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Abstract                        

Abstract 
Na+,K+ ATPase is an essential ion pump involved in regulating ionic 
concentrations within epithelial cells.  The zebrafish heart and mind (had) 
mutation which disrupts the α1B1 subunit of Na+,K+ ATPase causes heart tube 
elongation defects and other developmental abnormalities that are reminiscent 
of several epithelial cell polarity mutants including nagie oko (nok) and heart 
and soul (has). In this work, I investigated the function and regulatory 
mechanisms of Had/Na+,K+ ATPase during zebrafish cardiac morphogenesis, 
as well as its´ possible interactions with Has/Prkci and Nok/Mpp5.  

In this study, I demonstrate genetic interactions between had and nok in 
maintaining Zonula occludens-1 (ZO-1) positive junction belts within myocardial 
cells during heart development. My results strongly suggest that the interaction 
between Nok/Mpp5 and Had/Na+,K+ ATPase in the maintenance of myocardial 
ZO-1 junction belts requires the Na pump function and that the correct ionic 
balance contributes to the maintenance of myocardial integrity. Biochemical and 
immunohistological experiments suggests that Has/Prkci affects Had/Na+,K+ 
ATPase during zebrafish heart morphogenesis. The analysis of apical-basal 
polarity in has and nok morphants suggest that Has/Prcki and Nok/Mpp5 could 
regulate Had/Na+,K+ ATPase activity by directing its´ subcellular localization. To 
study mechanisms of Had/Na+,K+ ATPase regulation during zebrafish heart 
development, subcellular distribution of a phosphorylation-deficient form of 
Had/Na+,K+ ATPase was analyzed. The results of this analysis suggest that, 
during heart tube elongation, Had/Na+,K+ ATPase activity is regulated at the 
membrane via phosphorylation at an amino-terminal site.  

My results show phosphorylation of the N-terminal intracellular tail of 
Had/Na+,K+ ATPase by PKCs. PKCs have previously been implicated in the 
regulation of the Na pump function via phosphorylation of N-terminal residues. 
Therefore, my results raise the possibility that this mechanism is conserved in 
the zebrafish embryo. Although further experiments are required to understand 
the genetic interactions found in this work, the experimental model system 
established in this study will be useful for the analysis of regulatory 
phosphorylations of this important ion pump in the context of heart 
morphogenesis and development in general. 

Previous studies suggest that heart morphogenesis is driven via direct 
phosphorylation of Has/Prkci targets. Therefore, identification of Has/Prkci 
phosphorylation targets in the context of cardiac morphogenesis would 
contribute to better understand this process. For this purpose, a chemical 
genetic approach was designed to identify Has/Prcki direct phosphorylation 
targets. The experiments performed in this study show the suitability of 
Has/Prkci to be used in a chemical genetic screen. 
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Zusammenfassung 
 

Die Na+,K+ ATPase ist eine essenzielle Ionenpumpe, die an der Regulation der 
Ionenkonzentration epithelialer Zellen beteiligt ist. Die Zebrafischmutation heart 
and mind (had), welche die α1B1-Untereinheit der Na+,K+ ATPase betrifft, 
verzögert die Streckung des Herzschlauches und führt zu weiteren 
Entwicklungsanomalien, die an andere Zellpolaritätsmutanten wie nagie oko 
(nok) und heart and soul (has) erinnern. In dieser Arbeit habe ich die Funktion 
und Regulation von Had/Na+,K+ ATPase während der Herzmorphogenese des 
Zebrafisches und seine möglichen Interaktionen mit Has/Prkci und Nok/Mpp5 
untersucht. 

In konnte nachweisen, dass genetische Interaktionen zwischen had und nok in 
der Aufrechterhaltung von Zonula-Occludens-1-(ZO-1)-positiven 
Adhäsionsbändern Adhäsionsbändern in myokardialen Zellen während der 
Herzentwicklung nachweisen. Meine Ergebnisse deuten darauf hin, dass die 
Interaktion zwischen Nok/Mpp5 und Had/Na+,K+ ATPase zur Aufrechterhaltung 
der myokardialen ZO-1-Adhäsionsbändern die Funktion der Na-Pumpe 
erfordert und dass die korrekte Ionengradienten zur Aufrechterhaltung der 
myokardialen Integrität beiträgt. Biochemische und immunzytochemische 
Experimente legen nahe, dass Has/Prkci Had/Na+,K+ ATPase während der 
Zebrafisch-Herzmorphogenese beeinflusst. Die Analyse der apiko-basalen 
Polarität der has- und nok-Morphanten deutet darauf hin, dass Has/Prkci und 
Nok/Mpp5 die Na+,K+ ATPase-Aktivität möglicherweise durch die Regulation 
ihrer subzellulären Lokalisation regelt. Um die Mechanismen von Had/Na+,K+ 
ATPase-Regulation während der Herzentwicklung des Zebrafisches zu 
studieren, wurde die subzelluläre Lokalisation einer Phosphorylierungs-
defizienten Form von Had/Na+,K+ ATPase analysiert. Die Ergebnisse dieser 
Analyse legen nahe, dass während Herzschlauch-elongation die Had/Na+,K+ 
ATPase-Aktivität an der Zellmembran durch die Phosphorylierung an einer 
amino-terminalen Amino-säure reguliert wird. 

Meine Ergebnisse zeigen eine Phosphorylierung des N-terminalen Endes von 
Had/ Na+,K+ ATPase durch PKCs. PKCs wurden bereits mit der Regulation der 
Na-Pumpen-Funktion durch Phosphorylierung von N-terminalen Resten in 
Verbindung gebracht. Meine Ergebnisse legen die Möglichkeit nahe, dass 
dieser Mechanismus im Zebrafisch konserviert ist. Obwohl weitere Experimente 
nötig sind, um die in dieser Arbeit gefundenen genetischen Interaktionen zu 
verstehen, wird das in dieser Arbeit etablierte experimentelle Modellsystem für 
die Analyse von regulatorischen Phosphorylierungen dieser wichtigen 
Ionenpumpe im Kontext der Herzmorphogenese und der Entwicklung im 
allgemeinen nützlich sein.  
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 IV 

Frühere Studien legen nahe, dass die Herzmorphogenese durch direkte 
Phosphorylierung von Has/Prkci-Zielen gesteuert wird. Die Identifikation von 
Has/Prkci-Phosphorylierungs-Zielen im Kontext der Herzmorphogenese könnte 
dazu beitragen, diesen Prozess besser zu verstehen. Aus diesem Grund wurde 
ein chemisch-genetischer Ansatz entwickelt, um direkte Phosphorylierungs-
Ziele von Has/Prkci zu identifizieren. Die Experimente dieser Arbeit zeigen die 
Eignung von Has/Prkci für chemisch-genetische Screens. 
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1 Introduction 
 
1.1 The Na+,K+ ATPase  
The Na+,K+ ATPase was discovered in peripheral nerves of the shore crab in 
1957 (Skou, 1957). This study was the first to propose a link between the 
transport of Na+ and K+ across plasma membranes and the activity of 
adenosine triphosphatase (ATPase). This discovery was recognized with the 
Nobel Prize in chemistry in 1997.  
The Na+,K+ ATPase, or Na pump, is a membrane bound protein primarily 
involved in the generation of Na+ and K+ gradients across plasma membranes 
and in the determination of cytoplasmic Na+ levels. The Na+ pump generates 
this ionic gradient by pumping three Na+ ions out of the cell and two K+ ions in, 
using for this process the energy obtained from the hydrolysis of a molecule of 
ATP. The function of the Na pump is essential for the maintenance of the 
physiological functions of many cell types by regulating cell volume, intracellular 
pH, and Ca2+ levels, through the activities of the Na+/H+ and Na+/Ca2+ 
exchangers, respectively (for reviews see, Blanco and Mercer, 1998; Therien 
and Blostein, 2000).  In addition to maintaining the osmotic balance of the cell, 
Na+,K+ ATPase functions as a scaffold for proteins involved in different 
functions ranging from signal transduction to the cytoskeleton (Lopina, 2000). 
The Na+,K+ ATPase has been identified practically in all animal tissues and 
extensive research has been done to uncover the pump function, regulation, 
and structure. 
 
1.1.1 The P-type ATPase family 
The Na+,K+ ATPase belongs to the P-type ATPase family, which also includes 
sarcoplasmic and plasma membrane Ca2+-ATPases, H+,K+ ATPases, and 
several procariotic pumps (for review see, Lutsenko and Kaplan, 1995). These 
enzymes share a common catalytic cycle with the unique characteristic that a 
transient phosphorylated form of the enzyme is formed as result of the 
hydrolysis of the ATP molecule (for reviews see, Lutsenko and Kaplan, 1995; 
Sachs and Munson, 1991).  
The reaction cycle of the Na+,K+ ATPase is described in the Albers-Post 
scheme (Fig. 1)  (Albers, 1967;  Post et al., 1972). According to Albers-Post 
mechanism, the enzyme exists in two major conformational states, E1 and E2. 
The E1 form has intracellular facing cation binding sites and high affinity for Na+ 
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and ATP, while the E2 conformational state binds K+ at the extracellular surface. 
The catalytic cycle of Na+,K+ ATPase starts with the binding of three sodium 
ions to the cytoplasmic part of the enzyme which is already bound to ATP. In a 
second step, the enzyme is phosphorylated at a highly conserved aspartate 
residue (Asp-369 in rat α1 isoform) by ATP in a sodium dependent manner 
(Ohtsubo et al., 1990). This aspartate is the first amino acid of the motif DKTGT 
which defines membership in P-type ATPase family (Lutsenko and Kaplan, 
1995). As result of this phosphorylation, in a third step a conformational change 
occurs and the sodium binding sites are exposed to the extracellular surface. 
The three sodiums are then liberated and two extracellular K+ ions bind to the 
enzyme. In a forth step, the translocation of the K+ ions into the cytoplasm is 
accompanied by dephosphorylation of the enzyme and the binding of a new 
ATP molecule. 

 
Figure 1. Na+,K+ ATPase catalytic cycle. A basic Albers-Post scheme describing the 
reaction mechanism of Na+, K+  ATPase is shown here. The general steps are as 
follows: Three Na+ ions bind to the pump at intracellular-oriented sites and catalyze the 
phosphorylation of the enzyme by previously bound ATP. In the E1P form the Na+ ions 
bound to the enzyme are occluded. Then, Na+ ions leave the enzyme at the 
extracellular surface in two steps. The E2P form binds K+ at the outer surface and the 
K+ ions dephosphorylate the enzyme. Dephosphorylation of the enzyme promotes the 
occlusion of K+ ions. ATP binding to the enzyme promotes a conformational change 
that allows K+ to be released to the cytoplasm. The enzyme is then ready to start a new 
cycle. Occluded ions are shown in parentheses. 
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1.1.2 Na+,K+ ATPase structure 
The Na+,K+ ATPase is an oligomer composed of one α and one β subunit (Fig. 
2). The α subunit has ten transmembrane (TM) domains with five extracellular 
loops and is responsible for the catalytic and transport activities of the enzyme. 
The α subunit contains the binding sites for ATP, the cations, and the inhibitor 
ouabain (for reviews see, Lingrel and Kuntzweiler, 1994; Jorgensen et al., 
2003). The β subunit is a glycosylated polypeptide that crosses the membrane 
once. The β subunit is essential for the proper activity of the enzyme, and it 
seems to be involved in maturation of the enzyme, correct localization of the Na 
pump to the plasma membrane, the occlusion of K+ and in modulating the 
affinity of K+ and Na+ to the enzyme (for reviews see, Lingrel and Kuntzweiler, 
1994; Jorgensen et al., 2003; Kaplan, 2002). A small, hydrophobic polypeptide 
member of the FXYD family has been identified as a third Na+,K+ ATPase 
subunit, the γ-subunit (Forbush et al., 1978; Reeves et al., 1980). The γ-subunit 
is often associated with the Na+,K+ ATPase and regulates the pump function in 
a tissue-specific manner (for reviews see, Therien and Blostein, 2000; Garty 
and Karlish, 2006).  
Interactions between Na+,K+ ATPase subunits are required for stablilizing the α 
subunit and for regulating cation affinities. The α subunit interacts with the β 
subunit primarily via the extracellular loops between TM-5 and TM-6, and TM-7 
and TM-8, but cytoplasmic and membrane sequences are also involved 
(Fambrough et al., 1994; Rice et al., 2001; Hebert et al., 2001; Morth et al., 
2007). The transmembrane segment of the γ-subunit interacts with the TM-9 of 
the α subunit (Li et al., 2004; Morth et al., 2007). In addition, the recent 
description of the crystal structure of the Na+,K+ ATPase αβγ complex suggests 
that the extracellular part of the γ-subunit interacts with extracellular domains of 
α and β subunits (Morth et al., 2007). 
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Figure 2. Scheme of the predicted structure of the Na+,K+ ATPase α and β 
subunits. Transmembrane (TM) domains of the α-subunit are numbered. Residue 
D369 is located within the large cytoplasmic loop between TM-4 and TM-5 domains 
and belongs to the DKTGT motif (characteristic of P-type ATPases) (shown in blue). 
The green ovals in the extracellular loop of the β-subunit represent the glycosilation 
sites.   
 
 
 
 
1.1.3 Na+,K+ ATPase regulation 
Since the Na+, K+ ATPase plays an essential physiological role, numerous 
mechanisms that allow the pump to adapt to the constantly changing cellular 
and physiological conditions of the cell are required. Short-term regulation 
comprises the direct regulation of the pump activity or the translocation of the 
pump between the plasma membrane and intracellular compartments. Whereas 
long-term regulation implies generally synthesis and degradation of the 
enzyme.  
The simplest and more direct mechanism to regulate the pump function is via 
Na+ concentration. Activation of the Na+,K+ ATPase by intracellular Na+ occurs 
at concentrations that are often at or above the “steady-state” Na+ 
concentrations (Soltoff and Mandel, 1984). Consequently, small changes can 
have a rapid and dramatic effect on the enzyme function. Cytoskeletal 
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components, such as spectrin, actin and ankyrin, have been shown to interact 
with Na+,K+ ATPase and it is believed that these interactions are required for 
the correct processing and targeting of the Na pump to the appropriate 
membrane compartment (Kashgarian et al., 1988; Koob et al., 1990; Nelson 
and Veshnock, 1987, Morrow et al., 1989; Devarajan et al., 1994). In addition, 
recent studies have suggested that actin and adducin may also regulate pump 
catalytic activity at the membrane (Ferrandi et al., 1999). The γ-subunit 
associates with the Na pump in a tissue- and isoform- specific manner. 
Although expression studies have shown that its function is not required for 
normal Na+,K+ ATPase activity (Hardwicke and  Freytag, 1981; DeTomaso et 
al., 1993; Scheiner-Bobis and Farley, 1994; Beguin et al., 1997), there is strong 
evidence suggesting a role of the γ-subunit regulating the pump function in a 
tissue-specific manner (Beguin et al., 1997; Therien et al., 1997; Jones et al., 
1997; Minor et al., 1998; Arystarkhova et al., 1999; Zouzoulas et al., 2003). For 
example, in Xenopus oocytes the γ-subunit subunit can modify the voltage 
dependence of K+ activation of the Na pump (Beguin et al., 1997). Studies in 
transfected cells showed that the γ-subunit could stablilize the E1 conformation 
of Na+,K+ ATPase by increasing the affinity of the enzyme for ATP (Therien et 
al., 1999; Zouzoulas et al., 2003). Endogenous cardiac glycosides, like ouabain, 
act as short term regulators of pump activity. Due to its medical relevance, the 
inhibitory effect of ouabain on Na+,K+ ATPase function in vascular smooth 
muscle cells and myocytes is of special interest.  
A wide variety of hormones, such as catecholamines, peptide hormones and 
steroids, are involved on short- and long-term regulation of the Na+,K+ ATPase, 
mainly through signaling mechanisms involving protein kinases and 
phosphatases. The role of Protein Kinase A (PKA) and Protein Kinase Cs 
(PKCs) on Na+,K+ ATPase regulation has been extensively studied. Direct 
phosphorylation of Na+,K+ ATPase α-subunit by PKA at Ser-943 has been 
observed in vitro and in vivo in several species (Fisone et al., 1994; Beguin et 
al., 1994). It seems that this phosphorylation event has an inhibitory effect on 
Na+,K+ ATPase catalytic activity at the cell membrane (Bertorello et al., 1991). 
However, the mechanisms by which PKA affects Na+,K+ ATPase function are 
very varied and tissue-specific, thus physiological relevance of PKA mediated 
phosphorylation is still under study. PKC effects on the pump activity are also 
very varied and tissue-specific. In addition, it has been observed that the nature 
of PKC effects depends on the PKC isoform involved (for review see, Therien 
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and Blostein., 2000). Among others several residues in the N-terminal domain 
of the α-subunit of Na+,K+ ATPase have been shown to be phosphorylated by 
PKCs (Béguin et al., 1994; Feschenko and Sweadner, 1997; Chibalin et al., 
1998) In OK cells (a cell line derived from Opossum kidney), the direct 
phosphorylation at Ser-23 of α1-subunit by PKC results in the inhibition of the 
pump function by increasing its endocytosis (Chibalin et al., 1998; Chibalin et 
al., 1999). The same inhibitory mechanism has been observed in Xenopus 
oocytes (Vasilets et al., 1990; Vasilets et al., 1997). In COS-7 cells transfected 
with B. Marinus Na+,K+ ATPase, the phosphorylation of the α-subunit at Ser-16 
by PKC has an stimulatory effect on pump function, probably due to an increase 
in the affinity for Na+ (Béguin et al., 1994). Nevertheless, other experiments 
have shown that these phosphorylation effects have no physiological relevance 
(Nestor et al., 1997; Feschenko and Sweadner, 1997).  
 
1.2 Tight junctions and epithelial polarity 
Vertebrate epithelial cells are joined to each other via a set of intercellular 
junctional complexes composed of tight junctions, adherens junctions and 
desmosomes (Fig. 3). Tight junctions, the most apical junctional complex form a 
circumferential, belt like structure that tightly seals the space between epithelial 
cells regulating epithelial permeability by controlling the passage of molecules 
through the paracellular space. Tight junctions also delimit the boundary 
between apical and basolateral membrane domains contributing to the 
maintenance of epithelial polarity by restricting the diffusion of proteins and 
lipids between apical and basolateral membrane domains (for review see, Shin 
et al., 2006). In addition, tight junctions are connected to signaling factors that 
regulate epithelial differentiation and proliferation. Adherens junctions form at 
the basolateral membrane of epithelial cells, and are responsible for the 
initialization and stabilization of cell-cell adhesion. Additionally, adherens 
junctions regulate the actin-cytoskeleton, and are involved in intracellular 
signaling and transcriptional regulation (for review see, Halbleib and Nelson, 
2007). Desmosomes are localized along the entire lateral membrane of 
epithelial cells and their function is essential in maintaining the integrity of 
epithelial sheets by linking the intermediate filaments of adjacent cells. Similar 
to tight and adherens junctions, recent studies have shown that desmosomes 
have additional functions besides cell adhesion, like  tissue morphogenesis and 
patterning (for review see, Getsios et al., 2004).  
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The correct assembly of these junctional complexes during embryonic 
development is essential for the establishment of epithelial polarity. Moreover, 
epithelial polarity is required for various cell functions including cellular 
morphology and physiology, cell migration, and asymmetric cell division, as well 
as organ morphogenesis.  
 

 

 
 
Figure 3. Vertebrate cell-cell junctions. Schematic representation of cell-cell 
junctions in a polarized epithelial cell. The different intercellular junctions are distributed 
along the basolateral membrane. Tight Junctions (TJs) and Adherens Junctions (AJs) 
are linked to the actin cytoskeleton, and desmosomes are linked to intermediate 
filaments. 
 

 

 

 

1.2.1 Composition of the tight junction 
Tight junctions consist of a group of transmembrane and cytoplasmic adaptor 
proteins that interact with each other forming a complex protein network (Fig. 
4). Transmembrane proteins connect the membranes of adjacent cells and are 
considered responsible for the intramembrane and paracellular barrier 
functions. At the same time transmembrane proteins bind through their 
intracellular domains to the cytoplasmic components of the tight junctions 
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connecting in this way the transmembrane proteins to the actin-based 
cytoskeleton and intracellular signaling.  
Transmembrane proteins 
Tight junctions comprise three classes of transmembrane proteins, occludin, 
claudins and junctional adhesion molecules (JAMs). Occludin, the first identified 
TJ transmembrane protein, has four transmembrane domains with two 
extracellular loops (Furuse et al., 1993). Occludin directly interacts with the 
three isoforms of Zonula Occludens (ZO) proteins, ZO-1, -2 and -3, and these 
interactions are required for the correct localization of occludin to the tight 
junction (for reviews see, González-Mariscal et al., 2000; Shin et al., 2006). 
Several studies in mammalian cells and Xenopus oocytes have shown that 
occludin is involved in the establishment of tight junctions and its paracellular 
barrier function, pointing to specific roles for the different protein domains 
(Balda et al., 1996; Chen et al., 1997; Van Itallei and Anderson, 1997; Wong 
and Gumbiner, 1997). Nevertheless, despite the morphological abnormalities 
observed in the gastric epithelium, occludin knockout mice show intact tight 
junctions and the intestinal epithelial barrier function is normal (Saitou et al., 
2000). In addition to its possible role in the establishment of tight junctions, 
occludin has recently been shown to be involved in the regulation of various 
signaling pathways emerging from the tight junctions.  
Claudins, like occludin, contain four transmembrane domains with two 
extracellular loops. Since the first claudins, claudin 1 and 2, were identified in 
1998 (Furuse et al., 1998a), 24 claudin family members have been identified, 
and tissue-specific expression patterns have been observed for some of them 
(for review see, Tsukita et al., 2001). The C-terminal intracellular tails of 
claudins have PDZ-binding motifs required for association with various 
cytoplasmic members of the tight junctions like ZO-1, -2 and -3, and PATJ 
(protein associated with Lin seven 1 (Pals1)-associated tight junction protein)  
(Roh et al., 2002). Several studies in cell lines have shown the relevance of 
claudins in cell-cell adhesion and in barrier function of tight junctions (Furuse et 
al., 1998b; Simon et al., 1999; Van Itallie et al., 2001; Furuse et al., 2001; Hou 
et al., 2005). Furthermore, the phenotype displayed by claudin-1 knockout mice, 
that die 1 day after birth due to severe dehydration caused by defects in 
epidermal barrier function, strongly suggest that claudins are essential for the 
barrier function of tight junctions (Furuse et al., 2002). 
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JAMs are members of the immunoglobulin superfamily of proteins and have 
one transmembrane domain, an extracellular domain containing two Ig-like 
motifs and a cytoplasmic tail (Kostrewa et al., 2001). JAMs are involved in cell-
cell adhesion through homophilic and heterophilic interactions (Bazzoni et al., 
2000a; Cunningham et al., 2002; Liang et al., 2002). Although recent studies 
involve JAMs in the establishment of tight junctions and the epithelial barrier 
function, their role in these processes is still unclear. 
  

Cytoplasmic adaptor proteins  
The cytoplasmic components of the tight junctions comprise a group of proteins 
with adaptor functions, such as ZO proteins and cingulin, as well as proteins 
with regulatory and signaling functions. ZO proteins belong to the membrane 
associated guanylate kinase (MAGUK) family of proteins. MAGUK proteins 
contain one or more PDZ protein binding domains, one Src homology 3 domain 
(SH3), and a guanylate kinase (GUK) domain (for reviews see, González-
Mariscal et al., 2000). There are three isoforms of ZO proteins: ZO-1, ZO-2 and 
ZO-3. All ZO isoforms bind directly to the C-terminal domains of occludin and 
claudins, as well as to cingulin (for reviews see, Feldman et al., 2005; 
González-Mariscal et al., 2000) Moreover, all ZO proteins interact directly with 
F-actin (Fanning et al., 1998; Wittchen et al., 1999; Itoh et al., 1997). In 
addition, ZO-1 and ZO-2 interact with the actin-binding protein Band 4.1 
(Mattagajasingh et al., 2000). These interactions provide a link between the 
transmembrane components of the tight junctions and the actin-based 
cytoskeleton. ZO-1 was the first tight junction associated protein identified 
(Stevenson et al., 1986) and since then it has been generally used as specific 
marker for tight junctions. Later, ZO-2 and ZO-3 were identified as binding 
partners of ZO-1 (Gumbiner et al., 1991; Balda et al., 1993). ZO-1 is known to 
play a critical role in the establishment and function of tight junctions. In mouse 
blastocysts, ZO-1 appears to be required for the establishment of tight junctions 
(Sheth et al., 1997). A recent study has shown that epithelial cells from ZO-1 
knockout mice exhibit delayed assembly of tight junctions after Ca2+ switch 
(Umeda et al., 2004). ZO-1, in addition to its´ scaffolding function, localizes to 
the nucleus during the maturation of the epithelial monolayer where it is thought 
to regulate proliferation by interacting with ZONAB (ZO-1-associated nucleic 
acid-binding protein) (Balda et al., 2003).   
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Figure 4. Composition of tight junctions. Schematic representation of the basic 
composition of the tight junction (TJ). The figure shows some of the protein-protein 
interactions that occur at the TJ. Transmembrane (TM) proteins (claudin, occludin and 
JAM) mediate cell-cell adhesion via direct interaction of their extracellular domains. 
Interactions between the TM proteins and cytoplasmic adaptor proteins, such as ZO 
proteins and cingulin, are required to maintain the structural integrity of the TJ and to 
connect TM proteins to the actin cytoskeleton. In addition, cytoplasmic adaptor proteins 
connect the TJ to intracellular signaling. JAM, junctional adhesion molecule; Pals1, 
protein associated with Lin seven 1; Patj, Pals-1 associated tight junction protein; ZO, 
zonula occludens. (Modified after Shin et al., 2006). 
 
 
 
 
 
1.2.2 Tight junction assembly and establishment of epithelial polarity 
Cell junctions assembly and epithelial polarity establishment and maintenance 
are two interconnected processes regulated by evolutionary conserved protein 
complexes. Two of these protein complexes, the aPKC/Par3/Par6 and the 
Crumbs3/Pals1/PATJ complexes, interact functionally and structurally with each 
other and with tight junctions proteins (Fig. 5). The aPKC/Par3/Par6 complex, 
also known as the Par (partitioning defective) protein complex, includes atypical 
Protein Kinase C (aPKC), and the two PDZ domain containing proteins Par3 
and Par6. Par proteins were first identified in Caenorhabditis elegans as 
proteins involved in regulating the asymmetric division in the one-cell embryo 
(Kemphues et al., 1988), a process closely related to the establishment of cell 
polarity. Studies in mammalian cells characterized the mammalian homologs of 
the Par proteins, their interaction with aPKC and led to the analysis of their role 
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in cell polarity (for review see, Macara, 2004). In mammalian epithelial cells, 
Par3 and Par6 are recruited to the forming TJs, via interaction between Par3 
and JAMs, where they are required for the regulation of junction assembly and 
polarization (Ebnet et al., 2001; Itoh et al., 2001; Izumi et al., 1998; Joberty et 
al., 2000). It has also been shown that Par6 binds to the GTP-bound form of 
Cdc42 - a key player in the establishment of epithelial polarity – and this 
interaction results in the activation of aPKC, an essential requirement for the 
maturation of the junctional complex and TJ formation (Kroschewski et al., 
1999; Lin et al., 2000; Suzuki et al., 2001; Suzuki et al., 2002). 
The Crumbs/Pals1/PATJ or Crumbs complex localizes along the entire apical 
membrane  in mammalian epithelial cells and associates with the apical end of 
TJs (Roh et al., 2002; Lemmers et al., 2002; Makarova et al., 2003). Crumbs 
was first identified in Drosophila, in association with Stardust (Drosophila 
ortholog of Pals1) and DmPATJ, and localizes to the subapical region, a region 
above the Zonula adherens (ZA) in Drosophila epithelial cells (Tepass et al., 
1990; Bachman et al., 2001; Hong et al., 2001; Bhat et al., 1999). The ZA 
consist of the most apical junctional complexes found in Drosophila mature 
epithelial cells and functions as a fence between apical and basolateral 
membrane domains, an essential feature to maintain epithelial polarity. Loss-of-
function crumbs mutants show severe disorganization and degeneration of 
embryonic epithelia (Tepass et al., 1990), and this phenotype is also observed 
in stardust mutants (Tepass & Knust, 1993). During Drosophila embryonic 
development Crb is required together with Std for the biogenesis of Zonula 
adherens (ZA) (Grawe et al., 1996; Tepass, 1996). Functional studies in 
mammalian epithelial cells suggest that all three components of the Crumbs 
complex are involved in TJ assembly and cell polarity. The overexpression of 
Crb3, which is ubiquitously expressed in epithelial tissues, leads to delayed TJ 
formation and disruption of epithelial polarity (Roh et al., 2003; Lemmers et al., 
2004). The introduction of exogenous Crb3 into MCF10A cells, which express 
low levels of Crb3 and do not form TJs in vitro, induces the formation of 
functional TJs (Fogg et al., 2005). RNA interference (RNAi) mediated inhibition 
of Pals1 in mammalian epithelial cells disrupts TJ formation and establishment 
of cell polarity (Straight et al., 2004). Moreover, the defects observed are the 
consequence of a failure in the recruitment of aPKC/Par3/Par6 to the TJs 
(Straight et al., 2004). Knockdown of PATJ by RNAi in mammalian Madin-Darby 
canine kidney (MDCK) cells affects cell polarity establishment (Shin et al., 

 11



                                                                                                       Introduction 

2005). And, adenovirus E4-ORF1 disrupts TJs by interacting with PATJ and 
sequestering it from the TJ (Latorre et al., 2005).   
The connection between cell polarity and cell junctions assembly is also 
observed during vertebrate development. For example, zebrafish mutants for 
Prkci (zebrafish aPKCi homolog) and nok/mpp5, which encodes Nok (the 
zebrafish Pals1 ortholog), morphants (knockdown animals generated using 
morpholino antisense oligonucleotides) show epithelial polarity defects and 
disruption of ZO-1 positive apical junctions within the embryonic myocardium 
(Rohr et al., 2006). 
 

 

 

 

 
Figure 5. Interaction between apical polarity protein complexes and tight 
junctions. Schematic representation of the interactions between the components of 
the apical protein complexes and the tight junction (TJ). The aPKC/Par3/Par6 complex 
interacts with the Crumbs complex (Crumbs/Pals1/Patj) via direct binding of Par6 and 
Pals1. The Crumbs complex localizes along the apical membrane and interacts with 
the TJs via Patj. The Par protein complex interacts with the TJs via direct binding of 
Par3 and JAM. aPKC, atypical Protein Kinase C; JAM, junctional adhesion molecule; 
Pals1, protein associated with Lin seven 1; Par, partitioning defective; Patj, Pals-1 
associated tight junction protein; ZO, zonula occludens. 
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1.3  Involvement of Na+,K+ ATPase in cell junction formation  
Studies in invertebrate models and tissue culture systems have suggested a 
role of Na+,K+ ATPase in cell junction formation. In Drosophila, the Na+,K+ 
ATPase homolog is a structural component of septate junctions, a structure that 
functions as a paracellular barrier similar to the vertebrate tight junction, and is 
essential for its paracellular barrier function (Genova and Fehon, 2003; Paul et 
al., 2003). Co-localization and functional studies, using the Drosophila tracheal 
system (an epithelial tubular network) as model, demonstrated that Na+,K+ 
ATPase is essential for correct localization of several septate junctions proteins 
without affecting epithelial cell polarity. In addition, this study shows that Na+,K+ 
ATPase α and β subunits are essential for barrier function of the septate 
junction. 
Studies using a Ca2+-switch model in mammalian MDCK cells suggested that 
Na+,K+ ATPase activity may be essential for the formation of tight junctions and 
desmosomes, and for the establishment of epithelial polarity (Rajasekaran et 
al., 2001a). Inhibition of Na+,K+ ATPase either using ouabain (specific Na+,K+ 
ATPase inhibitor) or by K+ depletion (which abolishes the steep K+ gradient 
required for pump function) prevented the formation of functional TJ and 
desmosomes, as well as the establishment of epithelial polarity (Rajasekaran et 
al., 2001a; Rajasekaran et al., 2003; Contreras et al., 1999). Furthermore, cells 
treated with the sodium ionophore Gramicidin failed to form tight junctions and 
desmosomes, and to establish epithelial polarity, similar to ouabain treatment or 
K+ depletion of cells. Gramicidin effects correlated with increased intracellular 
Na+ levels, suggesting a key role of intracellular Na+ concentration in the 
establishment of epithelial polarity (Rajasekaran et al., 2001a). In mouse 
blastocysts, a preimplantation embryo model for the study of epithelial cell 
differentiation, the inhibition of Na+,K+ ATPase by ouabain treatment or by K+ 
depletion results in the mislocalization of the TJs markers ZO-1 and occludin 
and increased paracellular permeability (Violette et al., 2006). Similarly, the 
inhibition of Na+,K+ ATPase affected tight junction structure and transmembrane 
permeability of human retinal pigment epithelial cells  (Rajasekaran et al., 
2003).   
Although these studies establish a link between the Na pump function and the 
establishment and maintenance of cell junctions, further studies are necessary 
to understand the molecular mechanism mediating the role of Na+,K+ ATPase 
function in this process. 
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1.4 The Na+,K+ ATPase and heart development 
In adult hearts, Na+,K+ ATPase regulates cardiac contractility through the 
interaction with the Na+/Ca2+ exchanger. Na+,K+ ATPase controls the 
intracellular Na+ concentration, which determines the Ca2+ concentration via the 
Na+/Ca2+ exchanger.  Ca2+ is then pumped into the sarcoplasmic reticulum (SR) 
by SR Ca2+ ATPase (SERCA) and released during subsequent stimulation (for 
review see, Schwinger et al., 2003). Although the physiological role of Na+,K+ 
ATPase has been extensively studied in adult hearts, few studies have 
addressed the role of Na+,K+ ATPase during heart development. The first hint 
for a role of Na+,K+ ATPase in cardiac patterning came from studies carried out 
by Linask (1992). He observed a redistribution of Na+,K+ ATPase from an even 
to a basolateral position in chicken differentiating cardiomyocytes at the time of 
heart tube elongation (Linask, 1992), suggesting a role for the Na pump in this 
process. Genetic studies in mice have shown that the Na pump plays an 
essential role during development. Mice deficient for the α1 isoform of Na+,K+ 
ATPase are embryonically lethal and mice deficient for the α2 die few days after 
birth (James et al., 1999). However, further studies are required in either of the 
two mouse models to asses embryonic heart defects (James et al., 1999). 
Zebrafish is an excellent vertebrate model organism for the study of organ 
morphogenesis due to its external development and transparency. In addition, 
zebrafish mutants with morphological and functional heart defects, like has and 
nok, survive up to 5 days because the circulatory system is dispensible for 
oxygen or nutrient transport during the first days of development (Chen and 
Fishman, 1997; Sehnert et al., 2002; Rohr et al., 2006). The heart and soul 
(has) mutation disrupts the gene encoding Prkci and causes an arrest of heart 
morphogenesis at very early stages resulting in a non-functional heart (Yelon et 
al., 1999; Horne-Badovinac et al., 2001; Peterson et al., 2001; Rohr et al., 
2006). The nagie oko (nok) gene, which encodes the zebrafish ortholog of the 
mammalian Pals1/Mpp5, is required for heart tube elongation, normal heart 
beat rate and the establishment of peripheral circulation (Wei and Malicki, 2002; 
Rohr et al., 2006). These characteristics make zebrafish a unique model for the 
study of heart development. In my work, I used zebrafish to study the role of 
Na+,K+ ATPase during heart morphogenesis.  
The zebrafish α1B1 subunit of Na+,K+ ATPase is encoded by the heart and 
mind (had) locus and is required for heart morphogenesis and brain ventricle 
formation during embryonic development of the zebrafish (Shu et al., 2003; 
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Yuan and Joseph, 2004; Lowery and Sive, 2005). The had mutant heart 
phenotype is characterized by abnormal primitive heart tube elongation and 
aberrant cardiomyocyte differentiation (Shu et al., 2003; Yuan and Joseph, 
2004). In addition, had mutants show reduced heart rate and contractility, 
indicating that the α1B1 subunit of Na+,K+ ATPase plays a critical role in 
regulating cardiac function (Shu et al., 2003; Yuan and Joseph, 2004). 
Furthermore, blocking Had/Na+,K+ ATPase with ouabain phenocopies the heart 
tube extension defects observed in had mutants demonstrating for the first time 
that the Na pump activity is required during heart morphogenesis (Shu et al., 
2003; Yuan and Joseph, 2004). 
In zebrafish developing heart three Na+,K+ ATPase isoforms are expressed, 
α1B1 (also called α1a.1), α2 and β1a (Rajarao et al., 2001; Serluca et al., 
2001). However, despite a high protein sequence homology between α1B1 and 
α2 isoforms, they display distinct roles during zebrafish heart development. 
Whereas α1B1 is required for early cardiac patterning and contractility, α2 is 
required for proper cardiac laterality (Shu et al., 2003).   
     
1.5 Zebrafish heart development 
1.5.1 Heart morphogenesis 
In zebrafish, heart morphogenesis (Fig. 6) (for review see, Stainier, 2001) 
involves the migration of two bilateral populations of cardiac precursors, 
originating from the anterior lateral plate mesoderm, towards the embryonic axis 
(Warga and Kimmel, 1990). The fusion of the cardiac precursors at the 
embryonic midline is followed by the formation of a dorso-ventrally oriented 
shallow cone, referred to as “heart cone” (Yelon et al., 1999). The heart cone 
then reorients into the anterior-posterior plane of the embryo and elongates 
along this axis to form the primitive heart tube (Stainier et al., 1993; Yelon et al., 
1999). By 24 hours post fertilization (hpf), primitive heart tube morphogenesis is 
completed and the heart beats. At 30 hpf, two distinct heart chambers are 
present, an anteriorly localized atrium and a posterior ventricle. By 36 hpf, the 
heart tube transforms into a looped, two chambered organ with the ventricle 
positioned to the right of the atrium (Stainier et al., 1993; Yelon et al., 1999). At 
last, by 48 hpf, heart looping is completed and formation of the heart cushions 
separates the atrial and ventral chambers (Hu et al., 2000). 
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Figure 6. Zebrafish heart development.  A scheme-drawing showing the steps of 
heart development in zebrafish. By the 16-somite stage, cardiac precursors (originated 
from the anterior lateral plate mesoderm) are organized in two bilateral sheets. Then, 
myocardial cells fuse at the embryonic midline forming, by the 20-somites stage, a 
shalow cone (heart cone) with the apex raised dorsally. Next, the heart cone reorients 
from the dorso-ventral into the anterior-posterior axis. By 24 hpf, the heart cone has 
elongated along the anterior-posterior axis. By 36 hpf, the heart tube converts into a 
looped, two chambered organ. Finally, by 48 hpf, functional cardiac valves are formed. 
A, anterior; P, posterior; L, left; R, right. (Modified after Rohr et al., 2006). 
 

 

 

 

1.5.2 Molecular mechanisms of heart morphogenesis 
The first molecular insight into heart development came from studies in 
Drosophila. The Drosophila tinman mutant fails to form the heart or dorsal 
vessel (Bodmer et al., 1990). The tinman gene encodes a Nk2 family homeobox 
transcription factor. Since Drosophila tinman was discovered, expression of 
another member of the Nk2 family, nkx2.5, has been found in differentiating 
myocardial cells of vertebrates (Komuro and Izumo, 1993; Lints et al., 1993; 
Tonissen et al., 1994; Evans et al., 1995; Schultheiss et al., 1995; Lee et al., 
1996; Chen and Fishman, 1996). Additionally, severe heart formation defects 
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are observed in mice and humans with mutations in nkx2.5 (Lyons et al., 1995; 
Schott et al., 1998; Benson et al., 1999; Tanaka et al., 1999). 
The first paper about zebrafish heart development was published in 1992 
(Stainier and Fishman, 1992) and since then many mutants with heart 
morphological as well as functional defects have been isolated in genetic 
screens, some of which have been positionally cloned. Zebrafish genetic 
studies are providing valuable information about the molecular mechanisms 
underlying cardiac precursor differentiation and migration, heart tube formation, 
cardiac chamber and valve formation. There is no zebrafish mutant for nkx2.5, 
however, overexpression studies have shown its implication in early cardiac 
patterning (Chen and Fishman, 1996). In addition, several mutants for genes 
encoding factors that affect nkx2.5 expression in myocardial cells during 
development have been identified. These mutants include swirl (swr), one-eye 
pinhead (oep), faust (fau) and acerebellar (ace) and the isolated genes encode, 
respectively, Bmp2b (Kishimoto et al., 1997), Oep (a member of the epidermal 
growth factor-Cripto/FRL1/Cryptic (EGF-CFC) family) (Schier et al., 1997; 
Zhang et al., 1998; Gristman et al., 1999), Gata5 (a zinc-finger transcription 
factor) (Reiter et al., 1999) and Fgf8 (Reifers et al., 2000). 
In contrast to the extensive research done in myocardial differentiation, little is 
known about this process in endocardial precursors. Analysis of the zebrafish 
cloche mutation (Stainier et al., 1995), which blocks endothelial and blood 
differentiation, will help to gain insight into signaling mechanisms involved in 
endocardial differentiation. Attempts to positionally clone cloche have failed so 
far. However, gain-of function studies suggest that cloche functions upstream of 
two transcription-factor encoding genes, hhex and scl, which are expressed in 
the haemangioblasts, the hypothetical common precursors of endothelial and 
blood cells (Liao et al., 1997; Liao et al., 2000; Liao et al.,1998).  
A key process during heart development is the migration of the cardiac 
precursors towards the embryonic midline. Genetic approaches in mouse and 
zebrafish have uncovered some of the critical factors involved in this process. 
Mutations in genes involved in cardiac precursor migration result in the 
formation of two bilateral hearts, a phenotype known as cardia bifida. In 
zebrafish, several cardia bifida mutants have been found to date, and the genes 
affected have been identified for most of them. The proteins encoded by these 
genes have largely been found to affect endoderm formation and/or myocardial 
differentiation. The detailed analysis of the cardia bifida mutant miles apart (mil) 
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has unveiled the involvement of lysosphingolipid signaling in the fusion of the 
bilateral heart primordia (Kupperman et al., 2000). mil encodes a G-protein 
coupled receptor (GPCR), the sphingosine-1-phosphate receptor that binds to 
lysosphingolipids such as sphingosine-1-phosphate. Lipids have previously 
been implicated in cell migration in Drosophila (Zhang et al., 1997). Moreover, 
the analysis of the interaction between mil and the cardia bifida mutant natter 
(nat), which encodes Fibronectin, a major component of the extracellular matrix 
(Trinh and Stainier, 2004), have shown a functional link between sphingosine-1-
phosphate receptor signaling and cell-Fibronectin interaction during myocardial 
migration in zebrafish (Matsui et al., 2007). Recent studies futher support the 
critical role played by GPCR signaling during heart morphogenesis in zebrafish. 
These studies have shown that the GPCR angiotensin receptor-like 1b (agtrl1b) 
and its ligand, Apelin, are required for migration of the myocardial progenitor 
fields (Zeng et al., 2007; Scott et al., 2007).  In addition, the detailed analysis of 
the nat mutant showed that myocardial precursors form a polarized epithelium 
during migration towards the embryonic midline, and that the establishment of 
proper cell polarity during this process is essential (Trinh and Stainier, 2004). 
A role for cell polarity during zebrafish heart development was first 
demonstrated in a study of the has mutant (Horne-Badovinac et al., 2001; 
Peterson et al., 2001), which showed that heart morphogenesis arrests at the 
heart cone stage. The has gene encodes atypical Protein kinase c iota (Prkci) 
(Horne-Badovinac et al., 2001; Peterson et al., 2001). Although myocardial cells 
show disrupted apical-basal polarity, similar to the nat mutant phenotype, they 
are capable of migrating to the midline and to form the heart cone. The analysis 
of has function during heart development revealed that the catalytic activity of 
Has/Prkci is required for proper heart morphogenesis (Rohr et al., 2006). 
Moreover, Rohr et al. (2006) showed that Has/Prkci acts autonomously within 
cardiomyocytes. Together, these results  suggest that phosphorylation targets 
of Has/Prkci might be involved in heart development. However, direct 
phosphorylation targets of Has/Prkci in the context of heart development have 
not been yet identified. Identification of Has/Prkci dowstream signaling 
pathways will help to understand the molecular basis of heart morphogenesis. 
In my work, I designed a chemical genetic screen to identify direct 
phosphorylation targets of Has/Prkci during zebrafish development. The 
analysis of the zebrafish mutant crumbs2(crb2)/oko meduzy(ome), which is 
deficient for the apical polarity protein Crumbs2, showed cardiac edema and 
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peripheral circulation defects, which are usually associated with heart defects 
(Malicki et al., 1996; Malicki et al., 1999). Recent in vitro studies have shown 
that DmCrb is phosphorylated by Prkci (Sotillos et al., 2004). Although these 
observations suggest a possible link between heart development and a 
potential phosphorylation target of Has/Prkci, a direct link between these two 
proteins during heart morphogenesis has not been shown. Besides has, only 
two more zebrafish mutants affecting heart tube elongation have been 
identified, nok and had. nok/mpp5 encodes Nok, the zebrafish Pals1 ortholog 
(Wei and Malicki, 2002; Rohr et al., 2006) and is required for the proper cellullar 
localization of Prkci during heart morphogenesis (Rohr et al., 2006). The study 
of has and nok mutants concluded that both are required for the polarized 
organization and coherence of myocardial cells during heart cone formation 
(Rohr et al., 2006). The third mutation affecting primitive heart tube elongation 
is had. The had locus encodes the α1B1 subunit of Na+,K+ ATPase (Shu et al., 
2003), and the mutants show an abnormally short primitive heart tube. In my 
thesis work I studied the mechanisms underlying heart tube elongation and the 
relation of had, nok and has during this process. 
The formation of the cardiac chambers has also been addressed in zebrafish. 
Retinoic acid has been implicated in cardiac chamber formation in chick and 
zebrafish embryos (Xavier-Neto et al., 2000; Yelon and Stainier, 1999). In 
addition, genetic studies in zebrafish have identified several genes, such as 
gata5 (Reiter et al., 1995), pandora/spt6  (Keegan et al., 2002) and hand2 
(Yelon et al., 2000),  to be involved in chamber formation.  
Genetic studies analyzing the last stage of heart development, the valve 
formation, have also been performed in zebrafish. Cardiac valves form from 
endocardial cushions that are transient structures derived from the 
endocardium (Beis et al., 2005). Several signaling pathways, such as Notch 
and calcineurin (Beis et al., 2005), as well as hemodynamic shear stress (Hove 
et al., 2003) have been implicated in cardiac valve formation in zebrafish. 
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2 Aim of this study 
 
The main aim of this study was to characterize the potential involvement of 
Had/Na+,K+ ATPase in regulating cell polarity during zebrafish cardiac 
morphogenesis, as well as its´ possible interactions with Has/Prkci and 
Nok/Mpp5. In zebrafish, the α1B1 subunit of Na+,K+ ATPase is encoded by the 
heart and mind (had) locus. The zebrafish heart and mind mutation causes 
heart tube elongation defects and other developmental abnormalities that are 
reminiscent of several epithelial cell polarity mutants including has/prkci and 
nok/mpp5. The Na pump, in addition to maintaining the ionic balance of the cell, 
acts as a scaffolding molecule for proteins involved, for example, in the 
cytoskeleton assembly. This study aimed at analyzing the contribution of the ion 
balance control versus the scaffolding function of Had/Na+,K+ ATPase during 
zebrafish heart development by using an allelic replacement approach with a 
catalytic mutant form of Had/Na+,K+ ATPase and by pharmacological inhibition 
of the Na pump function. 
This study aimed at analyzing Had/Na+,K+ ATPase regulation via N-terminal 
phosphorylation during zebrafish heart development by using an allelic 
replacement approach with a N-terminal regulatory mutant of the enzyme and 
assessing its subcellular localization in cardiomyocytes. Phosphorylation of 
serine residues at the N-terminal intracellular tail of the α-subunit of Na+,K+ 

ATPase has been shown to regulate the enzyme function by affecting its 
subcellular distribution. This approach should show whether this mechanism is 
conserved during heart development. In addition, this study aimed at analyzing 
whether PKCs, which have been shown to regulate the Na pump function via 
phosphorylation of N-terminal residues, phosphorylate functional relevant 
residues at the N-terminal intracellular tail of the Had/Na+,K+ ATPase in vitro.        
Another part of my study aimed at designing a chemical genetics screen to 
identify Has/Prkci direct phosphorylation targets. The establishment of epithelial 
apical-basal polarity has been shown to be required for proper zebrafish heart 
development. Moreover, the catalytic activity of Has/Prkci is essential during 
this process (Rohr et al., 2006). Therefore, identification of Has/Prkci direct 
phosphorylation target proteins during zebrafish development would provide 
valuable information about molecular mechanisms involved in this process. 
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3 Materials and Methods 
 
3.1 Animal experiments 
3.1.1 Fish maintenance and stocks 
Zebrafish were maintained at standard conditions (Westerfield, 1994). Embryos 
were kept in egg water (60μg/ml Instant Ocean Sea Salts, Aquarium Systems 
Inc., USA). Embryos were staged at 28.5 °C (Kimmel et al., 1995) and 
according to somite number. 
The following fish strains were used: 

 

AB (wild type line) 

Tg(cmlc2:GFP) (Huang et al., 2003) 

nokm520;Tg(cmlc2:GFP) (Rohr et al., 2006) 

hasm567;Tg(cmlc2:GFP) (Rohr et al., 2006) 

 

3.1.2 Embryo injections 
Glass injection needles were pulled in a Flaming/Brown Micropipette Puller. 
Needle tips were opened to the desired diameter using fine forceps. 
Approximately 5 nl solution were injected into one-cell stage embryos using a 
microinjector/micromanipulator set up (MPPI-2 Pressure Injector/BP15 Back 
Pressure Unit, Applied Scientific Instrumentation, USA; MM33 
Micromanipulator, Maerzhaeuser, Germany). 
  
Morpholino antisense oligonucleotides injection 
Morpholino antisense oligonucleotides (Morpholinos) were purchased from 
Gene Tools, LLC, USA. Morpholinos (MO) were diluted to the appropriate 
concentration [hadMO: 50 mM (injection into nokm520) or 200mM; hasMO: 100 
mM; nokMO: 100 mM; SERCA2MO: 400 mM] in 0.1mM KCl ddH2O.  
Morpholino sequences (5´→ 3´): 
 

hadMO    CTGCCAGCTCATATTGTTCTCGGCC   (Shu et al., 2003)  

hasMO    TGTCCCGCAGCGTGGGCATTATGGA  (Rohr et al., 2006) 

nokMO    TGAGGTCAGCAGCGGCTCCAAACAC  (Rohr et al,. 2006) 

SERCA2MO   GGAAGAGAATCCCGCTCAAGTCAAG  (Ebert et al.,2005) 
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mRNA injection  
mRNA was transcribed in vitro using the SP6 Message Machine kit (Ambion). In 
vitro synthesized capped mRNA was diluted to the appropriate concentration in 
0.1 mM KCl DEPC ddH2O. For rescue experiments the mRNA was mixed with 
the MO prior to injection. If not stated otherwise, 50ng/μl of had mRNA and 
25ng/μl of has mRNA were injected.  
 
3.1.3 Ouabain treatment 
Embryos were treated with ouabain as previously described (Shu et al., 2003). 
nokm520;Tg(cmlc2:GFP) and wt siblings zebrafish embryos were raised in egg 
water for the first 5 hours of development. At 5 hpf, ouabain (Sigma) was added 
to the egg water to a final concentration of 1 mM. These embryos were grown in 
the presence of ouabain until 32 hpf and then fixed in 4% PFA for 
immunohistochemistry. 

 

3.2 Molecular biology methods 
3.2.1 Polymerase chain reaction (PCR) 
DNA was amplified by PCR using the Expand High Fidelity PCR system 
(Roche). If not stated otherwise, the reaction conditions were as follows:  
 

100-200 ng of template DNA 

0.5 mM dNTPs 

1x Expand High Fidelity buffer 

25 pmol of forward (for) primer 

25 pmol of reverse (rev) primer 

5 units Expand High Fidelity polymerase 

 

 

 

 

The PCR cycling conditions were:  
 

Initial denaturation 2 min   94 °C 

10 cycles 

Denaturation  15 sec   94°C 
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Annealing 30 sec    55-60°C (according to primers sequence) 

Extension 1 min/1.5 kb  72°C 

20 cycles  

Denaturation 15 sec   94°C 

Annealing 30 sec    55-60°C (according to primers sequence) 

Extension 1 min/1.5 kb  72°C 

  (+5sec/cycle)                                            

Final extension 7 min   72°C 

Cooling  unlimmited   4°C  

 

PCR products were visualized by agarose (1%) gel electrophoresis.  
PCR primers sequence  (5´→ 3´): 

 

Had cloning into pCS2+HisMyc 

Had_XhoI for CCGCTCGAGGGACGAGGAGAAGGCCGA 

Had_XbaI rev CTAGTCTAGATTAATAGTAGGTCTCCCTCTCC 

Had N-terminal cloning into pQE-30 

HadMycBamHI for CGGGATCCGTCGACGAACAAAAACTCATC 

Had98HindIII rev CCCAAGCTTTTACTTGCAGAACTTGACCCATTC 

Had49HindIII rev CCCAAGCTTTTACAGGGACAGTTTGTGATCAT 

 

3.2.2 DNA cloning 
PCR products were separated on 1% agarose gels and the band of interest was 
cut from the gel and purified using the Gel extraction kit from Qiagen. Purified 
PCR products and vectors were digested with the corresponding restriction 
enzyme(s) at 37 °C for 5 hrs to overnight. When required, restriction enzymes 
were inactivated for 20 minutes at 60°C or 80°C. To prevent re-ligation of the 
vector during the ligation reaction, linearized vectors were treated with Calf 
intestinal alkaline phosphatase (CIP) for 1 hrs at 37°C. DNA digests were 
separated on 1% agarose gels and extracted using the Gel extraction kit from 
Qiagen. Ligation was performed using the Rapid ligation kit (Fermentas) as 
follows, 50 ng of dephosphorylated vector were incubated with the insert in a 
molar ratio of 1:3 (vector:insert), 1x Rapid ligation buffer and 1 unit of T4 DNA 
ligase, for overnight at 16°C. The ligation reaction was used to transform 
chemical or electrocompetent cells. 
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In cases where the amount of PCR product was insufficient for direct ligation 
with the final destination vector, subcloning of the PCR products into the pGEM-
T® Easy Vector (Promega) was done following the manufacturers instructions.    

 

3.2.3 Transformation of electrocompetent cells 
TOP-10 electro-competent cells (50 μl) were transformed (1700 mA, 5msec) 
with the 1-2 μl of purified plasmid DNA or ligation product. After the addition of 
500 μl of SOB medium, the cells were incubated for 1 hour at 37 °C shaking at 
300 rpm. Transformed cells were then plated on LB-Agar plates containing the 
appropriate antibiotics for selection and incubated overnight at 37 °C.  
 
3.2.4 Transformation of chemical competent cells 
E. coli DH5-α chemical competent cells (50 μl) were mixed with 5-10 μl of 
purified plasmid DNA or ligation product, and incubated on ice for 30 min. The 
mixture was heat showck at 42°C for 40 secs and placed on ice for 2 min. Next, 
300 μl of LB medium (pre-warmed at 37°C) was added and the mix was 
incubated for 1 hour at 37 °C shaking at 300 rpm. Transformed cells were then 
plated on LB-Agar plates containing the appropriate antibiotics for selection and 
incubated overnight at 37 °C.  
 
3.2.5 Isolation of plasmid DNA (Miniprep) 
3 ml of LB medium, supplemented with the appropriate selection antibiotics, 
were inoculated with a single colony of bacteria and grown overnight at 37°C on 
a shaker. Next day cells were centrifuged for 10 min at 13000rpm and the pellet 
was resuspended in 200 μl of resuspension buffer. Cells were lysed by addying 
200 μl and the reaction was stopped by adding 200 μl of neutralizing buffer. The 
solution was mixed by inverting the tube several times and centrifuged for 10 
min at 13000 rpm. Supernatant was transferred into a clean tube and DNA was 
precipitated with isopropanol for 15 min. Then, DNA was pelleted (13000 rpm 
for 10 min) and washed with 70% ethanol. Finally, the pellet was air-dryed and 
resuspended in 30 μl of ddH2O. All reactions were carried out at RT. 
Alternatively, plasmid DNA was isolated using the QIAprep® Spim Miniprep kit 
(Qiagen).  
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3.2.6 DNA Sequencing 
DNA sequenzing was done by P. Heere, J. Richter or N. Cornetius in 
collaboration with research groups at Max Delbrück Center (MDC), Berlin. 
Sequencing primers, sequence  (5´→ 3´): 

 

seqHad1 rev CCAGGCAGTTCTTCTTTGC 

seqHad2 for  GGGTCTCTTGGCTACTGTAAC 

seqHad3 for  ACATCGCTGCTCGCTTGA 

seqHad4 rev GTTACGGCTACAATGGCA 

seqHad5 for  TGGAGACCAGGAACATTGCG 

seqHas for  GGAAACTCTACTATGCCACTGG 

 
3.2.7 In vitro transcription of sense mRNA for microinjection 
For in vitro synthesis of capped mRNA, constructs were transcribed using the 
SP6 mMessage mMachine kit (Ambion). All cDNAs were cloned into the 
expression vector pCS2+. For in vitro transcription, 1μg of PCI 
(Phenol:Chloroform;Isopropanol) purified and linearized DNA template-plasmid 
was incubated for 2 hours at 37°C with 2 μl of SP6 polymerase, 2 μl of 10X 
reaction buffer and 5 μl of 2X NTP/CAP, and DEPC ddH2O in a total volume of 
20μl. To remove the DNA template the reaction was incubated with 2 units of 
DNaseI for 20 minutes at 37°C. mRNA was PCI purified, precipitated and 
solved in 20 μl of DEPC treated H2O. 
mRNA concentration was determined using a spectrophotometer. mRNA quality 
was determined on an agarose gel. 
 
3.2.8 DNA and RNA concentration determination 
The concentration of DNA and RNA samples was determined by measuring the 
absorbance at 260nm (A 260) in a spectrophotometer. For DNA at A260 1 unit 
equals a concentration of 50 μg/ml of double stranded DNA, for RNA at A260 1 
unit equals a concentration of 40 μg/ml of RNA.  
The ratio of the absorbance values at 260 nm and 280 nm (A280/A280) provides 
an estimation of the purity of the nucleic acids samples. Pure DNA or RNA 
samples have an A280/A280 ratio of  1.8-2. A lower ratio indicates contamination 
of the sample with proteins. 
 

 25



                                                                                             Materials and Methods                        

3.2.9 Genomic DNA extraction 
Genomic DNA of single zebrafish embryos (16 somites) was prepared as 
follows. After immunostaining, a piece of tail tissue was placed in a PCR tube 
and digested for 4 hours at 55°C in 25 μl of Proteinase K working solution. 
Proteinase K was heat-inactivated for 10 minutes at 75°C.  
After Proteinase K inactivation (10 minutes at 75°C), 40 μl of ddH2O were 
added to each tube.  Genomic DNA was stored at –20°C. 
 

3.2.10 nokm520 genotyping 
For genotyping of 16-somite stage nokm520 embryos the SalI restriction site that 
is deleted by the mutation was used. PCR was performed on genomic DNA 
extracted from tail tissue. PCR product was digested with SalI.   
Genotyping primers sequence  (5´→ 3´): 

 

nok_gen for  GTTTGCTGGACCTGTTCCTCGTAAG 

nok_gen rev GTCTGTGCTGGTGCCGTAAAAGTTC 
 

3.2.11 Site-directed mutagenesis 
To generate the analog-specific forms (HasV300A and HasI316A) of Has/Prkci a 
point mutation [Valine (V) 300 to Alanine (A) for HasV300A; Isoleucine (I) 316 to A 
for HasI316A] was introduced using the QuickChange™ XL Site-Directed 
mutagenesis Kit (Stratagene). 200ng of pCS2+HisMyc-Has/Prkci were used as 
template for the PCR reaction (50 μl volume) with 125ng of the corresponding 
forward and reverse primers, dNTPs (0.2mM), 2.5U of Pfu Turbo® DNA-
polymerase, 5μl of 10X PCR reaction buffer and 3μl of Quick solution. PCR 
cycling conditions were: 2 minutes at 95°C (denaturation), followed by 18 cycles 
at 95°C for 1 minute (denaturation), at 65°C for 50 seconds (annealing) and 
68°C for 16 minutes (extension). The final extension step was at 68°C for 16 
minutes.  
During the PCR reaction the nonstrand-displacing action of the Pfu Turbo® 
DNA-polymerase extended and incorporated the mutagenic primers resulting in 
nicked circular strands that constituted the mutated plasmid. In order to remove 
the non-mutated parental DNA, 10U of the restriction enzyme DpnI were added 
to the amplification reaction and incubated for 6 hours at 37°C in a 
thermocycler.  In this way, the methylated, non-mutated parental DNA template 
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was digested and only the newly synthesized sequence, containing the 
mutation, was left. 
TOP-10 electro-competent cells (50 μl) were transformed (1700 mA, 5msec) 
with the newly synthesized sequence (pCS2+HisMyc-Has/PrkciV300A or 
pCS2+HisMyc-Has/PrkciI316A), containing the mutation. After the addition of 500 
μl of SOB medium, the cells were incubated for 1 hour at 37 °C shaking at 300 
rpm. Transformed cells were then plated on LB-Agar-Ampiciline plates and 
incubated overnight at 37 °C. Mutation I316A disrupts a TaqI restriction site 
present in has sequence. Therefore, to select the mutated plasmid 
pCS2+HisMyc-Has/PrkciI316A, all colonies grown on the plates were tested by 
PCR and digested with the restriction enzyme TaqI. PCR cycling conditions 
were: 2 minutes at 95°C (denaturation), followed by 25 cycles at 95°C for 30 
seconds (denaturation), at 60°C for 30 seconds (annealing) and 72°C for 1 
minute (extension) . The final extension step was at 72°C for 10 min. PCR 
product was analysed on 1% agarose gel. To select the mutated plasmid 
pCS2+HisMyc-Has/PrkciV300A, minipreps of 10 colonies were done and the 
plasmid DNA was sequenced. 
Mutagenesis primer sequences (5´→ 3´): 
 

Has_Val300Ala for  CCATCCCTTCCTTGCGGGACTTCACTCC 

Has_Val300Ala rev GGAGTGAAGTCCCGCAAGGAAGGGATGG 

Has_Ile316Ala for GCAGACTGTTCTTTGTAGCCGAGTATGTGAATGG 

Has_Ile316Ala rev  CCATTCACATACTCGGCTACAAAGAACAGTCTGC 

 

The mutation is indicated in bold. Both primers anneal to the same sequence on 
opposite strands of the DNA template.  
A pair of primers binding to sequences flanking the mutation were used to 
genotype the colonies. Genotyping primer sequences (5´→ 3´): 
 
 
 

Test_Has for GGCAGGGGCAGCTACGCC  

Test_Has rev CCCTCCTTACACATGCCG 

 27



                                                                                             Materials and Methods                        

3.3 Biochemical methods 
3.3.1 Protein extraction from zebrafish embryos 
Zebrafish embryos protein extraction protocol was adapted and simplified from 
Link et al. (2006). Embryos at the required stage were transferred into a 1% 
agarose covered Petri dish and egg water was removed. Embryos were then 
incubated for 10 minutes in pre-warmed (37°C) pronase solution in E2 medium. 
The chorions were removed by gently flushing the solution. Embryos were 
washed 3 times with E2 medium and transferred to 1.5 ml tubes.  Next, 1ml of 
deyolking buffer was added and the yolk was disrupted by pipeting with a 1ml 
pipet and vortexing for 30 secs at 1100rpm. Embryos were pelleted at 3000rpm 
for 30 sec, and supernatant was discarded. Embryos were washed 2 times with 
1ml of washing buffer by vortexing 30 sec at 1100rpm and centrifuging at 
3000rpm. Finally pelleted embryos were homogenized in the appropriated lysis 
buffer depending on the following experiment.  
 

3.3.2 Protein fractionation 
Fractionation of 24 hpf zebrafish embryos was done essentially as previously 
described (Anzenberger et al., 2006). Zebrafish embryos were homogenized by 
sonication in solution A (2 μl/embryo), pre-cleared  (for 10 min at 13000 rpm) 
and centrifuged for 1 h at 50000 rpm. Pellets were solved in solution B (1 μl/2 
embryos) and stored at -80°C. For western blot, samples were boiled at 95°C in 
SDS sample buffer, and resolved by 15% polyacrylamide gels. For loading and 
fraction controls membranes were striped and tested for acetylated-tubulin 
(Mouse anti-acetylated-tubulin, 1:1000, Sigma). 
 
3.3.3 Recombinant protein expression in E.coli 

Myc tagged N-terminal α1B1 fragments were generated in E. coli XL1-blue 
cells. E. coli XL1-blue cells (50 μl) were transformed with pQE-30-Hadwt98, pQE-
30-Had3A98, pQE-30-Hadwt49, pQE-30-Had3A49 or pQE-30-HadS25A49 and plated 
in LB-Ampiciline plates.  4 clones of each construct were tested by an overnight 
5 ml LB-Amp culture at 37°C with constant shaking. Next day, 2.5ml of LB-Amp 
medium were removed and substituted by fresh amp-LB medium. Protein 
expression was induced by adding IPTG to a final concentration of 1mM. After 4 
additional hours of growth, cells were pelleted at 13200 rpm for 10 minutes. 
Pellet was lysed in 200 μl of lysis buffer and cells were disrupted by sonication. 
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Overexpression of recombinant proteins was confirmed by Western-blot. 
Positive clones were used to inoculate 100ml of amp-LB medium for large-scale 
recombinant protein production, following the same procedure described above.  
To extract the recombinant protein, pelleted bacteria were lysed and purified 
using Ni-NTA agarose (Qiagen) according to the manufacturer.  Briefly, E. coli 
lysates were pre-cleared for 10 min at 13000 rpm and incubated with Ni-NTA 
agarose for 1 hour at 4 °C  on a rotary shaker. Lysate-Ni-NTA agarose mix was 
loaded into a column with a filter at the bottom outlet (Ultrafree-MC Centrifugal 
Filter units, Millipore) and washed 5-6 times with 500 μl washing buffer. Finally, 
protein was eluted 2 times with the appropriate volume of elution buffer and 
store at -80°C.  
 
3.3.4 Recombinant protein expression in zebrafish 
Zebrafish embryos were used to generate active recombinant Has/Prcki. 
Recombinant Has/PrckiWT and Has/PrkciI316A were generated by injecting 
embryos with 300 pg of HisMyc::has/prkciWT or HisMyc::has/prkciI316A mRNA at 
the one-cell stage. At 24 hpf, embryo extracts were prepared in kinase 
extraction lysis buffer . HisMyc-tagged Has/PrckiWT and Has/PrckiI316A proteins 
were purified using Ni-NTA agarose (QIAGEN) according to the manufacturer 
as described above. Recombinant proteins were eluted in kinase elution buffer 
and kept at -80°C. 
 
3.3.5 Recombinant protein expression in insect cells 
To express recombinant Has/PrckiWT (HasWT) and Has/PrkciI316A (HasI316A) in 
Sf9 insect cells,  Bac-to-Bac® Baculovirus Expression System (Invitrogen) was 
used. Bac-to-Bac® System is an efficient method for producing recombinant 
baculovirus for expression in insect cells.  
Fisrt, HisMyc::has/prkciWT and HisMyc::has/prkciI316 cDNAs were cloned into 
pFastBacTM1 vector using the following primers (sequence 5´→ 3´): 

 

HisMyc_XbaI for GCTCTAGAATGCATCATCATCATCATCATG 

Has_XbaI rev GCTCTAGATTATCACACACACTCCTCCG 

 

To generate the recombinant Bacmid, recombinant pFastBacTM1 vector was 
transformed into chemical competent DH10BacTM E. coli (50 μl). The 
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transformed cells were plated on LB-Agar plates containing Kanamycin (50 
μg/ml), tetracycline (10 μg/ml), Gentamycin (7 μg/ml) and X-Gal (200 μg/ml) 
and incubated for 30-36 hrs at 37°C. The X-Gal indicator/substrate allowed the 
selection of positive colonies according to colour, recombinant colonies were 
white and non-recombinant colonies were blue. Single recombinant colonies 
were used to inoculate 3 ml of LB-medium  [Kanamycin (50 μg/ml), tetracycline 
(10 μg/ml), Gentamycin (7 μg/ml)]. The cultures were incubated for 24 hrs at 
37°C with constant shaking. DNA Bacmid was isolated following standard 
procedures. According to the manufacturers, PCR of recombinant Bacmid 
transposed with the pFastBacTM1 with M13 forward and reverse primers yields 
fragments of a defined size that indicate whether the insertion has occurred in 
the correct region. Therefore, the following primers were used to analyze the 
recombinant Bacmids (sequence 5´→ 3´): 

 

M13 for CGCCAGGGTTTTCCCAGTCACGAC 

M13 rev CACAGGAAACAGCTATGACCAT 

 

Generation of recombinant baculovirus and protein expression were performed 
by Nicole Hellwig (MDC, Berlin) in collaboration with J. Malcrewitz (Institut für 
Pharmakologie an der Charité, Berlin). 
 
3.3.6 Protein concentration determination 
Protein concentration was determined as described by Bradford (1976). This 
assay is based on a shift in the absorbance maximum, from 465 to 595 nm, 
when Brilliant Blue G dye associates with proteins. Bradford reagent (Sigma) 
was mixed with the protein sample, incubated at RT for 5-10 min and 
absorbance was determined at 595 nm using a spectrophotometer. Samples 
containing known concentrations of bovim serum albumina (BSA) were used to 
generate a standard curve. The absorption is proportional to the amount of 
protein present in the sample .  
 
3.3.7 In vitro kinase assays 
For human recombinant Prkciota (hPRKCi) and Prkczeta (hPrkcz) in vitro 
phosphorylation assays, 100 ng of the enzyme were incubated either with 1 μg 
of Myc tagged N-terminal α1B1 fragments (WT or mutant forms) or with 200 ng 
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of peptide subtrate (Peptide ε, Calbiochem) in Prcks reaction buffer for 30 min 
at RT. For human recombinant novel and classical PKCs in vitro 
phosphorylation assays, 100 ng of the enzyme were incubated with 1 μg of Myc 
tagged N-terminal α1B1 fragments (WT or mutant forms) in PKCs reaction 
buffer for 30 min at RT. For recombinant Has/PrkciWT or Has/PrkciI316A 
phosphorylation assays, 2 μg of the enzyme were incubated with 500 ng of 
peptide subtrate (Peptide epsilon or MARCKS PSD-Derived Peptide, 
Calbiochem) in Prkcs reaction buffer for 30 min at RT. Kinase reactions were 
stopped by adding SDS loading buffer and boiling at 95°C for 5 min. Samples 
were split in two, for autoradiography and for Coomassie staining or Western-
blot analysis, and resolved in 18% polyacrylamide gels. For detection of 32P or 
35SγP incorporation, the gel was dried (1 hr, 80°C) and visualized by 
autoradiography. For western blot analysis the following antibodies were used: 
rabbit anti-PKCz (1:1000, Santa Cruz Biotechnology, USA), goat anti-rabbit 
HRP (1:5000, Pierce). 
 
3.3.8 SDS-Polyacrylamide gel electrophoresis 
The protein samples were mixed with SDS-loading buffer and boiled for 5 min 
at 95°C prior to loading onto a gel. Proteins were separated according to their 
molecular weight on 15% or 18% SDS polyacrylamide mini gels (BioRad) in 
SDS-PAGE running buffer at 20V for 20 min and 140V for 2-3 hrs. After 
electrophoresis the gels were subjected to western blotting, dried for 
autoradiography or coomassie staining. 
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3.3.9 Western Blot 
Proteins were transferred from the SDS-polyacrilamide gel onto a nylon 
membrane at 250mA for 3 hours in blotting buffer (on ice). Then, blots were 
rinsed in TBS-0.1% Tween (TBT) twice to remove the blotting solution and were 
then incubated in blocking solution for 1 hour at RT on a shaker. Blots were 
incubated overnight at 4°C with the primary antibody diluted in blocking solution 
to the appropriated concentration. Next, blots were washed with TBT for 15 
minutes followed by 2 consecutive washes in TBT for 5 minutes at RT. After 
these washes, blots were incubated with secondary antibody, diluted in blocking 
solution to the appropriate concentration, for 1 hour at RT on a shaker. Blots 
were washed once again for 15 minutes and four times in TBT for 5 minutes at 
RT. Since an HRP-coupled secondary antibodies were used, the blot was 
developed by luminol reaction using the ECL staining kit following the 
instructions of the manufacturer. Membranes were exposed to an X-ray film 
until protein bands were nicely visible. The exposure time varied between 1 to 
30 minutes. 
To determine if an equal amount of protein was loaded in each line, blots were 
stripped and reprobed for tubulin protein. To strip the membrane of antibody 
signal, blots were soaked in stripping buffer for 30 minutes at 63°C. Membranes 
were then washed at RT in TBT for 30 minutes and incubated in blocking 
solution for 1 hour at RT. After blocking, membranes could be reused. The 
membrane was incubated overnight at 4°C in the primary antibody against 
tubulin (mouse anti-acetylated tubulin 1:1000, Sigma). Anti-mouse HRP 
(1:10000) was the secondary antibody. Further staining was performed as 
described above. 
 
3.3.10 Coomassie Brilliant Blue staining 
For protein staining in polyacrylamide gels, ImperialTM Protein Stain (Pierce) 
was used.  ImperialTM Protein Stain (Pierce) is a coomassie R-250 dye-based 
reagent. For staining, the gel was washed for 15 min in ddH2O after 
electrophoresis and incubated with staining reagent for 2 hours. The gels were 
then washed in ddH2O overnight. The destained gels were imaged using a 
scanner. 
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3.4 Immunohistochemistry 
Whole-mount antibody stainings were performed as previously described 
(Horne-Badovinac et al., 2001). Embryos were fixed in 4% PFA in PBS (pH 7.4) 
for 1 hour shaking at RT. Fixation was followed by four washes in PBT (PBS 
0.1% Tween, pH 7.4) at RT for 5 minutes each. To block unespecific binding of 
the primary antibody, embryos were incubated for 1h 40min to 2h in 5% NGS-
PBDT. Embryos were incubated in the primary antibody, in 5%-PBDT, overnight 
at 4°C. Embryos were washed two times for 1 minute and six times during the 
whole day, with PDBT-1%NGS+0.1M NaCl, last wash was performed in PDBT-
1%NGS, at RT. After washing, embryos were incubated in the corresponding 
secondary antibody, in 5% NGS-PBDT, overnight at 4°C.  Embryos were 
washed two times for 1 minute and six times during the whole day, with PDBT-
1%NGS+0.1M NaCl at RT. For imaging, samples were embedded in 
SlowFade® Gold antifade reagent (Invitrogen) under a binocular microscope 
(Leica). 
Transverse sectioning was performed according to Trinh et al. (2004). Embryos 
were fixed overnight at 4°C in 2% PFA, and then washed four times for 5 
minutes each in PBT. Fixed embryos were embedded in 1.5% low melting 
agarose and sectioned with a vibratome (Leica). Antibody staining was 
performed on the sections as described above. For imaging, samples were 
embedded in SlowFade® Gold antifade reagent (Invitrogen) under a binocular 
microscope (Leica MZFLIII). 
 
3.5 Microscopy 
 
3.5.1 Light microscopy 
Whole embryo images were obtained with a binocular microscope (Leica 
MZFLIII). Images were captured using a Leica DC 300F camera and IM50 
software (Leica). Images were processed using Photoshop (Adobe). All images 
were obtained at RT. 
 
3.5.2 Confocal imaging 
Confocal images were obtained with a Leica TCS SP2 confocal microscope 
using 40X objective, or with a Zeiss LSM 510 Meta confocal microscope using 
40X and 63X objective. Leica and Zeiss LSM 510 software were used to 
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capture the images. Images were processed using Photoshop (Adobe). All 
images were obtained at RT. 
 
3.6 Image analysis 
Images were analysed using Adobe Photoshop or Zeiss LSM 510 software. 
Immunohistochemical quantification was performed by measuring membrane 
and cytoplasmic intensity with ImageJ freeware (W. S. Rasband, National 
Institutes of Health, Bethesda, MD; http://rsb.info.nih.gov/ij/). Membrane area 
was defined using aPKC membrane staining as marker. Relative membrane 
versus cytoplasmic distribution of WT or 3A mutant Had protein was calculated 
by comparing the intensity of membrane area with the corresponding sum of 
total cytoplasmic plus membrane areas for each individual myocardial cell. 
 
3.7 Bioinformatics 
The analysis of DNA and protein sequences were done using MacVector. 
Online bioinformatic tools used in this study: 
http://ncbi.nlm.nih.gov/BLAST/ 
http://www.cbs.dtu.dk/services/NetPhos 
http://www.cbs.dtu.dk/services/NetPhosK 
 
3.8 Media, buffers and solutions 

Blocking solution (Western blot)     
10mM Tris-HCl pH 8.0 
150mM NaCl 
0.1% Tween 20 
0.5% NP-40 
0.5% BSA  
2.5% skimmed dry milk 
in ddH2O 
 

Blotting buffer      
25mM Tris  
192mM Glycine 
20% Methanol 
in ddH2O 
 
 
 

Fish Egg water       
60μg/ml Instant Ocean Sea Salts 
in ddH2O 
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Injection buffer  
0.1M KCl  
in DEPC ddH2O 
 

Kinase elution buffer 
20mM Tris-HCl, pH 8.0        
  
300mM NaCl 
5mM MgCl2   
100mM Imidazol  
30mM NaH2PO4 pH 8.0 
0.05% Tween 20 
30% Glycerol 
 

Kinase extraction Lysis buffer 
20mM Tris-HCl, pH 7.5 
150mM NaCl 
5mM beta-mercaptoethanol  
20mM Imidazol  
1% C12E10 
0.2 mM PMSF 
Protease inhibitor cocktail 
 

LB Agar 
15g Bacto Agar per liter LB medium 
 

LB medium 
Bacto-trytone 10g/liter 
Bacto-yeast extract 5g/liter 
NaCl 10g/liter 
pH 7.2 

 
Miniprep Buffers 

Resuspension Buffer 
50mM Glucose 
10mM EDTA pH 8.0 
25mM Tris-HCl pH 8.0 
60μg/ml Rnase A   
 
Lysis Buffer 
0.2 M NaOH 
1 % SDS 
 
 
Neutralization buffer, pH 4.8 
3 M Sodium Acetate 
11% Acetic acid 
 

Ni-NTA purification solutions (E. coli) 
Lysis Buffer, pH 8.0    
50mM NaH2PO4 
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300mM NaCl 
10mM Imidazol 
 
 Wash Buffer, pH 8.0 
50mM NaH2PO4 
300mM NaCl 
20mM Imidazol 
0.05% tween 20 
 
Elution Buffer, pH 8.0 
50mM NaH2PO4 
300mM NaCl 
250mM Imidazol 
0.05% Tween 20  

 
PBS (Phosphate buffered salt solution, 1x), pH 7.4     

2.7mM KCl 
80.9mM NaHPO4 
1.5mM KH2PO4 
in ddH2O 
 

PBS-Tween 20 (0.1%) (PBT)       
  

0.1% Tween 20 
in 1x PBS 

 
PBT- DMSO (1%) (PBDT)     

1% DMSO 
in 1x PBT 
 

PFA 4%       
4% PFA 
in 1x PBS pH 7.4 
 

PKCs reaction buffer     
20 mM Tris-HCl, pH 7.5 
20mM MgCl2 
0.1mM CaCl2 
1μM Diacylglycerol (DAG) 
1μM Phosphatidylserine (PS) 
50μM ATP 
5μCi [γ32P]-labelled ATP 

Prkcs reaction buffer      
25mM Tris-HCl, pH 7.5 
25mM NaCl 
5mM MgCl2 
5mM EGTA 
50μM ATP 
5μCi [γ32P]-labelled ATP 
or 15μCi [35SγP]-labelled ATP 
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Protein extraction from zebrafish embryos solutions 
E2 medium 
15mM NaCl 
0.5mM KCl 
2.7mM CaCl2 
1mM MgSO4 
0.7mM NaHCO3 
0.15mM KH2PO4 
0.05mM 
Na2HPO4 
 
Deyolking buffer 
55mM NaCl 
1.8mM KCl 
1.25mM NaHCO3 
 
Washing buffer  
110mM NaCl 
3.5mM KCl 
2.7mM CaCl2 
10mM Tris-HCl, pH8.5 

 
Protein fractionation solutions 

Solution A 
2mM MgCl2 
1mM PMSF   
250mM Sucrose 
20mM Tris-HCl, pH 7.5  
 
Solution B 
50mM Tris-HCl pH 8.0, 
2mM MgCl2,  
80mM NaCl,  
1% Triton X-100, 
1mM PMSF  

 
Protein kinase K stock solution   

100mg Proteinase K 
in 6 ml ddH2O 
 

Protein kinase K working solution   
250μl Proteinase K Stock solution  
2,25ml 1x TE Buffer pH 8.0 
 

SDS-PAGE runnnig buffer    
25mM Tris     
192mM Glycine 
0.1% SDS (Sodiumdodecylsulfate) 
in ddH2O 
 

SDS-loading buffer    
45mM Tris-HCl pH 6.8 
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10% Glycerol 
4% SDS 
0.01% Bromophenol blue 
0.05M DTT  
in ddH2O  
   

SDS-polyacrylamide gel [30% acrylamide/bisacrylamide (30:0.8)]  
Resolving gel      
1M Tris-HCl pH 8.8 
10% SDS 
10% ammoniumpersulafte (APS) 
TEMED 
in ddH2O 
 
Stacking gel (4%) 
1M Tris-HCl pH 6.8 
10% SDS  
10% ammoniumpersulafte (APS) 
TEMED 
in ddH2O 

 
Stripping buffer  

100mM 2-mercaptoethanol 
2% SDS 
62.5mM Tris-HCl pH 6.8 
in ddH2O 

 
TBE (1x) 

45mM Tris base 
44mM Boric acid 
1mM EDTA 
in ddH2O 
 
 

 

TBS (Tris-buffered saline, 1x), pH 7.6     
20mM Tris base 
137mM NaCl 
in ddH2O 
 

TBS-0.1% Tween (TBT)    
0.1% Tween 20 
in 1x TBS 
 

TE Buffer, pH 8.0    
10mM Tris-HCl 
1mM EDTA 
in ddH2O 
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3.9 Kits 
- QuickChange TM XL Site-Directed mutagenesis Kit, Stratagene. 

- QIAquick® Gel Extraction Kit, Qiagen. 

- QIAprep® Spin Miniprep Kit, Qiagen 

- Expand High Fidelity PCR system, Roche. 

- SP6 mMessage mMachine kit Ambion 

- ECL™ Western Blotting Detection Reagents, Amershan Biosciences. 

- SlowFade® Light Antifade Kit, Molecular Probes. 

 -pGEM® -T easy Vector system I  

- Protein Kinase C Isozyme Sampler Set, Calbiochem 

- Bac-to-Bac® Baculovirus Expression System, Invitrogen 

 

3.10 Antibodies 
Primary antibodies: 

- Rabbit Anti-nPKCζ (C-20) (Santa Cruz Biotechnology, 1:200 Immunohistochemistry, 

1:1000 Western blot) 

- Mouse anti-acetylated Tubulin (clone 6-11B-1) (Sigma, 1:1000 Western blot) 

- Mouse anti-ZO-1 (Zymed, 1:200 Immunohistochemistry) 

- Mouse anti-Myc (Invitrogen,1:200 Immunohistochemistry, 1:1000 Western blot) 

Secondary antibodies: 

- ImmunoPure® Goat Anti-Rabbit IgG, Fc Fragment Specific, Peroxidase Conjugated 

(Pierce, 1:10000 Western blot) 

- Peroxidase-conjugated AffiniPure Goat Anti-Mouse IgG (H+L) (Jackson 

ImmunoResearch Laboratories, 1:10000 Western blot) 

- Goat anti-rabbit RRX (Jackson ImmunoResearch Laboratories, 1:200 

Immunostaining) 

- Goat anti-mouse Cy5 (Jackson ImmunoResearch Laboratories, 1:200 

Immunostaining) 

 
3.11 Chemicals and enzymes 
Chemicals, if not stated otherwise, were purchased from Sigma-Aldrich, Merck, Roth or 

Roche. 

Enzymes: New England Biolabs, AppliChem, Promega or Merck. 

Restriction enzymes: New England Biolabs, Fermentas or Amersham Biosciences. 

Oligonucleotides: MWG (Munich) or BioTez (Berlin). 

Morpholino antisense oligonucleotides: GeneTools (USA). 

Radioactive isotopes: Perkin Elmer. 
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3.12 Consumables 
Glass capillaries (for injection needles)  Drummond Scientific Company, 

USA 

Microcope Glass Slides SuperFrost Plus®   Menzel-Gläser® 

Parafilm      Pechiney Plastic Packaging 

PCR-Tubes      Biozym 

Ultrafree-MC Centrifugal Filter units   Millipore 

X-ray films      Amershan Pharmacia Biotech 

 

Consumables not mentioned above were purchased from Roth or Eppendorf. 

 

3.13 Laboratory equipment 
If not stated otherwise, laboratory equipment was from Bio-Rad (electrophoresis), Life 

Technologies (Electrophoresis), Eppendorf (centrifuges, heating blocks, thermomixer, 

micropipettes). 

 

Agarose gel chambers    Life Technologies 

Bacterial shaker Certomat® R   Braun  

Camera-Leica DC 300F    Leica 

Confocal microscope Leica TCS SP2  Leica 

Confocal microscope Zeiss LSM 510 Meta  Zeiss 

Flaming/Brown Micropipette Puller   Sutter Instrument Corp. 

Microscope Leica MZ12    Leica 

MM3 Micromanipulator    Maerzhaeuser, Germany 

MPPI-2 pressure injector/BP Back Pressure Unit Applied Scientific   

       Instrumentation, USA 

PCR thermocycler     Biozym diagnostic GmbH 

Sonicator       Bandelin Sonoplus  

Spectrophotometer (GenQuant Pro)   Amershan Pharmacia Biotech 

Thermomixer      Eppendorf 

Vortex       Scientific Industries 

Western-blotting chamber    BioRad 

Vibratom VT1000S     Leica 
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4 Results 
 
4.1 Heart development in heart and mind morphant 
The zebrafish mutant heart and mind (hadla1) was first cloned and described in 
2003 (Shu et al., 2003). The had locus encodes the α1B1 subunit of Na+,K+ 
ATPase, also known as α1a.1. The hadla1 mutation results in aberrant mRNA 
splicing and is a null, or severely hypomorphic, allele (Shu et al., 2003). had 
mutants show defects in the formation of the midbrain and hindbrain boundary, 
in heart morphogenesis and, by 48 hpf, defective body axis curvature can be 
observed. The had heart phenotype is characterized by abnormal primitive 
heart tube extension, aberrant cardiomyocyte differentiation and reduced heart 
beat rate and contractility (Shu et al., 2003). The had mutation is embryonically 
lethal after 5 days of development, likely due to cardiac morphological and 
functional abnormalities.  
The characterization of had mutants showed for the first time that Na+,K+ 
ATPase activity is required for embryonic heart development. However, the 
cellular and molecular mechanisms by which Had/Na+,K+ ATPase regulates this 
process remained unknown. My studies aimed at gaining insight into the cellular 
and molecular basis of Had/Na+,K+ ATPase function during embryonic heart 
development.  
In zebrafish, protein expression is efficiently knocked-down by injection of  
Morpholino antisense oligonucleotides (MO) into the one-cell stage embryo, 
which specifically inhibits the translation of target mRNAs. Animals in which a 
selected gene has been knocked-down by MO injection are referred to as 
morphants.  
The experiments presented in this work were performed using had morphants 
that were generated using a MO targeting the base pairs +16 to +39 of the had 
coding region (hadMO) into [Tg(cmlc2:GFP)] embryos at the one-cell stage. 
hadMO efficiency and specificity has previously been demonstrated (Shu et al., 
2003).  The transgenic zebrafish line [Tg(cmlc2:GFP)] expresses green 
fluorescent protein (GFP) under the control of the cardiac myosin light chain 2 
(cmlc2) promoter region [Tg(cmlc2:GFP)] (Huang et al., 2003), which allows the 
visualization of cardiomyocytes during heart development.  
By 30-32 hpf, had morphants show body axis curvature defects (Fig. 7B), 
similar to those previously observed in had mutants and morphants (Shu et al., 
2003).  In zebrafish, at 30 hpf, heart tube extension is completed and atrium 
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and ventricle can already be distinguished. had mutants heart tube elongation 
defects were also phenocopied by hadMO injection. After 30-32 hours of 
development, had morphants showed severely disrupted primitive heart tube 
elongation (Fig. 7D), as previously described (Shu et al., 2003). had mutants 
show no heart beat at 24 hpf and by 48 hpf their heart beat rate is reduced by 
20% (Shu et al., 2003). To further analyze the effect of hadMO on heart 
development, heart beat rate was measured. At 32 hpf had morphants showed 
no heart beat and by 48 hpf heart beat rate dropped by 54 % [had morphants: 
71.2 ± 9.4 [standard deviation (SD)] beats per minute (n=30); wild type (wt): 
155.1 ± 8.0 (SD) beats per minute (n=28)], indicating that hadMO injection 
phenocopies had mutant heart functional defects. In fact, had morphants show 
a more severe heart beat rate phenotype which could be due to an interference 
of the MO with maternal Had/Na+,K+ ATPase transcripts. 
 

 
Figure 7. Body axis and heart defects in had morphants. (A) wt embryo at 30-32 
hpf. (B) had morphant showing upwardly curved body at 30-32 hpf. (C,D) Transgenic 
Tg(cmlc2:GFP) embryonic heart (30-32 hpf) of a wt embryo and a had morphant. Heart 
tube of the had morphant is significantly shorter (D), compared with that of wt siblings 
(C). Images C and D are reconstructions of confocal Z-stack sections.  
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Similarities between had and the cell polarity mutants hasm567 and nokm520 
phenotypes, suggested an involvement of had in the same process. Previous 
studies have shown that cell junction formation and establishment of cell 
polarity are required for proper heart development in zebrafish (Trinh and 
Stainier, 2004; Rohr et al., 2006). In addition, several studies suggest a role for 
Na+,K+ ATPase in tissue polarity and establishment of cell-cell junctions 
(Contreras et al., 1999; Rajasekaran et al., 2001a; Rajasekaran et al., 2003; 
Genova and Fehon, 2003; Paul et al., 2003; Violette et al., 2006). To 
characterize the cellular phenotypes of the had morphant heart, cell-cell 
junctions and cell polarity within the cardiomyocytes were analyzed. To assess 
the integrity of apical myocardial junctions, an antibody against the junctional 
protein ZO-1 was used. In vertebrates, ZO-1 is a component of the tight 
junctions and it is generally used as a marker for apical cell junctions. To 
analyze the establishment of cell polarity, an antibody against Prkci and z (anti-
aPKC) was used as a marker for the apical Nok/Mpp5-Par6-Prkc multi-protein 
complexes (Suzuki and Ohno, 2006; Rohr et al., 2006). Myocardial apical 
junctions integrity and polarity were analyzed using confocal microscopy.   
had morphant cardiomyocytes showed correct localization of ZO-1 to the cell 
junction (Fig. 8B,B´´), similar to ZO-1 localization within wt cardiomyocytes (Fig. 
8A,A´´).  Analysis of Prkci and z localization in had morphant hearts (Fig. 8B,B´) 
showed a normal distribution of the protein to the myocardial cell membrane 
comparable to its localization in wt (Fig. 8A,A´). These results suggest that 
myocardial cell junctions and polarity are correctly established in had 
morphants. 
In summary, the characterization of had morphants showed heart tube 
extension defects and reduced heart rate similar to hadla1 mutants (Shu et al., 
2003). However, the first analysis of had morphant cardiomyocytes did not 
reveal defects in cell-cell junctions integrity or cell polarity. Therefore, it could be 
possible that Had/Na+,K+ ATPase interacts with other proteins involved in the 
establishment of cell junctions or cell polarity during heart development. 

 

 

 43



Results                        

 
Figure 8. Cell-cell junctions and cell polarity in had cardiomyocytes. Images are 
reconstructions of Z-stack sections of dissected embryonic hearts at 30-32 hpf. Cmlc2-
GFP, green (expressed in cardiomyocytes); Prkcs (aPKCs), red; ZO-1, blue. (A) Prkcs 
(aPKCs) (A´) and ZO-1 (A´´) localization to the membrane in wt embryos. (B) In had 
morphant cardiomyocytes Prkcs (aPKC) (B´) and ZO-1 (B´´) localize correctly to the 
membrane.  
 
 
 
 
4.2 Had/Na+,K+ ATPase and Nok/Mpp5 interact in the maintenance of 

apical myocardial junctions 
hadla1 mutant embryos display body axis curvature, brain and heart 
morphogenesis defects that are similar to those observed in the epithelial 
polarity mutants hasm567 and nokm520 (Fig. 9). Both of these mutants have cell-
cell junctional and epithelial polarity defects (Rohr et al., 2006). These defects 
have been shown to cause various organ morphogenesis and epithelial integrity 
defects. Even though cell-cell junctions and cell polarity seem to be correctly 
established in had morphants, the similarity of heart tube elongation defects 
raised the possibility that Nok and Had interact in the establishment and/or 
maintenance of apical junctions within the myocardial cells during heart tube 
elongation. To evaluate this possibility, Had expression was knocked-down by 
MO mediated injection within the nokm520;Tg(cmlc2:GFP) mutant background. 
nokm520 mutants were recognized by the characteristically disrupted pigment 
retinal epithelial phenotype. Apical myocardial junctions integrity was analyzed 
using an antibody against the junctional protein ZO-1. Heart morphology and 
myocardial apical junctions integrity were analyzed using confocal microscopy.   
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In comparison to wt, both nokm520 mutants and had morphants displayed 
strongly shortened heart tubes by 36 hpf (Fig. 10A-C) but displayed intact apical 
ZO-1 junction belts (nokm520, n=12/12 hearts with intact ZO-1 junction belts; had 
morphants, n=10/10 hearts with intact ZO-1 junction belts) (Fig. 10B’,C’) .  Loss 
of both genes (nokm520;had double mutant/morphants) resulted in a severe 
cardiac elongation defect that was stronger than the individual loss of function 
phenotypes (Fig. 10D). In some cases, the heart was small and positioned at 
the midline suggesting that morphogenesis was arrested at the heart cone 
stage, a phenotype reminiscent of has/prkci mutants. The phenotype observed 
in the nokm520;had double mutant/morphants correlated with severely disrupted 
apical ZO-1 junction belts (n=0/8 hearts with intact ZO-1 junction belts) (Fig. 
10D’). These results show an interaction between had and nok in the 
establishment and/or maintenance of ZO-1 positive apical junctions in 
cardiomyocytes. 
The interaction between Had/Na+,K+ ATPase and Nok/Mpp5 in the 
establishment and/or maintenance of ZO-1 positive apical junctions could occur 
via regulation of each others’ subcellular localization. To test this possibility, had 
morphants were analyzed using an antibody against Prkcs (anti-aPKC) as a 
marker for the apical Nok/Mpp5-Par6-Prkci protein complex (Suzuki and Ohno, 
2006; Rohr et al., 2006). As described above, Prkcs showed normal membrane 
localization within had morphant cardiomyocytes at 34-36 hpf (Fig. 10E,E´), 
comparable to the distribution in wt cells (Fig. 10F,F´).  nokm520 mutants showed 
Prkcs mislocalization to the cytoplasm (Fig. 10G,G´´). For the converse 
analysis, Tg(cmlc2:GFP) transgenic embryos within wt, nokm520 or hasm567 
mutant backgrounds were injected with mRNA encoding Myc-tagged 
Had/Na+,K+ ATPase and the subcellular localization of Had/Na+,K+ ATPase was 
assessed using an antibody against the Myc tag. At 34-36 hpf, the fusion 
protein was localized to membranes within cardiomyocytes in both nokm520 (Fig. 
10G) and hasm567 mutants (Fig. 10H), comparable to the localization pattern 
within wt hearts (Fig. 10F).  Therefore, Had/Na+,K+ ATPase and Nok/Mpp5-
Has/Prkci do not affect each others’ membrane association.  However, the 
squamous morphology of cardiomyocytes prevented an unambiguous 
characterization of protein distribution along the apical-basal axis. 
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Figure 9. Heart tube elongation defects in had morphants, nokm520 mutants and 
has morphants. Reconstruction of confocal Z-stack sections of embryonic hearts at 36 
hpf. Cmlc2-driven GFP is expressed in the cardiomyocytes (green). (A)  By 34-36 hpf, 
the heart tube is an elongated and looped structure in wt embryos. (B) In had 
morphants and nokm520 mutants (C) severe heart tube elongation defects can be 
observed. (D) In has morphants heart development is arrested at the cone stage.   
 

 

 
Figure 10. Genetic interactions of had and nok during heart morphogenesis. 
Reconstructions of confocal Z-stack sections of embryonic hearts. Cmlc2-driven GFP 
is expressed in the cardiomyocytes. (A-D) Morphology of transgenic Tg(cmlc2:GFP) 
embryonic hearts in different genetic backgrounds at 34-36hpf.  (A’-D’) Localization of 
ZO-1 in myocardial cells at 36hpf in different genetic backgrounds and details thereof 
(insets).  Whereas ZO-1 positive junction belts are present in nokm520 mutants (B,B’) 
and had morphants (C,C’), they are severely disrupted upon loss of both genes (D,D’).  
(E,E’) Prkcs (aPKCs) are correctly localized to the membrane in had morphants at 34-
36hpf.  (F-H) Embryos of different genetic backgrounds injected with mRNA encoding 
Myc-tagged Had/Na+,K+ ATPase were used to detect the subcellular localization of the 
fusion protein which remains at the membrane in wt (F), nokm520 (G), and hasm567 
mutants (H). 
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4.3 Had/Na+,K+ ATPase and Nok/Mpp5 interact in the maintenance but 
not in the establishment of apical myocardial junctions 

During heart morphogenesis myocardial cell junctions are established already 
by the 16-somite stage (Rohr et al., 2006). To asses whether nok and had 
interaction is required at this developmental stage for the establishment of 
apical ZO-1 positive myocardial junctions, I analyzed  double mutant/morphant 
embryos. At the 16-somite stage, cardiac fusion has not taken place and the 
myocardial precursors are two bilateral populations of cells migrating towards 
the embryo midline. To identify nokm520 mutants, embryos were genotyped and 
the localization of Prkc and ZO-1 was analyzed in the different genetic 
backgrounds by confocal microscopy.  
At 16-somite stage, cardiomyocytes showed intact ZO-1 (Fig. 10A”-E”)  and 
Prkc (aPKC) (Fig. 11A’-E’) positive junctions in the wt (Fig. 11A), nokm520 
mutant (Fig. 11B) or had morphants (Fig. 11C) genetic backgrounds. Moreover, 
in contrast to 34-36 hpf, myocardial cells in nokm520;had double 
mutant/morphants ZO-1 cell junctions were established at this earlier stage 
(Fig. 11D).  These results indicate that nok and had interact in the maintenance 
but not in the establishment of apical ZO-1 positive junctions in cardiomyocytes 
during zebrafish heart development. 
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Figure 11. Nok/Mpp5 and Had/Na+,K+ ATPase do not interact in the establishment 
of ZO-1 positive tight junction belts. Dorsal view of embryos at the 16-somite stage 
prior to heart cone formation.  Reconstructions of confocal Z-stack sections of a 
bilateral population of myocardial precursors on whole mounts.  Cmlc2-driven GFP is 
expressed in the cardiomyocytes. Localization of Prkc (aPKC) (A’-D’) and ZO-1 (A”-D”) 
in myocardial cells is shown for different genetic backgrounds.  ZO-1 and aPKC 
positive junctions belts are present in all genotypes including the nokm520;had double 
mutant/morphant (D) and the nokm520;had3A double mutant (E). 
 
 
 
 
4.4 Analysis of Had/Na+,K+ ATPase localization in myocardial cells in 

has and nok morphants 
The subcellular localization of Prkc and Had in 34-36 hpf cardiomyocytes 
showed that they do not affect each others´ membrane association. However, 
the morphological characteristics of cardiomyocytes at that stage of heart 
development prevented the assessment of the apical-basal distribution of these 
proteins in the different genetic backgrounds. Previous studies have shown that 
establishment of proper apical-basal polarity within the myocardial precursors is 
essential for correct zebrafish heart development (Trinh et al, 2004; Rohr et al. 
2006). To investigate whether these proteins affect each others´ apical-basal 
distribution, 20-somite stage embryos were utilized. At the 20-somite stage, 
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myocardial cells exhibit cuboidal shapes and are highly polarized (Trinh et al, 
2004; Rohr et al. 2006). To assess apical-basal polarity in cardiomyocytes at 
the 20-somite stage, transverse sections of embryonic hearts were analyzed 
using confocal microscopy (Fig. 12A) 
had morphants displayed correctly localized apical Prkc (aPKC) and ZO-1 
junction belts (Fig. 12B) suggesting that apical-basal polarity was not impaired.  
However, whereas Prkc strongly localized to apical junction belts in wt 
cardiomyocytes (Fig. 12C), the protein was clearly displaced in nok morphant 
cardiomyocytes indicating a loss of apical-basal polarity (Fig. 12E).  To visualize 
the subcellular localization of Had/Na+,K+ ATPase, the distribution of the 
exogenous Myc-tagged Had/Na+,K+ ATPase was analyzed using an anti-Myc 
antibody. For this purpose, mRNA encoding Myc tagged Had/Na+,K+ ATPase 
was injected alone, or together with nokMO or hasMO, into wt one-cell stage 
embryos. Low levels of Myc-tagged Had/Na+,K+ ATPase were consistently 
detected at the membrane of wt cardiomyocytes (Fig. 12C,C’), which prevented 
an analysis of Had apical-basal distribution. High levels of Myc-tagged 
Had/Na+,K+ ATPase were detected around the circumference of myocardial 
cells in both has and nok morphants (Fig. 12D,E) (5 embryos were analyzed for 
each genotype). Even though the localization of Had/Na+,K+ ATPase in 
zebrafish cardiomyocytes could not be resolved, it has been previously shown 
that Na+,K+ ATPase localizes to the basolateral membrane in chicken 
myocardial cells during heart development (Linask, 1992), therefore these 
findings suggest that one way by which Nok/Mpp5 and Has/Prkci affect 
Had/Na+,K+ ATPase could be by directing its´ subcellular localization.           
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Figure 12. Effects of had, has and nok knock-down on myocardial apical-basal 
polarity at the 20-somite stage. Transverse sections of heart cone stage (20-somites) 
embryos.  GFP is false-coloured in blue; PRKC (aPKC), red (A,B,C and E) or grey (B’); 
Myc:Had, green (C-E) or grey (C’-E’); ZO-1, green (A,B) or grey (B’’).  (A) had 
morphant with a section plane through the middle of the heart cone.  The two bilateral 
wings of myocardial cells are blue.  Arrow indicates the lateral portion of the myocardial 
field that was used for detail images within the various genetic backgrounds. (B,B’,B’’) 
Cardiomyocytes of had morphants are correctly polarized and display apical ZO-1 and 
aPKC positive spots.  (C,C’) In wild type myocardial cells, levels of Myc:Had/Na+,K+ 
ATPase are low and a clear localization pattern is not apparent.  (D,D’) has morphant 
myocardial cells exhibit higher levels of Myc:Had/Na+,K+ ATPase which is localized 
around the circumference of cells. (E,E’)  Similarly, nok morphants display localization 
of Myc:Had/Na+,K+ ATPase and aPKC around the entire myocardial circumferences 
which is indicative of loss of apical-basal polarity within these cells.     
 
 
 
 
4.5 Atypical Prkcs phosphorylate the N-terminal intracellular tail of 

Had/Na+,K+ ATPase 
The zebrafish mutation has/prkci prevents normal heart tube elongation (Yelon 
et al., 1999) and a recent study has shown that Has/Prkci kinase activity is 
required during this process (Rohr et al., 2006). The data presented here 
suggest that Had/Na+,K+ ATPase is mislocalized in has morphants. Moreover, 
studies in mammalian cells have shown that basolateral membrane localization 
of the Na pump requires aPKC kinase activity (Suzuki et al., 2001). All these 
observations raised the possibility that Had/Na+,K+ ATPase is a direct target of 
Has/Prkci.  

 50



Results                        

Rescue experiments performed by our collaborators at the lab of Dr. Chen 
(University of California, Los Angeles) showed that hadla1 mutants injected with 
the chimeric N1C2 mRNA (98 amino-terminal residues of the α1B1 subunit 
fused to the α2 carboxy-terminal rest) developed a normal heart tube. Whereas 
hadla1 mutants could not be rescued by injection of N2C1 mRNA. (98 amino-
terminal residues of the  α2 subunit fused to the α1B1 carboxy-terminal rest). 
This structure functional analysis pointed at regulatory elements important for 
α1B1 subunit function within the amino-terminal end of the protein. Sequence 
analysis of Had/Na+,K+ ATPase revealed the presence of several PKC 
consensus phosphorylation sites within the N-terminal intracellular tail (Fig. 
12A). Further experiments performed by Dr. Chen and co-workers showed that 
phosphorylation-deficient forms of Had/Na+,K+ ATPase [HadS25A and 
HadS16,23,25A (Had3A)] failed to rescue had mutant heart tube elongation defects. 
These results suggested that phosphorylation at Ser25, a predicted PKC 
consensus phosphorylation site, at the N-terminal intracellular tail of Had/Na+,K+ 
ATPase is required for the proper activity of the pump during zebrafish heart 
development. In order to investigate whether atypical Prkcs specifically 
phosphorylate Had/Na+,K+ ATPase in any of these residues, in vitro 
phosphorylation assays were performed using WT (HadWT) and 
phosphorylation-deficient (Had3A) form of the N-terminal intracellular tail [amino 
acids (aas) 1-98] of the Na pump (Fig. 13). 
Human and zebrafish Prkci show a high degree of homology, therefore either 
human recombinant Prkciota (hPrkci) or zebrafish Has/Prkci were used for the 
kinase assays. Vertebrates have two atypical Prkc isoforms, Has/Prkci and 
Prkcz. Prkcz function during zebrafish heart morphogenesis has not been 
addressed in detail, but previous studies showing that Prkcz can replace 
Has/Prkci function during eye development (Cui et al., 2007) raise the 
possibility that Prkcz may play also a role during heart development. Therefore, 
phosphorylation assays on Had/Na+,K+ ATPase were also performed with 
recombinant human Prkcz.  
In vitro kinase assays showed that hPrkci and hPrkcz phosphorylate Ser and/or 
Thr residues among the first 98aas of Had/Na+,K+ ATPase (Fig. 13C). Both 
atypical Prkcs, hPrkci and hPrkcz, phosphorylated N-terminal HadWT and Had3A 
intracellular tails to a similar extent. This result suggested the presence of 
Had/Na+,K+ ATPase Prkc target residues other than S16, S23 or S25.   
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Using NetPhos2.0 server (http://www.cbs.dtu.dk/services/NetPhos) to predict 
potential phosphorylation sites, 7 Ser and Thr residues were identified among 
the first 98aas on Had/Na+,K+ ATPase as potential phosphorylation sites (Fig. 
14). NetPhos is a neural network-based method for prediction of potential 
phophorylation sites at serine, threonine or tyrosine residues in proteins (Blom 
et al., 1999). This method takes into account the following parameters: 
experimentally verified phosphorylation sites, surrounding sequences and the 
tertiary structure of potential phosphorylation sites. Potential phosphorylation 
sites are assigned an output score ranging from 0.000 to 1.000. High scores, 
over the 0.500 threshold, indicate that the confidence of the prediction is high 
(Fig. 14).   
To test whether Prkcs specifically phosphorylate those N-terminal Ser residues 
whose function had been analyzed (Ser16, Ser23 and Ser25), a shorter 
fragment of the N-terminal intracellular tail of Had/Na+,K+ ATPase (amino acids 
1-49) was generated in order to eliminate other potential phosophorylation sites. 
In vitro kinase phosphorylation assays using the 49aas fragment showed that 
hPrkci or Has/Prcki do not phosphorylate Had/Na+,K+ ATPase at residues S16, 
S23 or S25 (Fig 15). Whereas hPrkcz weakly phosphorylates the WT 
Had/Na+,K+ ATPase on these residues. hPrckz phosphorylation of Had is 
reduced when these serine residues are mutated to alanine. However, Had3A 
phosphorylarion by hPrkcz is still detected which could be the result of 
phosphorylation of residue Thr15. Although this residue has not been identified 
as a potential phosphorylation site using NetPhos, this result suggest that it 
could be phosphorylated by hPrkcz. Nevertheless, the biological significance of 
this phosphorylation event should be analysed in vivo. The results from this 
experiment show that the N-terminal intracellular tail of Had/Na+,K+ ATPase is 
phosphorylated by Prkci or Prkcz in in vitro phosphorylation studies. Although 
the functionally characterized residues 16, 23 and 25 are not phosphorylated by 
Has/Prkci. These results suggest that regulation of Had/Na+,K+ ATPase via 
phosphorylation of Ser25 is not mediated by Has/Prkci. 
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Figure 13. Phosphorylation of the N-terminal intracellular tail of Had/Na+,K+ 
ATPase by atypical Prkcs. (A) Predicted structure of the Na+,K+ ATPase α1B1 
subunit.  The amino-terminal intracellular tail (98 residues) is shown in green. 
Transmembrane domains are numbered.  (B) Protein sequence of the Had/Na+,K+ 
ATPase amino-terminal intracellular tail (first 98 residues). Sequence alignment of the 
first 34 residues of the amino-terminal intracellular tail of zebrafish wild type and 
mutated forms of Na+,K+ ATPase α1B1. Potential PKC phosphorylation target residues 
(serines in red) were mutated to alanine (blue). (C) Purified fragments of Had [only first 
intracellular tail with 98 residues (HisMyc:Hadwt98 and HisMyc:Had3A98)] were used for 
an in vitro kinase assay with recombinant human Prkci (hPrkci) and hPrkcz. The 
position of HisMyc:Hadwt98 and HisMyc:Had3A98 on the autoradiograph is indicated by 
an arrow.  Autophosphorylated hPrkci and hPrkcz are indicated by an asterisk. Myc-
tagged Had protein levels are shown by Coomassie staining. hPrkci and hPrkcz levels 
are shown by immunoblot. Both  recombinant hPrkci and hPrkcz phosphorylated the 
cytoplasmic N-terminal tail of Had/Na+,K+ ATPase. 
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Figure 14. Prediction of potential phosphorylation sites within the amino-
terminal tail of Had/Na+,K+ ATPase using NetPhos2.0 server. Protein sequence of 
the N-terminal intracellular tail of Had/Na+,K+ ATPase (first 98aas). The NetPhos2.0 
server assigns to the residues an output score ranging from 0.000 to 1.000. The higher 
the score, the higher the confidence of the prediction. Only residues assigned an 
output score over 0.500 are predicted as potential phosphorylation sites. Residues in 
blue and red are those predicted as potential phosphorylation sites. Serine residues in 
red are the functionally characterized PKC consensus phosphorylation. Serines and 
threonines non identified as potential phosphorylation sites are shown in green. 
Potential phosphorylation residues predicted using NetPhos2.0 are listed together with 
the output scores assigned to them. 
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Figure 15. Prkcz phosphorylates the N-terminal tail of Had/Na+, K+ ATPase on 
S16, S23 and/or S25. (A) Protein sequence of the first 49 residues of Had/Na+,K+ 
ATPase amino-terminal intracellular tail. Serines predicted to be potential 
phosphorylation target sites are shown in red.  (B) Purified fragments of Had [only first 
49 residues of the intracellular tail (HisMyc:Hadwt49 and HisMyc:Had3A49)] were used for 
an in vitro kinase assay with recombinant human Prkci (hPrkci) and hPrkcz, and 
purified HisMyc tagged Has/Prkci. The position of HisMyc:Hadwt49 and HisMyc:Had3A49 
on the autoradiograph is indicated by an arrow. Autophosphorylated hPrkci, hPrkcz 
and Has/Prkci are indicated by an asterisk. hPrkci, hPrkcz, Has/Prkci and Myc-tagged 
Had protein levels are shown by Coomassie staining. hPrkcz phosphorylates 
Had/Na+,K+ ATPase on residues S16, S23 and/or S25. Neither hPrkci nor Has/Prcki 
phosphorylate the cytoplasmic N-terminal tail of Had/Na+,K+ ATPase among the first 49 
residues.  

 

 

 

 

4.6 The amino-terminal phosphorylation state of Had/Na+,K+ ATPase 
does not affect its´ membrane association 

It has previously been shown that direct phosphorylation of rat Na+,K+ ATPase 
by PKC at Ser23 of the α subunit is an important mechanism by which the 
pump activity is regulated (Vasilets et al., 1990; Bertorello et al., 1991; Chibalin 
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et al., 1997; Vasilets et al., 1997; Chibalin et al., 1998; Vasilets et al., 1999).  
Phosphorylation at this residue causes the increased internalization of the Na 
pump into endocytic vesicles effectively resulting in a reduced ion pump 
function at the plasma membrane. To assess whether reduced activity of the 
phosphorylation-deficient form of Had, Had3A, could be the consequence of a 
changed subcellular protein distribution compared with the WT form, membrane 
association of the WT and the mutant Myc-tagged fusion proteins was tested. 
Zebrafish embryos were injected with in vitro synthesized mRNA encoding WT 
(HadWT) and phosphorylation-deficient (Had3A) forms of Had/Na+,K+ ATPase. 
Membrane fractionation was performed on 32 hpf embryonic extracts. Western 
blot analysis demonstrated that the phosphorylation-deficient form of the protein 
was enriched within the membrane and cytoskeletal fractions of embryonic 
extracts similar to the WT form (Fig. 16A).  To further quantify and compare the 
relative membrane distribution of WT and phosphorylation-deficient forms of 
Had/Na+,K+ ATPase, the relative amounts of protein from three independently 
prepared protein fractionations were measured using ImageJ freeware (W. S. 
Rasband, National Institutes of Health, Bethesda, MD; http://rsb.info.nih.gov/ij/) 
(one of which is shown in figure 16). Indeed, the relative membrane fractions 
accounted for 65.5 ± 5.3 % (SD) for wt and 64.5 ± 6.7% (SD) for the 
phosphorylation-deficient mutant forms of the protein and demonstrated that the 
relative membrane association of Had/Na+,K+ ATPase is not affected by Ser25 
phosphorylation (Fig. 17A). 
To assess the distribution of these proteins in the cardiomyocytes, wt embryos 
were injected as described above and immunohistochemical stainings were 
performed at 32 hpf. The analysis of the dissected hearts under confocal 
microscopy showed that both WT and phosphorylation-deficient forms of the 
protein were largely associated with the outer cell membrane of myocardial 
cells (Fig. 16B,C). For the quantification of Had/Na+,K+ ATPase distribution 
using immunohistochemical data, confocal microscopy acquired images were 
analyzed using ImageJ freeware. The membrane area was defined using aPKC 
co-staining as a marker. The relative membrane versus cytoplasmic distribution 
of HadWT or Had3A mutant protein was calculated by comparing the intensity of 
the membrane area with the corresponding sum of total cytoplasmic plus 
membrane areas for each individual myocardial cell. Quantification of the 
relative membrane distributions of protein based on these stainings accounted 
for 60.8 ± 4.4 % (SD) for WT (n=45 myocardial cells) and 61.9 ± 4.7 % (SD) for 
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the phosphorylation-deficient mutant form (n=50 myocardial cells) (Fig. 17B). 
These observations suggest that, during zebrafish embryogenesis, regulation 
via Ser25 does not cause a significant removal of the Na pump from the outer 
cell membrane but rather that phosphorylation of Ser25 positively controls ion 
pump activity at the outer cell membrane. 

 

 
 
Figure 16. The amino-terminal phosphorylation state of Had/Na+,K+ ATPase does 
not affect its membrane association. (A) Western blot of 32hpf embryonic extracts 
shows that HisMyc:Hadwt and HisMyc:Had3A are enriched within the membrane and 
cytoskeletal fraction. (B,C) Confocal fluorescence microscopic images. Cmlc2-driven 
GFP is expressed in the cardiomyocytes. Myocardial wt cells expressing HisMyc::Hadwt 
(B,B’) and HisMyc::Had3A (C,C’).  Both recombinant forms of the Na pump are mostly 
localized at the outer cell membrane. 
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Figure 17. Relative membrane distribution of HadWT and Had3A. Comparison of the 
relative membrane distribution of HadWT and Had3A . The y axis shows the percentage 
of protein localization to the cytoplasm or to the membrane. (A) Quantification of the 
relative distribution of HadWT and Had3A  from three independent protein fractionations. 
Relative membrane fractions are 65.5 ± 5.3 % (SD) for HadWT and 64.5 ± 6.7% (SD) for 
Had3A. (B) Quantification of the relative membrane distribution of HadWT and Had3A 
based on immunohistochemical data. Relative membrane association of HadWT is 60.8 
± 4.4 % (SD) and Had3A is 61.9 ± 4.7 % (SD). 

 

 

 

 

4.7 Genetic interactions of Had/Na+,K+ ATPase regulatory and catalytic 
mutants with Nok/Mpp5 in the maintenance of ZO-1 positive junction 
belts 

Several studies have previously demonstrated the involvement of the Na pump 
in cell junction formation (Contreras et al., 1999;  Rajasekaran et al., 2001a; 
Rajasekaran et al, 2001b; Rajasekaran et al., 2003; Genova and Fehon, 2003; 
Paul et al., 2003; Violette et al., 2006). However, the mechanisms underlying 
the Na+,K+ ATPase interaction with cell junction formation remain unclear. The 
main function of the Na pump is the establishment and maintenance of the 
osmotic balance of the cell. However, the Na pump also functions as a 
scaffolding and signaling molecule (Lopina, 2000). Therefore, Had/Na+,K+ 
ATPase could affect myocardial cell junction maintenance during heart 
development by regulating ion homeostasis. Or, it could be possible that during 
this process, Had/Na+,K+ ATPase acts as a scaffolding protein that contributes 
to keep the integrity of the cell junctions by interacting for example, with the 
cytoskeleton. To assess whether the ion pump function of Had is essential for 
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the maintenance of myocardial apical junction belts, the interaction of ATPase 

catalytic (HadD379N) and regulatory (Had3A) mutants was tested in their genetic 
interaction with nok. The catalytic mutation D379N mutation specifically affects 
the ability of Na+,K+ ATPase  to hydrolyze ATP which is pre-requisite to pump 
sodium and potassium across the plasma membrane (Ohtsubo et al., 1990). 
Rescue experiments of hadla1 mutant embryos using the catalytic mutant form 

of Had/Na+,K+ ATPase (HadD379N) showed that the ATPase catalytic activity is 
required for heart tube elongation (experiment performed in the laboratory of Dr. 
Chen, Los Angeles). 
To investigate the interaction between the different mutant forms of Had/Na+,K+ 
ATPase and nok, low levels of hadMO (2.5 ng) were co-injected together with 
HisMyc::hadwt, HisMyc::had3A, or HisMyc::hadD379N mRNA into nokm520 mutants 
and an antibody against the junctional protein ZO-1 was used to assess the 
integrity of apical myocardial junctions at 32hpf. nokm520 mutants were identified 
by the prominent eye pigmentation phenotype. In order to assess the correct 

expression and stability of the exogenous HadWT, Had3A and HadD379N proteins, 
embryonic extracts were prepared and analysed by Western blot (Fig. 18E). 

HadD379N protein localization to the plasma membrane was assessed by protein 
fractionation of embryonic extracts and Western blot analysis (Fig. 18F). 
Confocal microscopy analysis of 32 hpf dissected zebrafish hearts showed that 
unlike the control nokm520;hadwt single mutant embryos, nokm520;had3A and 
nokm520;hadD379N double mutant/morphants displayed disrupted ZO-1 junctional 
belts (Fig. 18A-C). To further investigate the role played in this interaction by 
the ion pump function of Had/Na+,K+ ATPase, the Na pump activity was blocked 
by applying ouabain, a potent inhibitor of Na+,K+ ATPase. Similarly, nokm520 
embryos treated with ouabain, displayed a loss of ZO-1 junction belts (Fig. 
18D). These results show that impaired ion pump function enhances the loss of 
apical ZO-1 positive junction belts in a nok mutant background. Together, these 
findings suggest that the interaction between Nok/Mpp5 and Had/Na+,K+ 
ATPase in the maintenance of myocardial ZO-1 junction belts requires the Na 
pump function and that correct ionic balance contributes to the maintenance of 
myocardial integrity. The results presented here evidence the importance of 
correct ionic balance of myocardial cells not only for the correct embryonic 
cardiac physiological function but for the maintenance of cell polarity and heart 
morphogenesis during development. 
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Figure 18. Genetic interactions of a Had/Na+,K+ ATPase regulatory and catalytic 
mutants with Nok/Mpp5 in the maintenance of ZO-1 positive junction belts.  (A-D) 
Reconstructions of confocal Z-stack sections of embryonic hearts. nokm520 mutants 
transgenic for Tg(cmlc2:GFP) were injected with hadMO together with HisMyc::hadwt 
(A), HisMyc::had3A (B), HisMyc::hadD379N mRNA (C), or treated with 1mM ouabain (D).  
HisMyc::hadwt mRNA rescues the disruption of ZO-1 positive junction belts in nokm520 
mutants (A’) unlike HisMyc::had3A (B’) and HisMyc::hadD379N mutant mRNA that does 
not (C’) or ouabain treatment (D’). (E) Western blot of 32 hpf embryonic extracts 
showing comparable levels of HisMyc-tagged Hadwt, Had3A, and HadD379N protein 
expression. (F) Comparison of membrane versus cytoplasmic distribution of HisMyc-
tagged HadD379N protein shows that this mutant correctly associates with membranes.  
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4.8 Genetic interaction of SERCA2 and Nok/Mpp5 during heart 
development 

The primary function of the Na pump is the generation of the Na+ and K+ 
gradients across plasma membrane which determines cytoplasmic Na+ levels. 
Moreover, the Na pump determines indirectly the intracellular pH and Ca2+ 
levels through the regulation of Na+/H+ and Na+/Ca2+ exchangers, respectively 
(for reviews see, Sweadner, 1989; Blanco and Mercer, 1998; Philipson and 
Nicoll, 2000). Therefore, it is possible that H+ or Ca2+ could be involved in the 
maintenance of apical myocardial junctions. 
It has recently been shown that two calcium regulator proteins, the Na+/Ca2+ 
exchanger (NCX1) and the sarcoplasmic reticulum (SR) Ca2+-ATPase2 
(SERCA2), play a role during zebrafish heart development (Ebert et al. 2005; 
Langenbacher et al. 2005). During the contraction of the heart, calcium is 
accumulated in the intracellular space of myocardial cells. To relax, 
cardiomyocytes extrude this calcium from the cytosol via NCX1 into the 
extracellular space, in exchange for three extracellular Na+, and through 
SERCA2 back into the SR, where it is necessary to be released during the next 
contraction (Kimura et al., 1986; Bridge et al., 1990; MacLennan, 1970). NCX1 
mutants, named tremblor (tre), show embryonic lethal cardiac arrythmia and 
smaller ventricle (Ebert et al., 2005; Langenbacher et al., 2005), whereas 
SERCA2 morphants show slowed cardiac contractility and no fibrillation (Ebert 
et al. 2005). In addition, the cardiac chambers of SERCA2 morphants fail to 
expand and the heart fails to loop (Ebert et al., 2005). The results from these 
studies, particularly the SERCA2 heart morphological defects, raised the 
possibility that the alteration of intracellular Ca2+ homeostasis, as a 
consequence of ionic imbalance produced by Na pump blockage, could 
mediate the effect of the Na pump on tight junction maintenance during heart 
development.  
To test this hypothesis, SERCA2 was knocked-down [using a SERCA2MO 

(Ebert et al., 2005)] in nok
m520 mutants and heart rate, heart morphology and 

integrity of cardiomyocytes ZO-1 positive apical junctions were assessed. As 
previously described (Ebert et al., 2005), SERCA2 morphants showed reduced 
pigmentation and body size, mild ventral tail curvature, heart looping defects 
and the cardiac chambers failed to expand (Fig. 19). As expected, SERCA2 
morphants presented cardiac functional abnormalities. At 32-34 hpf, the heart 
beat rate dropped by 40% [SERCA2 morphants: 80.0 ± 16.0 (SD) beats per 
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minute (n=59); wt: 130 ± 8 (SD) beats per minute (n=24)]. Heart beat rate was 
reduced by 20% in single nokm520 [118.3 ± 16.9 (SD) beats per minute (n=46) 
versus 142.8 ± 11.5 (SD) beats per minute in wt siblings (n=32)]. The 
knockdown of SERCA2 in nokm520 mutant embryos resulted in a reduction of the 
heart beat rate of 50% [65 ± 22 (SD) beats per minute (n=27) versus 130 ± 8 
(SD) beats per minute in wt siblings (n=24)]. The reduced heart beat rate 
observed in any of these mutants and morphants indicates that the inactivation 
of these genes affects cardiomyocytes ionic balance. 

To asses whether the interaction of nok
m520 and SERCA2 affected heart tube 

elongation and cardiomyocytes cell junctions integrity, nok
m520;SERCA2 double 

mutant/morphants hearts were analyzed using confocal microscopy. 

nok
m520;SERCA2 double mutant/morphants showed heart elongation defects 

similar to those observed in nok
m520 mutants (nokm520, n=10/16 partially 

elongated heart; SERCA2 morphants, n=8/14 partially elongated heart) (Fig. 
19). Confocal microscopy analysis showed that myocardial ZO-1 junction belts 

integrity in nok
m520;SERCA2 double mutant/morphants is comparable to that of 

nok
m520 single mutants (nokm520 mutants, n=4/5 hearts with intact ZO-1 junction 

belts; SERCA2 morphants, n=8/12 hearts with intact ZO-1 junction belts) (Fig. 
20). The results of these experiments suggest that Ca2+ is involved in regulating 
embryonic cardiac function and morphology, as previously shown. However, 
intracellular calcium homeostasis does not play a critical role in the 
establishment or maintenance of ZO-1 positive junctions belts in 
cardiomyocytes during heart development. 
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Figure 19. Genetic interaction between nokm520 and SERCA2 during heart 
morphogenesis. Reconstructions of confocal Z-stack sections of embryonic hearts. 
Morphology of transgenic Tg(cmlc2:GFP) embryonic hearts in different genetic 
backgrounds at 32-34hpf. (A) wt heart. (B) Heart of a SERCA2 morphant shows 
looping and cardiac chamber expansion defects. (C) nokm520 hearts show defective 
heart tube elongation. (D) Knock-down of SERCA2 in nokm520 mutant background does 
not enhance heart tube elongation defects.  
 
 
 
 
 
 

 
 
Figure 20. Genetic interaction between Nok/Mpp5 and SERCA2 in the 
maintenance of ZO-1 positive junction belts. Images are confocal reconstructions of 
single Z-stack sections of embryonic hearts. (A-D) Localization of ZO-1 in myocardial 
cells at 32-34 hpf is shown in different genetic backgrounds. ZO-1 positive junction 
belts are present in all genotypes: wt (A´), SERCA2 morphant (B´), nokm520 mutant (C´) 
and the nokm520;SERCA2 double mutant/morphant (D´).  
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4.9 Phosphorylation of the amino-terminal tail of Had/Na+,K+ ATPase by 
classical and novel PKC isoforms 

PKCs are key players in intracellular signaling by regulating the activity of many 
enzymes through phosphorylation of serine and/or threonine residues. 
Phosphorylation of the amino-terminal tail of the α-subunit of the Na pump by 
classical and novel PKC isoforms has previously been shown in in vitro and in 
vivo experiments (for review see, Therien and Blostein., 2000). Moreover, these 
phosphorylation events have been shown to regulate pump activity in an 
isoform- and species-specific manner. The presence of several PKC consensus 
phosphorylation sites in this region of the pump, some highly conserved among 
species (Fig. 21), suggested that classical and novel PKCs could also 
phosphorylate the N-terminal tail of Had/Na+,K+ ATPase. Further analysis of the 
Had/Na+,K+ ATPase N-terminal intracellular tail sequence with NetPhosK 
(http://www.cbs.dtu.dk/services/NetPhosK/) predicted the phosphorylation by 
PKC of 3 serines (Ser23, Ser25, Ser69) and 2 threonines (Thr55, Thr71) within 
this region. The NetPhosK 1.0 server extends the more general tool NetPhos 
and produces neural network predictions of kinase specific eukaryotic protein 
phosphorylation sites (Blom et al., 2004). Had/Na+,K+ ATPase Ser23 (0.66) and 
Ser 25 (0.82) were among the residues predicted by the NetPhosK server to be 
phosphorylated by PKC. Interestingly, phosphorylation of Ser25 has been 
shown to be functionally relevant for Had/Na+,K+ ATPase function during 
zebrafish heart development. In addition, experiments presented in this work 
have shown that these residues are phosphorylated by Prkcz. To test whether 
classical and novel PKCs phosphorylate those N-terminal Ser residues of 
Had/Na+,K+ ATPase whose function had been analyzed, in vitro 
phosphorylation assays were performed using human recombinant classical 
and novel PKCs on the 49aas N-terminal fragment. 
 In vitro PKC assays showed strong phosphorylation of HadWT49 fragment by the 
following classical and novel PKCs: α, βI, βII, γ, δ, η, θ (Fig. 22,23). PKC ε 
isoform showed very weak phosphorylation activity on the HadWT49 fragment 
(Fig. 23). The mutation of Ser16, Ser23 and Ser25 to Ala strongly reduced the 
phosphorylation signal on Had 49aas fragment for all classical and novel PKCs 
(Fig 22,23), suggesting that these residues are phosphorylated by PKCs. 
However, as it was observed for hPrkcz, all classical and novel PKCs still 
phosphorylated the Had3A mutant form, suggesting that Thr15 is 
phosphorylated in vitro also by classical and novel PKCs. In summary, these 
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results show that PKCs phosphorylate the first amino-terminal intracellular tail 
of the α-subunit of the zebrafish Na pump in vitro at residues S16, S23 and/or 
S25. However, further experiments are required to assess the role played by 
classical and novel PKCs during zebrafish heart development. 
 
 

 
Figure 21. Sequence alignment of the amino-terminal tail of Na+,K+ ATPase α1-
isoform. Sequence alignment of the N-terminal intracellular tail of zebrafish wild type 
Na+,K+ ATPase α1B1, Xenopus Na+,K+ ATPase α1, rat Na+,K+ ATPase α1, mouse 
Na+,K+ ATPase α1 and human Na+,K+ ATPase α1. Serine and threonine residues 
conserved among all species are shown in red. In green are shown Ser and Thr 
residues not conserved among all species. 
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Figure 22. Classical PKCs phosphorylate the N-terminal intracellular tail of 
Had/Na+,K+ ATPase. Purified fragments of Had [only first 49 residues of the 
intracellular tail (HisMyc:Hadwt49 and HisMyc:Had3A49)] were used for an in vitro kinase 
assay with recombinant human classical PKCs. The position of HisMyc:Hadwt49 and 
HisMyc:Had3A49 on the autoradiograph is indicated by an arrow. Autophosphorylated 
hPKCa (PKCα), hPKCg (PKCγ), hPKCbI (PKCβI) and hPKCbII (PKCβII) are indicated 
by an asterisk. hPKCa, hPKCg, hPKCbI and hPKCbII and Myc-tagged Had protein 
levels are shown by Coomassie staining. hPKCa phosphorylate, very efficiently, 
Had/Na+,K+ ATPase within the first 49aminoacids. Similarly, hPKCg, hPKCbI and 
hPKCbII efficiently phosphorylate Hadwt49. This phosphorylation signal is strongly 
reduced by the mutation of  S16, S23 and S25 to Ala, suggesting that one or more of 
these residues are phosphorylation targets of cPKCs.  
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Figure 23. Novel PKCs phosphorylate the N-terminal intracellular tail of 
Had/Na+,K+ ATPase. Purified fragments of Had [only first 49 residues of the 
intracellular tail (HisMyc:Hadwt49 and HisMyc:Had3A49)] were used for an in vitro kinase 
assay with recombinant human novel PKCs. The position of HisMyc:Hadwt49 and 
HisMyc:Had3A49 on the autoradiograph is indicated by an arrow. Autophosphorylated 
hPKCd (PKCδ), hPKCe (PKCε), hPKCeta (PKCη) and hPKCt (PKCθ) are indicated by 
an asterisk. Recombiant Human novel PKCs and Myc-tagged Had protein levels are 
shown by Coomassie staining. Whereas hPKCd, hPKCeta and hPKCt phosphorylate 
Hadwt49 very efficiently, hPrkce shows weak phosphorylation on Hadwt49.  32P signal is 
strongly reduced by mutation of  S16, S23 and S25 to Ala suggesting that one or more 
of these residues are being phosphorylated by novel PKCs.  
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4.10 Establishing a chemical genetics screen to identify Has/Prcki 
phosphorylation targets 

The correct establishment of epithelial polarity and cell-cell junctions is a key 
feature for proper heart tube elongation during zebrafish development. Previous 
studies have shown the critical role played by apical protein complexes during 
heart morphogenesis (Rohr et al., 2006). In particular, Has/Prkci kinase activity 
plays an essential role in the establishment of apical-basal polarity and cell-cell 
junctions in cardiomyocytes during zebrafish development (Rohr et al., 2006). 
These observations suggest that heart morphogenesis is driven via direct 
phosphorylation of Has/Prkci substrates. Therefore, the identification of 
Has/Prkci signaling targets would help to better understand the molecular 
mechanisms involved in heart tube elongation. Some relevant phosphorylation 
targets of Has/Prkci have been shown to be essential for heart development.  
The crb2/ome mutants, which are deficient for a crumbs gene homolog (crb2), 
show cardiac edema and defective peripheral circulation, defects commonly 
linked to cardiac morphological and/or functional defects (Malicki et al., 1996; 
Malicki et al., 1999). Had/Na+,K+ ATPase is essential for heart tube extension 
during zebrafish development and in vitro kinase assays performed in this study 
have shown that Prkci phosphorylates the N-terminal intracellular tail of the Na 
pump. However, whether this phosphorylation event is essential for heart 
morphogenesis during zebrafish development remains unclear. The 
inconclusive results from the direct candidate approach I used in my study 
highlight the fact that an unbiased straightforward screen which, ideally, 
resembles the in vivo conditions of Has/Prkci is better suited for the 
identification of such targets.   
Therefore, in order to identify Has/Prcki direct phosphorylation targets, a 
chemical genetic approach was designed. The chemical genetic strategy 
developed by Shokat and colleagues, combines protein engineering and 
organic-synthesis. The advantage of this approach over traditional methods to 
identify kinase phosphorylation targets is the specific kinase substrate labeling. 
This is achieved by engineering the kinase of interest to accept bio-orthogonal 
ATP analogs that cannot be utilized by other kinases present in the sample. 
This ATP analog-specific (AS) kinase is generated by replacing a large 
hydrophobic group within the ATP binding pocket with a smaller residue. In this 
way, the AS-kinase is able to accept the bulkier ATP analog into the enlarged 
ATP binding pocket. This approach has been successfully used for several 
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kinases. For example, v-Src (Liu et al., 1998) and c-Raf-1 (Hindley et al., 2004) 
have been efficiently engineered to accept [γ-32P]ATP analogs to produce 
radiolabeled kinase-specific substrates. Moreover, this method has been 
recently implemented by combining AS-kinase substrate labeling and 
phosphoprotein affinity purification (Allen et al., 2004; Allen et al., 2007). This 
approach selectively introduces a thiophosphate on the substrate that is then 
chemically modified to construct a bio-orthogonal affinity tag. 

 
Figure 24. Chemical genetic approach to identify kinase phosphorylation 
substrates. The introduction of a space-creating mutation in the ATP binding pocket 
allows the analog-specific mutant kinase to accept a bulky ATP analog as 
phosphodonor. The labeling of the ATP analog permits the identification of labeled 
kinase-specific substrates. (Modified after Cravatt, 2005). 
 
 
 
 
4.10.1 Engineering of Has/Prkci to accept bio-orthogonal ATP analogs 
The first step to establish a chemical genetic screen to identify Has/Prkci 
phosphorylation targets was to identify the ATP binding site residues that need 
to be modified in order to enlarge the ATP binding pocket. The highly conserved 
nature of the ATP binding site in protein kinases permitted the use of a protein 
sequence analysis to select suitable residues for site-directed mutagenesis. v-
Src (Liu et al., 1998) and c-Raf-1 (Hindley et al., 2004) have been successfully 
engineered to utilize N6(benzyl)-ATP by introducing the following changes: 
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V323A or I338A in v-Scr and T421A, F474L, G485A in c-Raf-1. Therefore, a 
similar strategy was employed in this study. The comparison of the primary 
sequence of the kinase domain of Has/Prkci, c-Src and c-Raf-1 resulted in the 
identification of Val300 and Ile316 as the most suitable targets for site-directed 
mutagenesis in Has/Prkci (Fig.25). Subsequently, Has/Prkci V300 and I316 
were mutated to alanine by site-directed mutagenesis.  
 

 
 

Figure 25. Alignment of the primary sequence of the kinase domains of 
Has/Prkci, v-Src and c-Raf. The residues in red correspond to the amino acids 
mutated in v-Src (Liu et al., 1998), c-Raf-1 (Hindley et al., 2004) and Has/Prkci to 
enlarge the ATP binding pocket. 

 

 

 

 

4.10.2 AS-Has/Prkci function during heart development in zebrafish 
A key feature of this approach is that the AS-Kinase conserves its biological 
properties in order to preserve substrate specifity. To test whether the 
mutations introduced in the ATP binding pocket of Has/Prkci affected its 
function, rescue experiments were performed. mRNA encoding HasWT, HasV300A 
or HasI316A was co-injected with hasMO into one-cell stage embryos and the 
ability to rescue has morphant phenotype was assessed. has morphants show 
upwardly curved body, brain defects, disrupted eye pigmentation and heart 
morphogenesis is arrested at the heart cone stage (Horne-Badovinac et al., 
2001). Since the main interest of this study is to gain insight into the molecular 
mechanisms involved in heart development, analysis of the rescue efficiency 
focussed on the heart morphogenesis. After 28-30 hours of development, 100% 
of the embryos injected with hasMO  showed severe heart tube elongation 
defects characteristic of the has phenotype (Fig. 26B,F). Embryos co-injected 
with mRNA encoding HasWT (Fig. 26C,F) or HasI316A (Fig. 26E,F) rescued heart 
tube elongation by 28-30 hpf. The AS mutant form HasI316A was also able to 
rescue body curvature, brain defects and eye pigmentation phenotypes. In 
addition, overexpression of HasI316A did not cause defects. These results 
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indicate that the exchange of I316A which enlarges the ATP binding pocket 
does not affect Has/Prkci function in vivo. Another mutant, HasV300A, failed to 
rescue heart tube elongation (Fig. 26D,E), and other phenotypical defects 
observed in has morphants. These results suggest that the mutation V300A 
might interfere with the catalytic activity of Has and excludes the use of this 
mutant form in the chemical genetic screen. 
Unpublished observations made by Dr. Seyfried and co-workers strongly 
suggest that the correct localization of Has/Prkci to the TJs is critical for its 
function during cardiac morphogenesis. Thus, to further analyze the effect of 
mutation I316A on Has function during heart morphogenesis, subcellular 
localization of HasI316A was assessed. To visualize the localization of Has/Prkci 
WT and I316A mutant forms within cardiomyocytes, mRNA encoding Myc-
tagged HasWT or HasI316A was co-injected with hasMO and the protein was 
visualized with an antibody against the  Myc tag. The confocal analysis showed 
that HasI316A localizes to the cell membrane like HasWT and endogenous Has 
protein (Fig. 27). Therefore, the I316A mutation does not affect HasI316A 

localization at the membrane of cardiomyocytes. 
Together, these results indicate that HasI316A is biologically fully functional which 
makes this mutant a strong candidate for a chemical genetic screen.  
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Figure 26. Rescue effects of WT and analog-specific mutant forms of Has/Prkci 
in has morphants. Reconstruction of confocal Z-stack sections of embryonic hearts at 
28-30 hpf. Tg(cmlc2:GFP) embryos were injected with hasMO alone or together with 
WT or analog-specific mutant forms of Has/Prkci mRNA. (A) wt heart. (B) Heart 
development arrest at heart cone stage in has morphants. (C) Injection of hasMO 
together with HisMyc::hasWT  mRNA rescues heart tube elongation. (D) Analog-specific 
mutant form HasV300A fails to rescue heart tube extension in has morphants. (E) 
HisMyc::hasI316A mRNA rescues heart tube elongation defects in has morphants. (F) 
Table showing the quantification of the rescue of has morphant phenotype after 
injection of wt or analog-specific mutant forms of has mRNA. 
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Figure 27. Membrane localization of HasWT and HasI316A in cardiomyocytes. 
Images are confocal reconstructions of single Z-stack sections of embryonic hearts at 
28-30 hpf. Expression of exogenous HisMyc::HasWT (A,A´) and HisMyc::HasI316A (B,B`) 
in cardiomyocytes shows that both recombinant forms localize similarly to the 
membrane. Cmlc2-driven GFP is expressed in the cardiomyocytes. 
 

 

 

 

4.10.3 In vitro catalytic activity of HasI316A 

The next step to assess the suitability of HasI316A as AS-kinase for the chemical 
genetic screen was to test its catalytic activity in vitro. First, zebrafish embryos 
were used to generate active HasWT and HasI316A kinases. Briefly, one-cell 
stage embryos were injected with mRNA encoding HisMyc-tagged HasWT or 
HasI316A and at 24 hpf kinases were purified from embryonic extracts under 
non-denaturating conditions. The kinase activities of purified WT and the AS-
Has (HasI316A) were determined in vitro using a commercially available peptide-
substrate (peptide-substrate sequence: ERMRPRKRQSVRRRV). As a positive 
control for assay conditions a commercially available human recombinant Prkcz 
(Calbiochem) was used. In vitro kinase assays showed that the I316A 
exchange within the binding pocket of Has/Prkci does not affect the catalytic 
activity (Fig. 28). HasI316A was able to phosphorylate the peptide target (Fig. 
28). The mutant AS-Has displayed weaker catalytic activity than the WT form of 
Has. However, a slightly reduced activity of AS-kinases using ATP as 
phosphodonor has previously been observed without affecting the efficiency or 
specificity of the AS-kinase (personal communication, J. Allen). Once the 
catalyitic activity of recombinant HasWT and HasI316A was tested,  Sf9 insect 
cells were used to scale-up the production of the recombinant kinases. 
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Figure 28. Catalytic activity of HasWT and HasI316A. To test the catalytic activity of 
purified WT and the AS-Has (HasI316A), a commercially available peptide-substrate 
[Peptide A (Peptide ε, Calbiochem), sequence: ERMRPRKRQGSVRRRV] was used 
for in vitro kinase assays with recombinant human Prkcz (as positive control for assay 
conditions) and recombinant Has/PrkciWT and Has/PrkciI316A. [γ32P]-labelled ATP was 
used as phosphodonor in the kinase reactions. The position of peptide-substrate on 
the autoradiograph is indicated by an arrow. Autophosphorylated hPrkcz and 
Has/PrkciWT and Has/PrkciI316A are indicated by an asterisk.  
 

 

 

 

 

To test the ability of Has/Prkci to utilize thio-phosphate as phosphodonor, in 
vitro kinase assays using  ATP-γ-S were performed. Ability to use this substrate 
would make it feasible to use the immunoaffinity purification approach. 
To determine the applicability of the thio-phosphate labeling approach, the 
ability of Has to thio-phosphorylate protein substrates was tested. In in vitro 
phosphorylation assays using ATP-γ-35S both kinase forms, HasWT and 
HasI316A, efficiently phosphorylated the peptide A substrate (Fig. 29). Kinase 
autophosphorylation occurred to a similar extent in HasWT and HasI316A (Fig. 
29).   
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Together, these results show that HasI316A conserves its biological functions 
and catalytic activity. Therefore, HasI316A fullfils the basic requirements to be 
used in a chemical genetic screen to identify Has/Prkci phosphorylation targets. 
Moreover, the results presented here show that HasI316A can be used to perform 
an immunoaffinity purification approach. 

 
 

Figure 29. WT and analog-specific mutant Has/Prkci can use ATPγS as a 
phosphodonor. To test the ability of Has/Prkci to thio-phosphorylate substrates, in 
vitro kinase assays were performed using recombinant hPrkcz (as positive control), 
Has/PrkciWT and Has/PrkciI316A. ATPγ35S was used as phosphodonor. Two 
commercially available peptide-substrates were used, Peptide A (Peptide ε, 
Calbiochem) and peptide B [MARCKS PSD-Derived Peptide (Calbiochem) sequence: 
KKRFSFKKSFKL]. Autoradiograph shows that Has/PrkciWT and Has/PrkciI316A can 
efficiently phosphorylate peptide A. Peptide B comprises amino acids 154-165 from 
myristoylated alanine-rich C-kinase substrate (MARCKS) protein phosphorylation site 
domain. Atypical PKCs do not utilize intact MARCKS as a substrate, and peptide B 
phosphorylation by Prkcz, but not by Prkci, has been described. Has/PrkciWT and 
Has/PrkciI316A inability to phosphorylate Peptide B shows that the specificity of 
recombinant WT and AS-Has/Prkci is not affected. The position of peptide-substrate on 
the autoradiograph is indicated by an arrow. Autophosphorylated hPrkcz and 
Has/PrkciWT and Has/PrkciI316A are indicated by an asterisk.  
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5 Discussion 
 
This study uncovered a genetic interaction between had and nok in the 
maintenance of ZO-1 positive apical myocardial junctions during zebrafish heart 
morphogenesis. My results suggest a crucial role of Had/Na+,K+ ATPase pump 
function in this interaction. Moreover, this finding suggests that ion homeostasis 
is critical, not only for heart function, but for maintaining epithelial integrity 
during heart development. Analysis of Had/Na+,K+ ATPase regulation during 
zebrafish heart development, suggests the involvement of different mechanisms 
in regulating the Na pump. In particular, results presented here suggest that 
Has/Prkci could regulate Had/Na+,K+ ATPase by directing its´ subcellular 
localization. Previous studies have shown the essential role played by 
Has/Prkci catalytic activity during heart development (Rohr et al., 2006). In this 
study, I have shown the suitability of Has/Prkci to be used in a chemical genetic 
screen to identify direct phosphorylation targets, which should help to elucidate 
the molecular mechanisms involved in heart morphogenesis.  
 
5.1 Had and Nok interact in the maintenance of apical myocardial 

junctions during heart development 
Results from this study demonstrate an interaction between had and nok in the 
maintenance of ZO-1 positive apical junctions in cardiomyocytes during 
zebrafish heart development. It was the phenotypic similarity between both 
mutants that raised the possibility of an interaction between these two factors in 
cell polarity and epithelial maintenance. Independent mutations that affect 
Na+,K+ ATPase regulation (S25A) and catalytic activity (D379N) which is 
required to pump sodium across the plasma membrane, as well as the 
pharmacological inhibition of pump function, strongly suggest that the 
interaction between Nok/Mpp5 and Had/Na+,K+ ATPase in this process requires 
the Na pump function and that correct ionic balance contributes to the 
maintenance of myocardial integrity. 
These findings are in agreement with previous studies performed in various 
models (Rajasekaran et al., 2001a; Rajasekaran et al., 2003; Violette et al., 
2006). Results from a study in MDCK cells suggested that the Na pump activity 
is required for the establishment of epithelial polarity and the formation of TJs in 
a calcium switch assay (Rajasekaran et al., 2001a). Furthermore, this study 
correlated the loss of epithelial polarity and TJ formation with increased 
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intracellular Na+ concentration suggesting a role for cellular ion homeostasis in 
this process (Rajasekaran et al., 2001a). In human RPE cells, inhibition of Na 
pump function affected TJ integrity and transmembrane permeability 
(Rajasekaran et al., 2003). Similar results were observed in mouse blastocysts, 
in which Na+,K+ ATPase function and TJ formation and function have been 
linked during preimplantation development (Violette et al., 2006). 
Studies performed by Rajasekaran and colleagues (Rajasekaran et al., 2001b) 
also provided evidences for a synergistic interaction between E-Cadherin and 
Na+,K+ ATPase in the formation of continuous ZO-1 positive tight junctions. 
Previously, a model has been suggested according to which two independent 
events are involved in tight junction formation (Balda et al., 1996; Rajasekaran 
et al., 1996; Rajasekaran et al., 2001a; Rajasekaran et al., 2001b). According to 
this model, TJ proteins are first translocated to the plasma membrane in an E-
Cadherin dependent manner. Then, TJs assemble in an E-Cadherin 
independent manner. The results from Rajasekaran studies suggest that 
functional E-Cadherin is required for ZO-1 localization to the plasma membrane 
and Na+,K+ ATPase function is necessary for the formation of the continuous 
ZO-1 staining characteristic of TJs. This interaction has been also observed in 
MSV-MDCK cells, a cell line with strongly reduced levels of E-Cadherin and 
beta-subunit of Na+,K+ ATPase (Rajasekaran et al. 1996: Rajasekaran et al. 
2001b). In these cells continuous ZO-1 positive tight junctions belts are 
established when ectopic expression of E-Cadherin is accompanied with 
restored function of Na+,K+ ATPase. The synergistic interaction between E-
Cadherin and Na+,K+ ATPase function described in all these studies is similar to 
our observation of genetic interactions between had and nok during zebrafish 
heart morphogenesis. In the model presented here, ZO-1 positive apical 
junctions are established in the double nokm520;had mutant/morphant embryos 
at the 16-somite stage but the loss of Na+,K+ ATPase pumping function results 
in the inability of cardiomyocytes to maintain these ZO-1 positive apical 
junctions (Fig. 30). It cannot be ruled out that even though intact ZO-1 positive 
apical junctions are observed at the 16-somite stage in the nokm520;had 
mutant/morphant embryos, the paracellular barrier function of these junctions is 
affected. The loss of myocardial apical junctions correlates with severe heart 
morphological defects suggesting that tight junctions maintenance could be 
essential for heart tube elongation and correct ionic gradients may contribute to 
tight junctions stability. In concordance with the results presented here, proper 
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cell polarization during heart morphogenesis has been previously described as 
an essential feature for correct heart tube elongation (Rohr et al., 2006). It is 
possible that the correct ionic gradients, modulated by Had/Na+,K+ ATPase, 
stabilize the integrity of the tight junction and that weakening of the tight junction 
paracellular diffusion barrier function, may then enhance ionic gradient 
imbalances affecting epithelial integrity. However, further studies are required to 
understand the possible link between tight junctions and ionic gradients in the 
control of epithelial morphogenesis.  

 
Figure 30.  Model for the interactions between Nok/Mpp5 and Had/Na+,K+ ATPase 
in the maintenance of apical junction belts within myocardial cells.  The ion pump 
activity of Had/Na+,K+ ATPase which maintains the ionic balance of myocardial cells 
interacts with the tight junctions associated protein Nok/Mpp5, a scaffolding partner of 
apical Crumbs and Par6-PRKCi protein complexes, in the stabilization of apical ZO-1 
positive junctional belts. 
 
 
 
 
The invertebrate model organisms Drosophila has been widely used to study 
epithelia morphogenesis and establishment of apical-basal polarity during 
development. A large number of genes involved in this process have been 
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found to play similar roles in vertebrate organisms. In Drosophila Na+,K+ 
ATPase is required for the establishment and function of septate junctions, a 
structure with a similar paracellular function as vertebrate TJs (Genova and 
Fehon, 2003; Paul et al., 2003).  Recent studies have shown that ion pump 
function is dispensable for SJs establishment and function in Drosophila (Paul 
et al., 2007). This contrast with the results from my work and with the traditional 
view of the Na pump as an enzyme mainly involved in the maintenance of ionic 
gradients. In Drosophila, the Na pump is a structural component of the septate 
junctions and it seems that in this context the pump has a scaffolding/structural 
function that is sufficient to establish and maintain these junctions. The model 
proposed by the authors involves the interaction of the extracellular domain of 
the β-subunit, previously shown to be directly involved in cell-cell adhesion 
interactions (Contreras et al., 1999; Müller-Hussmann et al., 1993; Shoshani et 
al., 2005), with extracellular domains of SJ proteins from adjacent cells, 
whereas intracellular domains of α-subunit interact with cytosolic proteins 
contributing to junction formation and function (Paul et al., 2007). Na+,K+ 
ATPase is known to interact with several cytoskeletal proteins (review, Therien 
and Blostein, 2000). Therefore, although the model presented in this study 
shows the requirement of Had/Na+,K+ ATPase function in cell junction 
maintenance, the contribution of a scaffolding function of the Na pump to the 
effect observed in the cardiomyocytes cannot be ruled out. It could also be 
possible that the altered intracellular ion homeostasis, caused by the blockage 
of the Na pump function, affects the Na pump-cytoskeleton interactions 
affecting cell-cell junctions stability. Further studies are required to determine 
the contribution of the scaffolding and the ion pump functions of Na+,K+ ATPase 
to the maintenance of TJs during heart development.     
Results discussed here, in addition to the capacity of rat α1 isoform to rescue 
Drosophila Atpα-null mutant phenotype (Paul et al., 2007), support the 
hypothesis that the Na pump has an evolutionary conserved role in the 
establishment and/or maintenance of cell junctions. Mutations in the Atpα locus 
disrupt all known Na+,K+ ATPase α isoforms known in Drosophila (Lebovitz et 
al., 1989; Sun et al., 1998; Palladino et al., 2003). However, the recent 
description of an ion-transport-independent function of the Na pump in SJ 
formation in Drosophila raise the possibility that different molecular mechanisms 
are involved in the different systems. 
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5.2 Possible role of Has/Prkci and Nok/Mpp5 in the subcellular 
localization of Had/Na+,K+ ATPase 

The analysis of Had/Na+,K+ ATPase subcellular localization in has and nok 
morphants at the 20-somite stage showed that the enzyme localized along the 
entire membrane of cardiomyocytes. The assessment of Had/Na+,K+ ATPase 
localization in wt cardiomyocytes failed due to insufficient expression of the 
exogenous protein. However, Na+,K+ ATPase basolateral distribution has been 
described in most epithelia examined. In fact, during chicken heart development 
Na+,K+ ATPase is confined to the basolateral membrane of myocardial cells 
(Linask, 1992). Consequently, the findings from my study suggest that 
Nok/Mpp5 and Has/Prkci could regulate Had/Na+,K+ ATPase activity by 
directing its subcellular localization.  
Has/Prkci is a signaling molecule involved, via direct phosphorylation, in 
directing apical-basal protein organization (Betschinger et al., 2003; 
Betschinger et al., 2005; Plant et al., 2003; Lin et al., 2000; Nagai-Tamai et al., 
2002; Suzuki et al., 2004; Hurov et al., 2004; Smith et al., 2007; Nishimura et 
al., 2007; Sotillos et al., 2004). It has previously been shown that the polarized 
distribution of Na+,K+ ATPase in MDCK cells is disrupted upon treatment with a 
dominant-negative form of PKCi (Suzuki et al., 2001). In addition, the kinase 
activity of Has/Prkci is essential for proper heart tube elongation during 
zebrafish heart morphogenesis (Rohr et al., 2006). My results show 
phosphorylation of Ser and/or Thr residues within the N-terminal intracellular tail 
of Had/Na+,K+ ATPase by hPKCi. Taken together, these observations support 
the notion that proper subcellular distribution of Had/Na+,K+ ATPase is 
dependent on the activity of Has/Prkci.  
Since experiments performed in the laboratory of Dr. Chen and described here, 
in section 3.5, demonstrated that phosphorylation of Ser25 is critical for 
Had/Na+,K+ ATPase function during heart tube elongation, I hypothesized that 
Has/Prkci regulates the subcellular distribution of Had/Na+,K+ ATPase by 
directly phosphorylating this residue. However, in vitro assays showed that 
Ser25 is not phosphorylated by hPKCi or Has/Prkci. 
Interestingly, Prkcz, the other atypical Prkc isoform found in zebrafish, 
phosphorylates the N-terminal intracellular tail of Had/Na+,K+ ATPase, and the 
mutation to Ala of the Ser16, 23 and 25 strongly reduced the phosphorylation 
signal, suggesting that hPKCz specifically phosphorylates these residues. Prkcz 
is known to have a redundant function with Has/Prkci during zebrafish eye 
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morphogenesis (Cui et al., 2007), and previous studies have suggested a 
redundant function of Prkci and z during zebrafish heart development (Rohr et 
al., 2006). Moreover, recent work has established a link between PKCz and 
Na+,K+ ATPase localization to the membrane in mouse blastocyst (Eckert et al. 
2004). Therefore, the results presented here open the possibility that Prkcz is 
regulating Na+,K+ ATPase function, via Ser and/or Thr residues in the N-
terminal cytoplasmic tail, during zebrafish heart development. However, further 
analyses in vivo are required to define the role played by Prkcz during this 
process. 

 

5.3 The N-terminal phosphorylation state of Had/Na+,K+ ATPase does not 
affect its membrane association 

Studies using D1-transfected OK cells and Xenopus oocytes suggest that an 
important mechanism of regulation of Na pump function is via PKC-mediated 
inhibition involving phosphorylation of Ser23 of rat.  This phosphorylation event 
results in the internalization of the Na pump via increased endocytosis and, 
therefore, effective inactivation (Vasilets et al., 1990; Chibalin et al., 1997; 
Vasilets et al., 1997; Chibalin et al., 1998; Vasilets et al., 1999). Rescue 
experiments performed by Dr. Chen and colleagues showed that mutation to 
alanine of the N-terminal residues S16, S23 and S25 negatively affected 
Had/Na+,K+ ATPase function during zebrafish heart morphogenesis, and raised 
the possibility that phosphorylation of these residues was required for proper 
membrane association of the enzyme. Membrane fractionation and 
immunohistochemical analysis of exogenous WT and phosphorylation-deficient 
Had/Na+,K+ ATPase localization showed that, during zebrafish heart 
morphogenesis, the phosphorylation status of S16, S23 and S25 does not 
affect Na+,K+ ATPase α1B1 relative association to the plasma membrane in 
cardiomyocytes. The normal rescue activity associated with a Ser25Glu 
phosphomimetic mutation (personal communication Dr. Chen) together with the 
results presented here suggest that, in contrast to the inhibitory effect of the 
phosphorylation of Ser23 in rat α1-isoform function, phosphorylation of Ser25 
positively controls ion pump activity at the outer cell membrane. 
The N-terminal intracellular tail of the α-subunit of the Na pump is highly 
charged. Structural modelling studies suggest that charged residues in this 
region play an important role in conformational transitions during the catalytic 
cycle of the enzyme, probably by participating in salt bridge formation 
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(Jorgensen, 1975; Jorgensen and Andersen, 1988). Conformational transitions 
of the Na+,K+ ATPase involve the interaction between the actuator (A) domain, 
comprising the N-terminal intracellular tail and the cytoplasmic loop between 
transmembrane (TM) domains 2 and 3, and the nucleotide binding (N) and 
phosphorylation (P) domains, located in the cytoplasmic loop between TM 
domains 4 and 5 (for review see, Toyoshima and Inesi, 2004). Recent clustered 
charge-to-alanine mutagenesis experiments have identified sites within the 
cytoplasmic N-terminal tail of Na+,K+ ATPase that affect the interaction between 
the A domain and the N-P domains (Scanzano et al., 2007). This study shows 
that the change of the negatively charged residues 27KKE to alanines (apolar 
amino acids) shifts the conformational equilibrium towards the E1 conformation, 
resulting in an overall decrease in the catalytic output of the enzyme (Scanzano 
et al., 2007). Serine or threonine phosphorylation results in the negative charge 
of the residue becoming an important mechanism in the configuration of tertiary 
protein structure which is mainly maintained via weak interactions between side 
groups of residues. Had/Na+,K+ ATPase Ser25 is located two sites upstream 
from the Had/Na+,K+ ATPase KKE site and therefore, it could be possible that 
Ser25 phosphorylation affects the interaction between A and N-P domains 
required for maintaining the conformational equilibrium of Had/Na+,K+ ATPase. 
The fact that the mutation of Ser25 to Ala does not affect the pump activity via 
increased internalization and that the loss of function phenotype is similar to 
that observed in the HadD379N mutant (had mutant rescue experiments 
performed in the Lab of Dr. Chen and nok and had interaction studies, section 
3.7) strongly suggest that this mutation could affect the catalytic activity of 
Had/Na+,K+ ATPase. In addition, the N-terminal cytoplasmic tail of the Na pump 
has several putative binding motifs (for review see, Jorgensen et al., 2003), 
thus it is possible that Ser25 phosphorylation is required for tertiary structure 
rearrangements necessary for intermolecular interactions affecting the Na pump 
activity. However, further studies are required to understand the effects of 
Ser25 phosphorylation on the activity of the Had/Na+,K+ ATPase. 
 
5.4 Calcium homeostasis is not involved in the maintenance of apical 

myocardial junctions during zebrafish heart development 
The Na+,K+ ATPase is the primary determinant of intracellular Na+ 
concentration. Consequently, it plays an essential role in regulating cytoplasmic 
Ca2+ levels through the Na+/Ca2+ exchanger. In zebrafish cardiomyocytes, Ca2+ 
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homeostasis is mainly regulated by two calcium regulatory proteins NCX1 and 
SERCA2 (Ebert et al., 2005; Langenbacher et al., 2005). Analysis of the 
function of these two proteins during zebrafish development has shown that 
SERCA2 is involved in cardiac morphogenesis (Ebert et al., 2005). Therefore, it 
was reasonable to hypothesize that Ca2+ signaling could mediate the role of the 
Na pump in the maintenance of apical myocardial junctions. The results from 
this works show, in agreement with the findings of Ebert et al. (2005), that 
calcium homeostasis is involved in regulating embryonic cardiac function and 
morphology. Knock-down of SERCA2 does not enhance heart tube elongation 
defects in nokm520.  Furthermore, the analysis of nokm520/SERCA2 double 
mutant/morphant phenotype did not reveal defects in ZO-1 positive apical 
myocardial junctions. These findings show that calcium homeostasis does not 
play a role in the establishment or maintenance of apical ZO-1 positive 
myocardial junctions. Moreover, these observations suggest that the effect of 
the Na pump on cell junction maintenance is not mediated by intracellular 
calcium regulation. 
Since SERCA2 morphants show normal heart tube elongation and positive 
apical ZO-1 junction belts it could be possible that heart morphology defects 
observed in SERCA2 morphants are secondary to the contractility defects 
(Ebert et al. 2005; Langenbacher et al. 2005, Aumann et al., 2007). However, 
analysis of other zebrafish mutants with heart contractility defects has not 
shown heart morphological abnormalities (Sehnert et al., 2002; Bendig et al., 
2006). Further studies are required to define the underlying causes of the heart 
morphological phenotype of SERCA2 morphants.  
 
5.5 N-terminal tail of Had/Na+,K+ ATPase phosphorylation by PKCs 
Regulatory effects on Na+,K+ ATPase activity by PKC directed phosphorylation 
have been largely studied in in vitro and in cell systems. Analysis of the amino 
acid sequence of the cytoplasmic N-terminal region of Had/Na+,K+ ATPase 
reveals the presence of several PKC consensus phosphorylation sites many of 
them highly conserved among species (Fig. 21). Experiments performed in this 
study have shown in vitro phosphorylation of serine and/or threonine residues 
within the N-terminal intracellular tail of Had/Na+,K+ ATPase by classical and 
novel PKC and Prkcz. In addition, my results strongly suggest that serines 16, 
23 and 25 are target residues of classical, novel and atypical z PKCs. Residues 
Thr15, Ser16 and Ser23 have been previously identified as direct 
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phosphorylation targets of PKCs. B. marinus enzyme is phosphorylated at 
residues Thr15 and Ser16 in intact COS-7 cells (Béguin et al., 1996), whereas 
the rat enzyme is phosphorylated at Ser23 (Feschenko et al., 1995; Vasilets et 
al., 1997; Chibalin et al., 1998) and the mammalian α-isoform is phosphorylated 
at residue Ser16 (Feschenko et al., 1995). The effects of these direct 
phosphorylations on pump activity are mainly inhibitory, resulting in a reduced 
catalytic activity of the pump or its removal from the plasma membrane. In 
Had/Na+,K+ ATPase, phosphorylation of Ser25 has a positive regulatory effect 
on the pump activity during zebrafish development. Protein sequence 
comparison revealed that Ser25 is unique to Had/Na+,K+ ATPase (Fig. 21) and 
raises the possibility that Ser25 provides an additional and unique point of 
pump function regulation in the context of embryonic development.   
Regulation of the Na+,K+ ATPase biological activity and function by PKCs in the 
context of embryonic development is still poorly understood. The potential 
functional  redundancy among the different PKC isoforms complicates the 
analysis of their function in vivo and could be the reason why none of the 
knockouts of individual PKC isoforms revealed effects on early embryonic 
development (β: Leitges et al., 1996; γ: Abeliovich et al., 1993; θ: Sun et al., 
2000; ε: Khasar et al., 1999). A recent study demonstrated the involvement of 
PKC signaling during very early stages of mouse embryo development via, 
among other proteins, regulation of Na+,K+ ATPase (Eckert et al., 2004). Eckert 
et al. suggest that Prkcz inhibition results in reduced function of the Na+,K+ 
ATPase by increasing its internalization or reducing its membrane insertion, 
without affecting TJ maintenance. In mouse blastocysts, a relation between TJs 
establishment and maintenance and Na+,K+ ATPase function has been shown 
(Violette et al., 2006). My results suggest that Na+,K+ ATPase is necessary 
together with the apical polarity protein Nok/Mpp5 for the maintenance of apical 
cell junctions in cardiomyocytes. The absence of TJ defects observed in the 
experiments performed by Eckert and colleagues could be due to a redundant 
function of Prkci and/or that pre-assembled TJs are insensitive to Prkcz 
regulation. Since my results show that Prkcz phosphorylates the N-terminal 
intracellular tail of Had/Na+,K+ ATPase, it would be interesting to test whether 
this regulatory mechanism is conserved during zebrafish embryonic 
development. In the same study, activation of PKCδ resulted in reduced 
presence of the Na pump in the membrane, suggesting an opposite role to 
Prkcz. 
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The finding that PKCs are phosphorylating the Had/Na+,K+ ATPase N-terminal 
intracellular tail in several residues that have previously been implicated in Na 
pump regulation by PKCs, opens the possibility that this mechanism is 
conserved in the zebrafish embryo. However, the in vivo biological role of 
classical and novel PKCs has to be assessed in zebrafish in order to analysis 
the biological relevance of these phosphorylation events. 
The availability to efficient gene knock-down techniques in zebrafish and its 
suitability as model organism for developmental biology studies provide a 
framework for detailed approaches to study the role of PKCs during heart 
morphogenesis in general and in their role as Na pump regulators in particular. 
  
5.6 Chemical genetic approach for the identification of Has/Prkci 

phosphorylation targets during heart morphogenesis  
It has been previously shown that the catalytic activity of Has/Prkci is essential 
during heart development (Rohr et al., 2006). Furthermore, Rohr et al. were 
able to show that Has/Prkci functions tissue-autonomously within the 
myocardium during embryonic development. Together, these findings strongly 
suggest that Has/Prkci regulates cardiac morphogenesis via direct 
phosphorylation of protein substrates and highlight the importance of the 
identification of Has/Prkci phosphorylation targets in the context of cardiac 
morphogenesis in order to better understand this process. Several substrate 
proteins of Prkci kinase activity in the context of cell polarity have been 
identified: Lethal giant larvae 2 (Lgl2) in Drosophila and mammalian cells 
(Betschinger et al., 2003; Betschinger et al., 2005; Plant et al., 2003), Par3 in 
mammalian epithelial cells (Lin et al., 2000; Nagai-Tamai et al., 2002), Par1 in 
mammalian epithelial cells (Suzuki et al., 2004; Hurov et al., 2004), Numb in 
Drosophila and mammalian cells (Smith et al., 2007; Nishimura et al., 2007) 
and Crumbs in Drosophila (Sotillos et al., 2004). To date, of all of these polarity 
related Prkci substrates, only Crb could be linked to heart development during 
zebrafish embryogenesis. The zebrafish oko meduzy (ome) locus encodes a 
crumbs gene homolog, crb2 (Malicki et al., 1996; Malicki et al., 1999). crb2/ome 
mutants show cardiac edema and defective peripheral circulation, defects 
commonly linked to cardiac morphological and/or functional defects. 
Nevertheless, a detailed analysis of the crb2/ome mutant heart phenotype has 
not been published yet. The direct candidate approach used in this study has 
shown that hPKCi phosphorylates in vitro the N-terminal intracellular tail of 
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Had/Na+,K+ ATPase. However, the in vivo relevance of this phosphorylation has 
to be addressed.  
Direct candidate approaches for the identification of phosphorylation targets 
select possible candidate substrates based, among other criteria, on consensus 
sequences, cellular function or subcellular localization. Therefore, only well 
characterized proteins can be assessed. In addition, protein kinases often show 
promiscuous activity in vitro and possible required kinase cofactors are not 
present. Moreover, validation of the in vivo relevance of the phosphorylation 
events is a tedious and high cost process. Therefore, a straightforward 
unbiased approach to identify Has/Prkci direct targets in the context of 
embryonic development becomes an essential tool to gain insight into its 
function during this process. The chemical genetic approach projected in this 
study is designed to be performed in vitro on whole zebrafish embryonic 
extracts. This method is a valuable tool to identify Has/Prkci direct targets in the 
context of embryonic development. However, this approach it is not restricted to 
cardiac-specific substrates and functional analysis of the identified substrates 
are necessary in order to determine whether they are involved in heart 
development and to assess the in vivo relevance of phosphorylation events.  
The nature of the chemical genetic approach designed here assures that all 
substrates phosphorylated are specific targets of Has/Prkci, which enormously 
simplifies the process of functional verification in vivo. However, in vitro 
approaches abolish the kinase-substrate specificity imposed by subcellular 
localization and physiological conditions in the in vivo systems. Recently, 
Shokat and co-workers have succeed in labelling substrates under real 
biological conditions by permeabilizing cells expressing endogenous levels of 
an AS-kinase, Erk2 (Allen et al., 2007). The adaptation of this method to 
zebrafish could result in the first in vivo model for the identification of kinase 
phosphorylation targets in the context of development. This could be achieved 
by co-injecting the mRNA encoding the kinase of interest with the bio-
orthogonal ATP analog into the one-cell stage embryo, which would result in the 
specific label of substrates under physiological conditions. Alternatively, 
transgenic fishes could be generated for the kinase of interest to obtain 
endogenous expression levels of the AS-kinase. Then, embryonic extracts 
could be generated at the stage of interest and the substrates purified by 
immunoaffinity. 
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Discussion                        
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I have shown in this work the suitability of Has/Prkci to perform a chemical 
genetic screen for the identification of direct phosphorylation targets and 
established the bases for the development of in vivo methods for the 
identification of signaling events by kinases during embryonic development.   
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7 Abbreviations 
 

A  Alanine 
Aa   Amino acid 
AJ   Adherens Junction 
Ala  Alanine 
aPKC   atypical Protein Kinase C 
AS  Analog-specific   
ATPase  Adenosine triphosphatase 
bp  base pair 
cDNA  complementary DNA 
Cmlc2   Cardiac myosin light chain 2 
Crb  Crumbs 
D  Aspartate  
Dm  Drosophila melanogaster 
DNA  Deoxyribonucleic acid 
E   Glutamic acid 
FITC  Fluorescein isothiocyanate 
GFP  Green fluorescent protein 
Glu  Glutamic acid 
had   heart and mind 
has   heart and soul  
hpf   hours post fertilization 
HRP  Horseradish peroxidase 
I   Isoleucine 
Ile  Isoleucine 
JAM  Junctional adhesion molecules 
KD  Kilo Dalton 
M  Molar 
MDCK   Madin-Darby canine kidney  
MO   Morpholino antisense oligonucleotides 
mRNA  messenger RNA 
NCX1  Na+/Ca2+ exchanger 1 
nok   nagie oko  
PAGE  Polycrylamide electrophoresis 
Pals1  Protein associated with Lin seven 1 
Par   Partitioning defective 
PATJ  Protein associated with Lin seven 1-associated  

tight junction protein 
PBS  Phosphate buffer saline 
PCR  Polymerase chain reaction  
PFA   Paraformaldehyde 
PKC  Protein Kinase C 
Prkci   atypical Protein Kinase C iota 
Prkcz   atypical Protein kinase C zeta 
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RNA  Ribonucleic acid 
RT  Room temperature 
S   Serine 
SD   standard deviation  
SDS  Sodium dodecyl sulfate 
Ser  Serine  
SERCA   sarcoplasmic reticulum (SR) by SR Ca2+ ATPase  
SJ  Septate Junction 
T   Threonine 
TBS  Tris buffered saline 
Tg   Transgenic 
Thr  Threonine 
TJ   tight junction 
TM  Transmembrane  
V   Valine 
Val  Valine 
WT  Wild type 
ZA   Zonula adherens 
Zf  Zebrafish  
ZO   Zonula Occludens 
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