuline expressie (hoofdstuk 2). 

Een tweede strategie om de maternele factoren die door de moederslak in het 
embryo geplaatst worden en die van belang zijn voor het bepalen van de identiteit van 
een cel, te isoleren was de uitvoering van een ‘differential display’. Er is gekeken naar 
verschillen in boodschapper moleculen (mRNA’s) tussen de micromeren en 
macromeren, die coderen voor factoren die de ontwikkeling gaan bepalen. Dit heeft de 
isolatie van drie interessante eiwitten opgeleverd. Het eerste is glutaredoxin (mi9), een 
eiwitje dat andere eiwitten kan modificeren door een redox reactie, een chemische 
reactie door uitwisseling van zuurstof atomen (hoofdstuk 5). Dit eiwitje kan mogelijk 
transcriptiefactoren die de ontwikkeling van een cel bepalen modificeren en als 
zodanig de ontwikkeling van bepaalde cellen beïnvloeden. Verder is een 
transcriptiefactor geïsoleerd, mi10, die de transcriptie van verschillende genen kan 
reguleren (hoofdstuk 6). Tenslotte Esther32 (E32), een RNA-bindend eiwit, wat de 
aanmaak van bepaalde eiwitten kan beïnvloeden (hoofdstuk 7). Het mRNA voor dit 
eiwit komt specifiek in bepaalde cellen voor, die gekenmerkt worden door het feit dat 
ze nog delen. Niet delende cellen die al gedifferentiëerd zijn, zoals de trochoblasten in 
de prototrooch hebben E32 mRNA niet. Dit suggereert dat E32 een rol speelt bij het 
bepalen wanneer een cel stopt met delen en gaat differentiëren. De precieze rol van 
deze eiwitten tijdens de vroege ontwikkeling van Patella vulgata moet verder 
onderzocht worden. 

Verder is er gekeken of het mechanisme dat de trochoblasten in Patella embryos 
gebruiken voor hun differentiatie ook voor komt bij andere diersoorten die ook een 
spiraalklieving hebben (hoofdstuk 4). Eerst is gekeken naar andere slakken (van het 
fylum Mollusca), namelijk de soorten Dentalium en Acantochiton. Deze slakken 
brengen het tubuline gen van Patella ook specifiek in de trochoblast cellen tot 
expressie, waaruit kan worden afgeleid dat de factoren nodig voor de expressie van het 
tubuline gen aanwezig zijn in deze slakken en dat deze slakken waarschijnlijk 
hetzelfde mechanisme gebruiken voor de expressie van hun eigen tubuline in de 
trochoblast cellen. Dit zou betekenen dat dit mechanisme voor trochoblast specifieke 
tubuline expressie evolutionair geconserveerd is in de mollusken en daarom al 
waarschijnlijk aanwezig was in de voorouder van de slakken. Er is ook gekeken naar 
andere soorten, namelijk de ‘polychaete’ ringwormen Platynereis, Nereis en 
Chaetopterus (fylum Annelida), de ‘ribbon’ worm Cerebratulus en de platworm 
Hoploplana. Van deze wormen brachten één embryo van de ringworm Platynereis en 
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meerdere embryos van de ‘ribbon’worm Cerebratulus het Patella tubuline tot 
expressie. Omdat in de laatste embryos het tubuline gen niet specifiek in de 
trochoblasten tot expressie werd gebracht, is het nog niet geheel duidelijk of het 
mechanisme voor trochoblast specifieke tubuline expressie ook buiten het fylum 
Mollusca geconserveerd is. 

De experimenten beschreven in dit proefschrift geven aanleiding tot nadenken 
over de manier waarop cellen tijdens de vroege embryogenese van de mollusc Patella 
vulgata gespecificeerd worden. Ondanks dat er sterke aanwijzingen zijn dat de 
trochoblasten gespecificeerd worden door de aanwezigheid van gelocaliseerde 
maternele factoren, is het niet gelukt om differentiëel gedistribueerde factoren te 
isoleren. In tegenstelling tot de differentiële distributie van mRNA’s die coderen voor 
factoren betrokken bij determinatieprocessen in andere soorten zoals de fruitvlieg 
Drosophila, zijn er in Patella geen differentiëel gedistribueerde mRNA’s gevonden op 
het 8-cellig stadium. Wel zijn er aanwijzingen gevonden dat door middel van 
mechanismen op het niveau van de vertalen van mRNA’s (translatie) en 
eiwitmodificatie (post-translationele modificatie) een differentiële activiteit van 
determinerende factoren verkregen kan worden. Esther 32 is een RNA-bindend eiwit 
en zou de translatie van bepaalde voor specificatie belangrijke mRNA’s kunnen 
beïnvloeden. Glutaredoxin kan eiwitten, waaronder mogelijk transcriptiefactoren, post-
translationeel modificeren en de activiteit van mi10, een transcriptiefactor, wordt 
mogelijk gereguleerd door fosforylatie. 

 





�

��� 

+�
�,��	��
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De auteur van dit proefschrift werd op 10 juni 1969 geboren in Schijndel. In 1987 
behaalde zij het diploma gymnasium aan het RK gymnasium “Beekvliet” te  
St. Michielsgestel. In hetzelfde jaar begon zij aan haar studie Moleculaire 
Wetenschappen aan de Landbouwuniversiteit Wageningen. In 1993 werd het 
doctoraaldiploma gehaald na stages gelopen te hebben bij de vakgroep Experimentele 
Dierkunde, Celbiologie en –Morfologie bij dr. R.J. Stet, en de vakgroep 
Erfelijkheidsleer bij prof. dr C. Heyting. Verder werd een stage gevolgd in de groep 
van dr. J.D. West aan “the Department of Gynaecolgy and Obstetrics” van de 
University of Edinburgh, Schotland. Van 1 oktober 1993 tot 1 december 1998 werkte 
ze als onderzoeker in opleiding bij de sectie ontwikkelingsbiologie van de vakgroep 
Experimentele Dierkunde van de Universiteit Utrecht aan het door NWO gefinancierde 
onderzoek beschreven in dit proefschrift. Tijdens haar oio schap werkte zij twee maal 
een periode van 3 maanden in het Marine Biological Laboratory in Woods Hole, waar 
zij dankzij fellowships de cursus Embryology kon volgen en 3 maanden zelfstandig 
onderzoek kon doen. Vanaf 1 december 1998 is zij werkzaam in het Academisch 
Medisch Centrum te Amsterdam bij de afdeling Vasculaire Geneeskunde in de groep 
van dr. J.J.P Kastelein, waar zij onderzoek doet aan de transcriptionele regulatie van 
het “cholesteryl ester transfer protein”, een eiwit betrokken bij het lipidenmetabolisme. 
Vanaf 1 december 2001 vervolgt zij het onderzoek aan CETP bij dezelfde afdeling 
dankzij een subsidie van 3 jaar van de Nederlandse Hartstichting. 


