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Abstract  

Claudins (Cldn) are a family of integral tight junction proteins that play a role in tight junction 

formation. Some members of the claudin family of integral tight junction proteins play important 

roles in neural tube closure.  Removal of Cldn4 and Cldn8 from the neural ectoderm of chick 

embryos caused open neural tube defects (NTD) due to a failure of convergent extension and apical 

constriction. Protein localization at the neural ectoderm apical cell surface was disrupted in 

Cldn4/Cldn8-depleted embryos. Removal of only Cldn4 had no effect on neural tube closure, 

suggesting that Cldn8 is required for these events. The claudin cytoplasmic C-terminal tail 

interacts with signaling and cytoskeletal protein complexes at the tight junction cytoplasmic face. 

To test the function of the Cldn8 C-terminal domain, three variants at putative phosphorylation 

sites (S198A, S216A, S216I) and a fourth variant with a deleted PDZ binding domain (Cldn8∆YV) 

were created in the C-terminal domain of Cldn8. Electroporation of wild type Cldn8, ∆YV, and 

S216A into chick embryos had no effect on neural tube closure. The S216I variant resulted in open 

NTDs (p<0.002) and two-thirds of these embryos showed convergent extension defects. S198A 

caused only NTDs (p<0.002). Based on these data, I hypothesize that protein-protein interactions 

with the Cldn8 cytoplasmic domain are required for its function during neural tube closure. The 

aim of my project was to identify proteins that interact with the Cldn8 cytoplasmic C-terminal 

domain. Using a GST-pulldown approach followed by mass spectroscopy, 227 potential 

interaction partners for the Cldn8 C-terminal domain were identified.  In silico analysis was used 

to select the top 10 candidates based on the following criteria: proteins known to interact with 

other claudins, proteins associated with NTDs, proteins that interact with Cldn4, and proteins that 

were present only in Cldn8 samples versus control samples. These proteins were: ZO-1, MAPK1, 

SEC23A, SEC24C, Caspase-3, Afadin, PPP2R2A, PPP2CA, MAT1A, and CFR-p70. Functions 
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of these proteins included the apoptosis pathway, phosphorylation, and transport of proteins. My 

data indicate that proteins of many different functions interact with the C-terminal domain of 

Cldn8 and these interactions may be important for regulating processes during neural tube closure. 
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Résumé 

Les claudines (Cldn) sont une famille de protéines transmembranaires impliquées dans les 

jonctions serrées. Certains membres de la famille des claudines jouent un rôle important dans la 

fermeture du tube neural. La suppression de la Cldn4 et de la Cldn8 de l'ectoderme neural 

d'embryons de poulet a provoqué des anomalies de fermeture du tube neural (AFTN) dues à une 

défaillance lors de l'extension convergente et de la constriction apicale. La localisation des 

protéines à la surface de la cellule apicale de l'ectoderme neural a été perturbée chez des embryons 

pour lesquels les Cldn4 et Cldn8 ont été déplétés. La suppression de la Cldn4 seulement n'a eu 

aucun effet sur la fermeture du tube neural, ce qui suggère que la Cldn8 est nécessaire dans ces 

processus. La queue C-terminale cytoplasmique de la claudine interagit avec les complexes 

protéiques de signalisation et du cytosquelette au niveau de la face cytoplasmique des jonctions 

serrées. Pour tester la fonction du domaine C-terminal de la Cldn8, trois variants potentiels au 

niveau des sites de phosphorylation (S198A, S216A, S216I) et un quatrième variant sans le 

domaine de liaison PDZ (Cldn8∆YV) ont été créés dans le domaine C-terminal de la Cldn8. 

L'électroporation de Cldn8, YV et S216A de type sauvage dans des embryons de poulet n'a eu 

aucun effet sur la fermeture du tube neural. Le variant S216I a donné lieu à des AFTN (p <0,002) 

et les deux tiers de ces embryons présentaient des défauts dans l’extension convergente. S198A 

n'a causé que des AFTNs (p <0,002). En lien avec ces résultats, je suppose que des interactions 

protéine-protéine avec le domaine cytoplasmique de la Cldn8 sont nécessaires à sa fonction lors 

de la fermeture du tube neural. Le but de mon projet était d'identifier les protéines qui interagissent 

avec le domaine C-terminal cytoplasmique de la Cldn8. En utilisant la technique “GST-pulldown” 

suivie par une analyse par spectrométrie de masse, 227 partenaires d'interaction potentiels pour le 

domaine C-terminal Cldn8 ont été identifiés. Pour sélectionner les 10 meilleurs candidats, une 

analyse In silico a été effectuée selon les critères suivants: les protéines connues pour interagir 
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avec d'autres claudines, les protéines associées à des AFTD, les protéines interagissant avec la 

Cldn4 et les protéines présentes uniquement dans les échantillons de “GST-pulldown” de la Cldn8 

par rapport aux échantillons contrôles. Les 10 candidats qui ont été obtenus suite à cette analyse 

étaient les protéines: ZO-1, MAPK1, SEC23A, SEC24C, Caspase-3, Afadin, PPP2R2A, PPP2CA, 

MAT1A et CFR-p70. Ces protéines sont impliquées dans l'apoptose, la phosphorylation et le 

transport des protéines. Mes résultats indiquent que des protéines de aux fonctions différentes 

interagissent avec le domaine C-terminal de la Cldn8 et que ces interactions peuvent être 

importantes dans la régulations des étapes de la fermeture du tube neural. 
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CHAPTER 1: Introduction  

My thesis research focuses on identifying the interacting partners of the Cldn8 C-terminal 

domain. Claudins are integral tight junction proteins that regulate paracellular permeability and 

apical-basal cell polarity. Their cytoplasmic C-terminal domain interacts with the actin 

cytoskeleton through adaptor proteins.  When Cldn4 and -8 are simultaneously removed from tight 

junctions of the neural ectoderm, neural tube defects are seen in chick and mouse embryos and are 

caused by aberrant protein localization to the apical surface of neural ectoderm cells (Baumholtz 

et al., 2017).  Removing only Cldn4 from tight junctions does not cause neural tube defects.  

Therefore, I hypothesize that Cldn8 plays a critical role in regulating neural tube closure through 

protein interactions at its cytoplasmic C-terminal domain. The introduction describes neural tube 

closure, the claudin family of tight junction proteins and the data from previous studies in the lab 

supporting my hypothesis that protein interactions that occur at the C-terminal domain of Cldn8 

are important for the function of Cldn8 during neural tube closure. 

1.1. Neural Tube Defects (NTDs) 

Neural tube defects are a result of a failure of neural tube closure. They are the second most 

common birth defect, with an incidence of 1-2 per 2000 births in North America, and up to 20 per 

1000 births in certain regions of China (Au et al., 2010; Zaganjor et al., 2016).  

1.1.1 Types of NTDs  

Open NTDs occur when there is a failure of neural tube closure in primary neurulation and 

occurs at any position along the anterior-posterior axis of the embryo (De Marco et al., 2011). A 

failure of secondary neurulation leads to closed NTDs which are covered by a layer of skin (Copp 

et al., 2013). The three types of open NTDs are  myelomeningocele (spina bifida), which is failure 

of the neural tube in the spinal region, anencephaly, which is failure of the neural tube in the cranial 
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region, and craniorachischisis, the most severe NTD, which is when the brain and spinal region 

remain open (Botto et al., 1999; De Marco et al., 2011)  

1.1.2   Causes of NTDs in Humans 

Neural tube defects are a complex disease caused by both environmental and genetic factors 

which can interact together (Greene et al., 2014). Maternal malnutrition, such as having a low 

folate intake, has been linked to NTDs. Folic acid supplementation and fortification reduce up to 

70% of NTDs (Blencowe et al., 2010). Other factors, such as maternal diabetes, may contribute to 

NTDs (Bell et al., 2012; Nikolopoulou et al., 2017) and it has been shown that mothers with 

diabetes that do not take folic acid supplementation have a two times greater risk of having babies 

with NTDs than diabetic mothers that do take folic acid supplementation (Correa et al., 2012). 

It has also been shown that genetic factors can contribute to NTDs, and more than 200 genetic 

mouse models have been generated for NTDs, including folate-related genes, genes involved in 

cell death, and planar cell polarity (PCP) genes (Harris et al., 2010) . Families that have a child 

with a NTD have a 10-12-fold higher chance of having other children with NTDs (Pangilinan et 

al., 2012). While folic acid deficiency is considered an environmental factor that contributes to 

NTDs, mutations in genes in the folic acid pathway such as 5,10-methylene-tetrahydrofolate 

reductase (MTHFR) are genetic contributors to NTDs. A single nucleotide polymorphism in the 

MTHFR gene is associated with NTDs (Kibar et al., 2007; Pangilinan et al., 2012). Mutations in 

genes involved in the planar cell polarity (PCP) pathway, which is essential for proper neural tube 

closure, have also been associated with human NTDs (De Marco et al., 2011; Kibar et al., 2007). 

Mutations in other genes involved in cell-shaping events that are crucial during neural closure have 

also been associated with human NTDs, such as SHROOM3, which is an actin-binding protein 

involved in apical constriction, (Haigo et al., 2003; Hildebrand, 2005; Lee et al., 2007), Sonic 
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hedgehog (SHH), which is involved in the bending of the neural tube, and PAR3, which is involved 

in establishing apical-basal polarity (Chen et al., 2017).  

1.2 Neural Tube Formation 

Neural tube formation occurs in two phases - primary and secondary neurulation (Nikolopoulou 

et al., 2017). Primary neurulation forms the portion of the neural tube that gives rise to the brain 

and most of the spinal cord. Following completion of primary neurulation, the posterior neural 

tube is formed by secondary neurulation. Both primary and secondary neurulation are required to 

generate the complete neural tube of mammals, amphibians, and birds. This research will be 

identifying Cldn8 interaction partners during primary neurulation, which can be divided into four 

different stages: 1) neural plate formation (HH4), 2) neural plate shaping (HH6-9), 3) elevation of 

neural folds (HH8-10), and 4) fusion of neural folds (HH9-12) (Figure 1) (Moury et al., 1995). 

The events that occur at each of the four phases are as follows: Cells at the anterior end of the 

embryo thicken along their apical-basal axis to form a horseshoe shape called the neural plate.  The 

neural plate then narrows and lengthens due to convergent extension movements. Apical 

constriction of cells at the midline of the neural plate forms the median hinge point, which enables 

the bending of the neural plate and elevation of the neural folds.  Finally, epithelial remodeling 

unites the neural folds and separation occurs from the non-neural ectoderm, leading to a closed 

neural tube and an overlying layer of surface ectoderm (Colas et al., 2001; Pai et al., 2012). 
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1.2.1 Neural Plate Formation 

After gastrulation has occurred, a flat epithelial sheet called the ectoderm covers the dorsal 

surface of the embryo and primary neurulation begins with the induction of the neural plate (Stern, 

2005). Neural plate formation involves thickening of the neural plate along the apical-basal axis 

of the ectoderm, and this thickening distinguishes the neural ectoderm cells from the adjacent and 

flatter non-neural ectoderm cells (Schoenwolf et al., 1987). In chick and mouse, bone morphogenic 

protein (BMP) and fibroblast growth factor (FGF) signaling are required for neural induction 
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Figure 1: Neural Tube Formation in the Chick Embryo 

The embryos (top) and cartoon images (bottom) in each panel show the different stages at which 

these events occur. Blue represents non-neural ectoderm, while the red represents neural 

ectoderm. A. Neurulation begins with induction of the neural plate. Cells in the neural plate 

thicken along their apical-basal axis. B. Convergent extension allows for the neural plate to narrow 

medio-laterally and elongate along the anterior-posterior axis. This morphologically distinguishes 

the neural ectoderm (red) from non-neural ectoderm (blue). C. Apical constriction occurs at the 

midline of the neural plate, which allows for the neural plate to bend and elevate, forming bilateral 

neural folds, which converge toward the midline, forming the median hinge point (MHP). 

Completion of neural tube closure involves fusion of the opposing neural folds to form a closed 

neural tube. D. Epithelial remodeling unites the lateral edges of the neural folds and separates 

them from the adjacent non-neural ectoderm to yield a closed neural tube and continuous layer of 

overlying surface ectoderm. Figure from Baumholtz, 2018. 
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(Rodriguez-Gallardo et al., 1997; Rogers et al., 2011; Streit et al., 2000), while only BMP 

antagonists are sufficient to induce a neural fate in amphibians (Hawley et al., 1995; Rodriguez-

Gallardo et al., 1997). At the end of this phase, the neural plate is made up of columnar epithelial 

cells, which already has apical-basal polarity. Apical-basal polarity is important for neural tube 

closure as the process of neurulation consists of apical-basal events such as apical constriction 

(Chen et al., 2017). 

1.2.2 Neural Plate Shaping 

During this phase, the neural plate thickens along the apical-basal axis and convergent extension 

causes the neural plate to narrow along its medio-lateral axis, and elongate along its anterior-

posterior axis (Moury & Schoenwolf, 1995; Schoenwolf, 1988). Defects in the convergent 

extension process cause shortening and widening of the neural plate and, because of this, the neural 

folds do not come close enough to fuse (Davidson et al., 1999; Schoenwolf et al., 1989). The 

process of convergent extension is regulated by the non-canonical Wnt/planar cell polarity (PCP) 

pathway. This pathway is conserved from Drosophila, where it was first identified, to higher 

vertebrates (Devenport, 2016; Nikolopoulou et al., 2017). PCP-dependent convergent extension is 

also required in Xenopus, and in the absence of the PCP genes, the neural plate is wide and short, 

and the neural folds do not elevate enough to appose or fuse to each other (Wallingford, 2002). 

Mice carrying mutations in PCP genes also have cranial and spinal neural tube defects (Curtin et 

al., 2003; Kibar et al., 2001; Murdoch et al., 2014; J. Wang et al., 2006; Y. Wang et al., 2006). 

These data suggest that convergent extension and components of the PCP pathway are important 

for proper neural tube closure. Humans with mutations in the PCP pathway also have NTDs (De 

Marco et al., 2013; De Marco et al., 2012; Kibar et al., 2009; Robinson et al., 2012).  
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1.2.3 Bending of the Neural Plate and Elevation of the Neural Folds 

During this phase of neural tube closure, the neural plate begins to bend and elevate, creating 

bilateral neural folds that converge towards the midline. Through a process called apical 

constriction, the neuroepithelial cells at the midline of the neural plate constrict at the apical surface 

and these cells go from being columnar to a wedge shape. This forms the median hinge point 

(MHP) and this change in cell shape is what allows the neural folds to elevate and for the neural 

groove to form (Schoenwolf et al., 1984; Smith et al., 1994). MHP formation is induced by the 

secretion of Sonic hedgehog (Shh) and BMP antagonist’s chordin and noggin from the notochord 

underlying the neural tube (Patten et al., 2002; Ybot-Gonzalez et al., 2007). It is important to note 

that neural tube closure is a continuous process, and that convergent extension and apical 

constriction are occurring together. 

Both intrinsic and extrinsic forces are required for the morphogenetic movements associated 

with bending and elevation of the neural plate (Moury & Schoenwolf, 1995; Schoenwolf & 

Alvarez, 1989). Intrinsic forces are responsible for neural plate bending and are generated by the 

formation of the median hinge point (MHP), which is formed through apical constriction, and the 

paired dorsolateral hinge points (DLHPs). Folding around the DLHPs results in neural fold 

convergence. Extrinsic forces are generated by cell-shape changes and position of non-neural 

ectoderm cells and contributes to neural fold elevation.  

The bending and narrowing of the neural plate and the process of apical constriction are also 

mediated by the PCP pathway (Nishimura et al., 2012). The PCP protein Celsr1 interacts with the 

proteins DAAM1, Dishevelled and RhoGEF, and these interactions upregulate Rho kinase 

(ROCK). This, in turn, causes actomyosin contraction and promotes apical constriction. The 

activation of myosin light chain (MLC) is crucial for apical constriction (Escuin et al., 2015; 
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Kinoshita et al., 2008), and the interactions between the PCP pathway and RhoA-ROCK signaling 

at the apical surface lead to the phosphorylation of MLC, along with actin-myosin contraction. 

These events are what cause the apical surface of the cells to constrict (Nishimura et al., 2012). 

When chick embryos were treated with the ROCK inhibitor Y27632, the neural folds did not 

elevate. When chick embryos were exposed to a RhoA inhibitor, C3, the MHP did not form (Escuin 

et al., 2015). 

1.2.4   Fusion of the Neural Folds 

The final phase of neural tube closure is the fusion of the apposed bilateral neural folds. Before 

fusion occurs, the non-neural ectoderm and the neural ectoderm are in direct contact (Schoenwolf, 

1979). Epithelial remodeling unites the lateral edges of the neural folds and separates them from 

the adjacent non-neural ectoderm to yield a closed neural tube and continuous layer of overlying 

surface ectoderm. Separation of the non-neural and neural ectoderm results in formation of two 

epithelial layers: the underlying neural tube and the non-neural or surface ectoderm. Not much is 

known about the mechanism behind epithelial remodeling; however, apoptosis is thought to be a 

consequence of neural fold fusion, and cells that lose cell-cell adhesion undergo apoptosis during 

epithelial remodeling.  Inhibiting or knocking-out pro-apoptotic genes in chick (Weil et al., 1997) 

and mouse (Cecconi et al., 1998) causes NTDs.   

1.3 Tight Junctions  

Epithelial cells are connected by junctional complexes zona occludens (tight junctions), zonula 

adherens (adherens junctions) and basal macula adherens (desmosomes). Tight junctions (TJs) 

were first identified in epithelial tissues of rat and guinea pig in the 1960s by Farquhar and Palade, 

through transmission electron microscopy (Farquhar et al., 1963).  
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Tight junctions are the most apical cell-cell junction between adjacent epithelial and endothelial 

cells, defining the boundary between the apical and basolateral area of the cell and regulate gene 

expression, cell proliferation and differentiation, and also maintain apical-basal polarity 

(Guillemot et al., 2008). They have various functions serving as both a fence and as a gate. Tight 

junctions serve as a fence within the same cell to prevent movement of proteins from the apical 

and basolateral surfaces and maintain apical-basal polarity. They serve as a gate between adjacent 

cells, regulating the paracellular movement of certain molecules and ions between apical and 

basolateral surfaces. Tight junctions form a tight seal between neighboring cells (Balda et al., 

1996), and are composed of different  types of transmembrane proteins including: occludin, 

claudins, junctional adhesion molecules (JAMs) and Multi-PDZ domain protein 1 (MUPP1) 

(Furuse et al., 1998; Furuse et al., 1993; Martin-Padura et al., 1998). 

1.3.1   Formation of Tight Junctions 

Tight junction formation is linked to two complexes that drive the apical-basal polarization of 

epithelial cells: The Crumbs polarity complex, and the partitioning defective (PAR) complex. The 

Crumbs polarity complex is composed of Lin Seven 1 (PALS1), PALS1-associated tight junction 

homologue (PATJ), and Crumbs (CRB) (Campanale et al., 2017). This complex was first 

discovered in Drosophila melanogaster, and is found at the apical membrane and border between 

epithelial cells, (Tepass et al., 1990), where it plays a role in apical-basal polarity (Campanale et 

al., 2017).   

The Par complex is composed of Par3, Par6, and atypical protein kinase C (αPKC) (Campanale 

et al., 2017). These proteins were first identified in C. elegans (Kemphues et al., 1988). Both the 

Par3 and Par6 proteins have PDZ binding domains, which are described in further detail below 

(Hung et al., 1999). The Par proteins interact with Cdc42, a small Rho GTPase that modulates cell 
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polarity (Qiu et al., 2000). Par6 binds to Par3, αPKC, Cdc42 and also to PALS1 and CRB3 from 

the Crumbs polarity complex (Hurd et al., 2003; Qiu et al., 2000). These interactions are what link 

both polarity complexes to each other and establishes apical-basal polarity. Then, tight junctions 

are positioned at the apical membrane once epithelial cells are polarized, thus preventing the 

mixing of apical and basolateral proteins (Figure 2). 

 

 

 

 

 

 

 

 

1.3.2   Tight Junction Proteins 

Tight junctions are composed of transmembrane and cytoplasmic proteins. Transmembrane 

proteins include claudins, occludin, JAMs and MUPP1 (Figure 3). These proteins interact with 

scaffolding proteins at the cytoplasmic plaque including Zonula Occluden proteins (ZO-1, ZO-2, 

and ZO-3) (Figure 3). The interactions between scaffolding proteins such as ZO-1 and 

transmembrane proteins such as claudins are what link the tight junction to the actin cytoskeleton 

(Fanning et al., 1998; Wittchen et al., 1999).  Some transmembrane proteins that are a functional 

Figure 2: Function of Tight Junctions 

Tight junctions (purple rectangles) are the most apical cell-cell junction and 

regulate the paracellular movement of ions and select for size and charge of ions. 

They have multiple functions, such as serving as a gate and fence. Tight junctions 

serve as a fence by separating proteins at the apical surface (yellow triangles) from 

proteins at the basal lateral surface (red circles). The arrows represent the movement 

of ions and small molecules through the paracellular space. Figure from Gupta and 

Ryan, 2010. 
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component of tight junctions have a PDZ domain, which stands for PSD-95/discs-large/Zonula 

occludens-1 (PDZ) domain. Some transmembrane domains instead have a PDZ biding domain or 

binding motif. Some interactions between transmembrane proteins occur between the PDZ domain 

and the PDZ biding domain or motif. PDZ binding motifs are conserved in most claudins and the 

last few amino acids at the end of the C-terminal domain are part of this PDZ-binding motif. 

Although this thesis focuses on claudins, and specifically on Cldn8, the other tight junction 

proteins at the cytoplasmic plaque are important, as they form interactions directly or indirectly 

with claudins, and these interactions are what regulate and form the tight junction.   

1.3.2.1 Occludin 

Occludin was the first integral tight junction membrane protein identified (Furuse et al., 1993). 

It is composed of cytoplasmic N- and C- termini, four transmembrane domains, and two 

extracellular loops (Furuse et al., 1994), and has a molecular weight of 60-65 kDa. Occludin was 

determined to be endogenously expressed and localize to tight junctions in MDCK cells (Balda et 

al., 1996), an epithelial cell line that endogenously forms tight junctions. Occludin was found to 

bind to the zonula occludens proteins (ZO-1, ZO-2, and ZO-3) through its C-terminal domain, 

linking occludin to the actin cytoskeleton (Furuse et al., 1994). The C-terminal cytoplasmic 

domain of occludin is needed for its localization to the tight junction (Furuse et al., 1994). 

As stated previously, tight junctions regulate the paracellular permeability of selective ions, and 

occludin was shown to increase this paracellular permeability when there was an overexpression 

of truncated C-terminal domain of occludin in epithelial cells (Balda et al., 1996). Expression of 

wild-type and mutant occludin increased transepithelial resistance (TER) in MDCK type 2 cell 

lines. Paracellular flux measures transport capabilities over a period of time, while TER measures 

the tightness. When occludin is knocked-down in cell lines, tight junctions still form (Yu et al., 
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2005). Overall, the data show that occludin is not required for tight junction formation but is 

important for cell adhesion properties of tight junctions. 

1.3.2.2 Junction Adhesion Molecules (JAMs)  

JAMs are part of the immunoglobulin superfamily and are composed of one transmembrane 

domain, two immunoglobulin-like extracellular loops, and a C-terminal domain that contains a 

PDZ-binding domain (Martin-Padura et al., 1998). This PDZ binding domain interacts with 

proteins at the tight junction cytoplasmic plaque such as ZO-1, MUPP1, and Par3, which is part of 

the Par polarity complex (Bazzoni et al., 2000; Ebnet et al., 2004). The family of JAMs is 

composed of three proteins: JAM-A, JAM-B, and JAM-C, which are enriched at tight junctions of 

epithelial cells (Ebnet et al., 2004; Martin-Padura et al., 1998). It has been shown that JAMs 

regulate cell polarity. Unlike claudins, it has been shown that JAMs are not required for tight 

junction formation, but they still play a role in the function of tight junctions such as barrier 

formation (Ebnet et al., 2003; Laukoetter et al., 2007). When JAM-A was ectopically expressed in 

fibroblasts, tight junction strands did not form (Itoh et al., 2001). 

1.3.2.3 Zonula Occludens Family of Tight Junction Proteins  

Zonula occludens (ZO) proteins ZO-1, ZO-2, and ZO-3 are located at the cytoplasmic plaque 

of tight junctions and are composed of three PDZ domains, a Src-3 homology 3 (SH3) domain, 

and a Guanylate Kinase (GUK) homology domain, which binds to occludin. All ZO proteins are 

part of the Membrane Associated Guanylate Kinase (MAGUK) family of proteins (Willott et al., 

1993). The ZO proteins interact with each other through their second PDZ domain (Utepbergenov 

et al., 2006), while their first PDZ domain interacts with the C-terminal domain of transmembrane 

proteins such as claudins, occludin, and JAMS  (Itoh et al., 1999). All ZO proteins bind directly to 

the actin cytoskeleton at their C-terminal regions (Itoh et al., 1999; Wittchen et al., 1999).  



29 
 

ZO-1 is ~225 kDa and was the first tight junction associated protein to be identified (Stevenson 

et al., 1986). ZO-1 interacts with components of the planar cell polarity (PCP) and Wnt-signaling 

pathways, which will be discussed in further detail below (Van Itallie et al., 2013). ZO-2 is 160 

kDa and was identified when it co-immunoprecipitated with ZO-1 (Gumbiner et al., 1991). ZO-3 

is 130 kDa and was later identified when it co-immunoprecipitated with ZO-1 (Balda et al., 1993). 

ZO-3 has been shown to bind to ZO-1 and occludin, but not ZO-2 (Haskins et al., 1998).  

ZO proteins have a role in tight junction assembly, specifically through their PDZ domains. 

(Umeda et al., 2006). When ZO-1 is knocked out and ZO-2 is knocked down in epithelial cells, 

these epithelial cells are polarized but do not form tight junctions (Umeda et al., 2006). This 

suggests that ZO-1 and ZO-2 can mark the location of tight junctions and can determine where 

claudins are polymerized. The exogenous expression of ZO-1 and ZO-2 rescues tight junction 

formation, while ZO-3, which is not expressed in these epithelial cells, does not (Umeda et al., 

2006). ZO proteins are also required for embryonic development. Deficiency in ZO-1 causes an 

embryonic lethal phenotype in mice with extensive cell death in epithelial tissues (Katsuno et al., 

2008). ZO-2 null mice have increased apoptosis and decreased proliferation and die shortly after 

implantation (Xu et al., 2008). ZO-3, however, is dispensable, as mice lacking ZO-3 show no 

phenotype. These data show that ZO proteins have different roles in embryogenesis. 
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1.3.2.4 MUPP1 

MUPP1 is a scaffolding protein that contains 13 PDZ domains, and is localized at the tight 

junction cytoplasmic plaque (Guillemot et al., 2008). It was first identified as a protein that 

interacts with serotonin (Ullmer et al., 1998), and was also identified to interact with the C-terminal 

domain of Claudin-1 (Hamazaki et al., 2002). MUPP1 interacts with other adaptor and 

transmembrane proteins through its PDZ domain; however, it is not required for tight junction 

formation.  

1.4 Claudin (Cldn) Family of Tight Junction Proteins 

Claudins are a family of integral tight junction proteins. The word claudin is derived from the 

Latin word “claudere” which means “to close”, as claudins are the principle barrier-forming 

proteins in tight junctions. Claudins were first discovered when re-examining junction fractions 

from chicken liver, which were used to isolate occludin (Furuse et al., 1998). Two proteins other 

Figure 3: Tight Junction Proteins 

The tight junction is made up of transmembrane proteins, including claudins, 

occludin, and JAMS. These interact with the scaffold proteins zonula occludens 

(ZO-1, ZO-2, and ZO-3), and these interactions are what link the tight junction to 

the actin cytoskeleton. Two complexes, the Crumbs polarity complex (turquoise) 

and the Par polarity complex (pink), are involved in the formation of tight junctions. 

Figure from Baumholtz, 2018.   
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than occludin were identified, and these proteins also had four transmembrane domains and were 

present in the tight junctions in the chicken liver. These proteins did not have any sequence 

homology to occludin but did co-localize with occludin at tight junctions. These proteins were 

named “claudin-1” and “claudin-2” (Furuse et al., 1998). 

1.4.1   Structure of Claudins 

CLDNs encode proteins of molecular weights between 20-27 kDa (Furuse et al., 1998). There 

are 24 known claudins in humans, and 19 in the chick (gallus gallus). They are comprised of two 

extracellular loops (EL), four transmembrane domains, and cytoplasmic N- and C-termini (Figure 

4) (Furuse et al., 1998). Little is known about the N-terminal domain; however, it is composed of 

two to seven amino acids. The first extracellular loop determines the size and charge selectivity of 

tight junctions. This is due to the combination of charged amino acids present in this first loop, 

which is composed of roughly 50 amino acids that vary considerably between claudins (Piontek et 

al., 2017).  

The second extracellular loop participates in trans-interactions with claudins in adjacent cells 

(Piontek et al., 2008) and in cis-interactions with claudins in the same cell (Suzuki et al., 2014). 

The second extracellular loop is smaller than the first extracellular loop, being composed of 16-33 

amino acids. The transmembrane domains are also involved in cis-interactions with neighboring 

claudins and required for correct folding and assembly of claudins (Rossa et al., 2014). The C-

terminal domain has the most sequence variability between claudin family members. The C-

terminal domain interacts with different adaptor and scaffold proteins, such as ZO-1, and these 

interactions are what link the tight junction to the actin cytoskeleton. The C-terminal domain can 

be post-translationally modified, including phosphorylation and palmitoylation (D’Souza et al., 

2005, Van Itallie et al., 2005). Claudins have also been categorized as either cation barriers (Cldn1, 
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-5, -8, -11, -14, -19), cation pores (Cldn2, -10b, -15, 16), anion barriers (Cldn6 and -9) or anion 

pores (claudin-10a) (González-Mariscal et al., 2012). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.4.2 Claudin-Claudin Interactions 

When like claudin family members interact with one another, this is known as a homophilic 

interaction and when different claudin family members interact with one another, it is known as a 

heterophilic interaction.  The second extracellular loop of claudins interact in trans- with claudins 

in apposing cells, and participate in cis-interactions with claudins in the same cell (Piontek et al., 

2008; Suzuki et al., 2014). Not all claudins interact with one another. For example, Cldn4 interacts 

Figure 4: Structure and Function of Claudins 

Claudins are composed of cytoplasmic N and C-termini, two extracellular 

loops (EL), and four transmembrane domains (TM). Most claudins have a 

conserved YV residue at the end of the C-terminal domain, which is part of 

the PDZ binding domain. This domain interacts with proteins such as ZO-1, 

linking the tight junction to the actin cytoskeleton. From Gupta and Ryan, 

2010. 
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with Cldn3 and -8 but not with Cldn7 or with itself (Gong et al., 2015), and although Cldn4 can 

interact with Cldn3 through cis interactions, it cannot interact with Cldn3 through trans 

interactions (Daugherty et al., 2007). 

Interactions between different claudin family members are important for integration into tight 

junctions. Cldn4 and -8 are present in the neural ectoderm in the chick during neurulation. 

Although this thesis focuses on Cldn8, the interactions that occur between Cldn4 and -8 may be of 

importance. It has been shown that the assembly of Cldn4 into tight junction strands in collecting 

duct cells of kidneys requires interaction with Cldn8 (Hou et al., 2010). When there was a depletion 

of Cldn8, there was a loss of paracellular chloride conductance through a mechanism involving 

recruitment of Cldn4 (Hou et al., 2010). In Cldn4 knockout mice, there is also a reduced 

localization of Cldn8 to tight junctions in the kidney (Fujita et al., 2012). In Cldn8 knockout mouse 

kidneys, there is no Cldn4 localization (Gong et al., 2015). These interactions that occur between 

claudins within a cell and between cells give the ability to generate tight junctions. 

1.4.3 C-Terminal Domain of Claudins 

The C-terminal domain is the most variable domain between different claudin family members, 

ranging in size between 21 to 63 amino acids (Ruffer et al., 2004). The last two amino acids in the 

C-terminal domain (YV) are conserved, except in Cldn12 and -23 (Collins et al., 2013). The YV 

amino acid residues are part of the PDZ- binding motif, which interacts with other proteins at the 

cytoplasmic plaque of tight junctions, such as ZO-1 and MUPP1 (Guillemot et al., 2008). 

Although the sequences important for proper tight junction targeting in Cldn1 and -5 (aa 188 ± 

207 in Cldn1 and 182 ± 196 in Cldn5) are conserved between species, they do not show similarities 

to one another (Ruffer & Gerke, 2004). The importance of the PDZ-binding motif in regulating 

claudin localization to the tight junction differs between family members. While it is not required 
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for Cldn1 localization to the tight junctions (Kobayashi et al., 2002), it is critical for the ability of 

Cldn16 to localize to tight junctions (Muller et al., 2003). When looking at residues in the C-

terminal domain of Cldn1 and -5, it was shown that residues between the PDZ-binding sequence 

and the fourth transmembrane domain were indispensable for proper tight junction localization 

(Ruffer & Gerke, 2004).  

As stated earlier, Cldn4 and -8 are present in the neural ectoderm during neurulation, and the 

presence of both these claudins together has been looked upon in various studies. In a study 

published by Fredriksson et al., proteins that interact with the Cldn4 C-terminal domain and 

occludin were identified through mass spectrometry (Fredriksson et al., 2015). Proteins shown to 

interact with the Cldn4 C-terminal domain were enriched in signaling and trafficking proteins. The 

PDZ binding motif in Cldn4, -5, and -8 interact with MUPP1  (Jeansonne et al., 2003). This finding 

is important because MUPP1 is a scaffold protein, and interactions that occur at the C-terminal 

domain of claudins, such as with scaffolding proteins, are predicted to link the tight junction to the 

actin cytoskeleton and signaling events such as cell shaping, which are important during 

morphogenesis (Gupta et al., 2010).  

1.4.4 Post-Translational Modifications of Claudins 

Post-translational modifications, including phosphorylation and palmitoylation, occur to 

claudins, and these modifications affect protein stability and localization.  

1.4.4.1 Phosphorylation 

Many proteins are phosphorylated in mammalian cells, and phosphorylation regulates aspects 

of protein function and structure, such as protein folding, protein-protein interactions, and stability 

(Nishi et al., 2011; Van Itallie et al., 2004). The C-terminal domains of claudins are enriched in 
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serine, threonine, and tyrosine residues (Van Itallie et al., 2018), which can be phosphorylated and 

this can affect the protein interactions that occur at the C-terminal domain of claudins, and at the 

tight junction (Tanaka et al., 2005). 

Thr-203 in the C-terminal domain of Cldn1 is phosphorylated by mitogen activated protein 

kinase (MAPK) (Fujibe et al., 2004). Phosphorylation of this site enhances the barrier function of 

Cldn1 at tight junctions. Cldn3 and -4 are phosphorylated in ovarian cancer cells but are 

phosphorylated by different kinases (D'Souza et al., 2005). Cldn3 is phosphorylated by PKA at 

Thr-192, also located in the C-terminal domain. This study suggested that phosphorylation of 

Cldn3 at this site may disrupt tight junctions in ovarian cancer. It has been shown that ephrin 

signaling can play a role in claudin phosphorylation. EphA2 binds to the first extracellular loop of 

Cldn4. When this occurs, the C-terminal domain of Cldn4 is phosphorylated, specifically at Tyr-

208 (Tanaka et al., 2005). This phosphorylation event reduces the association between Cldn4 and 

ZO-1 and leads to reduced localization of Cldn4 to the tight junction (Tanaka et al., 2005). Cldn5 

is a major component of the blood-brain barrier (BBB) and it regulates BBB permeability in mice 

(Nitta et al., 2003). When Cldn5 was phosphorylated by Rho kinase (ROCK) and myosin light 

chain kinase (MLCK), there was increased permeability of the BBB (Haorah et al., 2005; Persidsky 

et al., 2006).  

1.4.4.2   Palmitoylation 

The process of palmitoylation occurs when fatty acids such as palmitic acid bind to cysteine 

residues. All members of the claudin family have conserved cysteines near the second and fourth 

transmembrane domains. It has also been shown that palmitoylation of cysteine residues in the C-

terminal domain of claudins is required to target claudins to the membrane (Van Itallie et al., 2005). 

When palmitoylation of Cldn14 is inhibited, there is a deficiency in its localization (Van Itallie et 
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al., 2005). Preventing palmitoylation decreased the amount of Cldn14 at tight junctions domains 

(Van Itallie et al., 2005). When cysteines were mutated to serine residues, there was a decrease in 

TER. 

1.4.5 Claudin-8 

Cldn8 and the protein-protein interactions that occur at its C-terminal domain are the focus of 

this thesis. In humans, CLDN8 is located on chromosome 21and in chick, it is located on 

chromosome 1. Cldn8 is a cation barrier and is 224 amino acids long in chick, and 225 amino acids 

long in humans. Cldn8 interacts in cis with multiple claudins, including Cldn3, -4, and -7 (Hou et 

al., 2010). Cldn8 conditional deletion in the collecting duct in mice causes renal salt wasting of 

Na+, Cl- and K+ (Gong et al., 2015). 

Cldn8 is enriched in the neural plate and in open neural folds (Collins et al., 2013). Cldn8 is 

present in the neural ectoderm, along with Cldn4, in early stages of neurulation in the chick 

(Baumholtz et al., 2017). Cldn4 and -8 have been known to participate in interactions with each 

other. For example, they have been shown to interact in collecting ducts in mice kidney, and the 

interactions between Cldn4 and -8 is important for Cldn4 localization to tight junctions (Hou et 

al., 2010).  MUPP1 binds to Cldn8 through its PDZ9 domain, which was identified through yeast 

two-hybrid screening (Jeansonne et al., 2003). When Cldn8 interacts with MUPP1, the paracellular 

conductance is reduced in epithelial cells (Jeansonne et al., 2003). 

1.5 Using the Chick as an Animal Model to Study NTDs 

To study neural tube closure, our lab uses the chick embryo as a model organism, as the process 

of neurulation has been well-studied and the morphogenetic events that occur during neural tube 

closure in chick highly resemble those of the human embryo (Colas & Schoenwolf, 2001). Using 
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the chick as our model organism has many benefits over using other animal systems: the chick 

system is easy to manipulate, has a low cost, and has a short period of embryogenesis. The chick 

is also a great model to study protein-protein interactions. The Hamburger Hamilton (HH) system 

is used to categorize the distinct stages of embryonic development, including the phases of neural 

tube closure (Hamburger et al., 1951). The process of neural tube closure occurs over a short period 

of time (around 48 hours), enabling our lab to collect embryos in a short time frame and at various 

stages of neural tube closure. Fertilized eggs are grown in a 39ºC incubator and are available year-

round to the lab. Each chicken claudin clusters more with its human or mouse ortholog than with 

other claudin family members (Collins et al., 2013), and the genome organization of claudins in 

chick is similar to that of humans and mice. 

1.6 Clostridium Perfringens Enterotoxin (CPE): A Tool Used to Study the Role of 

Claudins 

Our lab uses C-terminal domain of the Clostridium perfringens enterotoxin (CPE) to study the 

role of claudins during morphogenesis. Full-length CPE is cytotoxic but the C-terminal domain 

binds to the second extracellular loop of claudins and removes them from tight junctions without 

killing cells. This enterotoxin has a molecular weight of approximately 37 kDa (Wieckowski et 

al., 1994), and removes a subset of claudins simultaneously from the tight junction, specifically 

Cldn3, -4, -6, -7, -8, and -14 (Fujita et al., 2000; Katahira et al., 1997; Shrestha et al., 2013; Winkler 

et al., 2009).  In the chick, C-CPE only removes Cldn-3, -4, -8, as -6 and -7 are not present in the 

chick genome. C-CPE does not affect the transcription or translation of claudins and does not affect 

the localization of claudins that are not C-CPE sensitive.  
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1.7 Claudins Are Required During Neural Plate Shaping and Median Hinge Point 

Formation 

Previous studies from our lab have shown that using C-CPE  to remove Cldn3, -4, and-8 from 

tight junctions in the neural (Cldn4 and -8) and non-neural ectoderm (Cldn3 and -4) during 

neurulation resulted in open NTDs in chick embryos (Baumholtz et al., 2017). Although Cldn14 

is expressed during neurulation, it remained localized to tight junctions in C-CPE treated embryos. 

These NTD phenotypes were observed after embryos were treated with C-CPE, during the neural 

plate shaping stage and during the bending and elevation of the neural folds. Absence of Cldn4 

and -8 from the neural ectoderm results in defects in apical constriction and convergent extension, 

which are both morphogenetic events that regulate neural tube closure (Baumholtz et al., 2017). 

Embryos treated with C-CPELSID, a variant that removes Cldn4 from tight junctions, did not exhibit 

NTDs. However, an increase in Cldn8 at the tight junction was observed, suggesting Cldn8 

compensates for Cldn4 when removed, and this is why NTDs may not be seen when only Cldn4 

is removed. The data support that the presence of Cldn4 is not essential for neural tube closure.   

1.8 Variants in the Cldn8 Cytoplasmic C-Terminal Domain Disrupt Neural Tube Closure 

Sequence analysis of claudin coding regions in a neural tube cohort (Spina Bifida Center of the 

Gaslini Hospital, Genova, Italy) identified two CLDN8 variants located at the C-terminal domain, 

S217I and P216L (Baumholtz et al., submitted). This cohort consisted of 152 patients that had 

myelomeningocele (open spina bifida). The P216L variant did confirm by sanger sequencing, but 

the S217I variant was not confirmed. As part of the functional analysis of these variants, three 

additional variants were generated at two putative serine phosphorylation sites in the chick Cldn8 

C-terminal tail, at S198 and S216. The three variants generated were S198A, S216A, and S216I. 
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The chick S216I variant corresponds to the human S217I variant. Another variant, ΔYV had the 

C-terminal PDZ-binding domain deleted.  

Chick embryos were injected and electroporated at the neural plate stage with expression 

vectors encoding either wild-type human or chick Cldn8 or their variants (Baumholtz, 2018). 

Analysis of these embryos 24 hours later revealed that overexpression of human and chick wild-

type Cldn8 had no effect on neural tube closure. Similarly, embryos overexpressing Cldn8 S216A 

and Cldn8ΔYV chick variants also had closed neural tube, suggesting that these variants did not 

affect neural tube closure. However, overexpressing the S198A variant caused open NTDs but did 

not affect convergent extension, while overexpressing the S216I variant caused both NTDs and 

convergent extension defects (Figure 5). Overexpressing the human P216L variant also caused 

NTDs in chick embryos. 

1.8.1 Residues in the Cldn8 Cytoplasmic C-Terminus Regulate Protein Localization in 

Neural Ectoderm Cells 

When Cldn4 and -8 were removed from the neural ectoderm at HH4 and analyzed during the 

bending and elevation of the neural plate (HH8) of C-CPE treated embryos, there was reduced 

localization in RhoGTPases Cdc42 and RhoA at the apical surface (Baumholtz et al., 2017). In 

Figure 5: Overexpressing S216I in Chick Embryos Result in NTDs and Convergent 

Extension Defects 

Images show dorsal views of chick embryos overexpressing S216I. The first panel shows a 

closed neural tube, the second panel an NTD, the third panel a convergent extension defect, 

and the last panel a NTD and convergent extension defect. Dashed lines are open neural tubes. 

Figure from Baumholtz, 2018. 
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embryos overexpressing wild-type Cldn8, Cdc42 and RhoA partly co-localized with ZO-1 in 

neural ectoderm cells. Embryos overexpressing the S198A variant result in loss of Cdc42 from 

tight junctions in the neural ectoderm. In embryos overexpressing the S216I variant, 60% of 

embryos had increased Cdc42 localization and reduced RhoA localized in 50% of embryos. This 

data suggests that residues in the C-terminal domain of Cldn8 interact with different proteins that 

potentially regulate cell shape changes and morphogenetic movements during neural tube closure. 

1.9 Rationale and Hypothesis 

The Cldn8 data suggest that residues in the C-terminal domain of Cldn8 participate in 

interactions with proteins at the tight junction cytoplasmic plaque that regulate cell shape changes 

during neural tube closure and may have distinct interaction partners that regulate different 

morphogenetic events during neural tube closure. When the wild-type Cldn8 C-terminal domain 

is overexpressed, the necessary protein-protein interactions occur at positions S198 and S216 

(Figure 6), and these interactions can contribute to proper neural tube closure. However, when 

variants are generated at these positions, these protein-protein interactions may not occur, leading 

to NTDs. This can be due to lack of phosphorylation or even a change in protein conformation and 

folding. S198 is a putative serine phosphorylation site and when this position is mutated to S198A 

and overexpressed in chick embryos, a NTD phenotype is observed Variants generated at S216 

give different phenotypes, with overexpression of S216A resulting in no NTD phenotype and 

overexpression of S216I resulting in NTDs and convergent extension defects. Isoleucine is 

hydrophobic and is also larger than serine, which can cause a change in protein shape and folding. 

Overexpressing human P216L, although not conserved in chicks, also resulted in NTDs. Proline 

is hydrophobic and is known to change protein folding.  
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Hypothesis: These findings have led me to the hypothesis that protein-protein interactions that 

occur at the Cldn8 cytoplasmic tail are required and important for Cldn8 function during neural 

tube closure. 

 Objective: The objective of this project has been to identify the interacting partners that 

interact with the Cldn8 C-terminal domain.  

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

Figure 6: Schematic of the Cldn8 C-Terminal Domain 

This is a schematic of the Cldn8 C-terminal domain, with the orange dot representing 

position S198, which was mutated to S198A, the red dot representing S216, which 

was mutated to S216A and S216I, and YV in blue, which had the PDZ-binding motif 

removed. 
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CHAPTER 2: Materials and Methods 

2.1 Transformation of BL21 E. coli 

BL21 E. coli cells were transformed with pET14b plasmid vector that encoded either GST or a 

GST-fused to the C-terminal domain of Cldn8 or Cldn14. Briefly, competent BL21 E. coli cells 

were thawed on ice and 100 ng plasmid DNA was added to 50 μL of the thawed cells in 15 mL 

snap-cap tubes. The DNA-bacterial cell mixture was incubated on ice for 30 minutes. The DNA-

bacterial cell mixture was then heat-shocked for 45 seconds at 42°C, and then incubated on ice for 

two minutes. 250 μL of the pre-warmed Luria-Bertani (LB) was then added to the transformation 

and they were incubated at 37°C with shaking at 250 rpm for one hour. 50 μL of the transformed 

cells were spread onto LB-agar plates that contained 50 μg/mL ampicillin and 34 μg/mL 

chloramphenicol and incubated overnight at 37°C. 

2.2 Preparation of Bacterially-Expressed GST Fusion Protein  

A single transformed BL21 E. coli colony was added to 4 mL of LB broth with 50 μg/mL 

ampicillin and 34 μg/mL chloramphenicol in a 15 mL snap-cap tube incubated overnight at 37°C, 

with shaking at 250 rpm. The 4 mL overnight culture was added to a 2L flask containing 395 mL of 

LB with 50 μg/mL ampicillin and 34 μg/mL chloramphenicol and incubated at 37°C with shaking at 

250 rpm for approximately 2-2.5 hours until OD600 was between 0.4-0.6. To induce expression of 

the fusion protein, IPTG (0.4mM final concentration) was added to the culture and it was incubated 

for four hours at 37°C, with shaking at 250 rpm. The bacterial cell culture was centrifuged at 5000 

rpm for 15 minutes at 4°C. The supernatant was removed, and the pellet was stored in the -80°C 

freezer. Aliquots prior to IPTG treatment and of the induced sample were analyzed by SDS-PAGE 

to ensure that the GST-fusion protein was expressed prior to completing the next steps of the 

purification.  
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Pellets were thawed on ice for 30 minutes and then resuspended in 5 mL of 50mM Tris-HCl, 

pH 8.0; 150mM NaCl, 0.1mM EDTA, and protease inhibitors (10 μg/μL Aproptonin, 10 μg/μL 

Leupeptin, 1 mg/ml Pepstatin A and 1.74 mg/ml PMSF). The bacterial cell resuspension was 

transferred to a 15 mL falcon tube and lysozyme (10 mM final concentration) was added. This was 

then incubated on ice for 20 minutes. Sodium deoxycholate was then added to achieve a final 

concentration of 0.2%. This mixture was sonicated at an amplitude of 30A for three thirty seconds 

pulses, with a rest of one minute in between each pulse.  Insoluble cell debris was removed from 

this mixture by centrifugation for 30 minutes at 4°C at 15,000 rpm in microcentrifuge 5417C. The 

supernatant was filtered through a 0.45 μm syringe filter.  Aliquots of the filtered supernatant and 

of the pellet were kept for SDS-PAGE analysis to estimate concentration of induced fusion 

proteins as compared to BSA standards loaded on the same gel. Based on the estimated fusion 

protein concentration, washed glutathione sepharose 4B beads (GE Healthcare) were added to the 

GST-fusion protein supernatant at a ratio of 125 μL of 50% slurry per 500 μg fusion protein.  The 

fusion protein extract was incubated on a rocker overnight at 4°C.  

The next day, the beads and GST-fused protein were either centrifuged for two minutes at 1000 

x g for batch purification or transferred to a column.  An aliquot of the supernatant containing 

unbound protein was kept for SDS-PAGE analysis. The beads were washed with resuspension 

buffer (without EDTA) for batch purification or with at least 10 volumes of buffer for column 

purification until no protein was remaining in the wash supernatant, as determined by Bradford 

assay. The glutathione sepharose beads loaded with GST fusion protein were kept on ice until use. 

Aliquots of unbound protein, bound protein (bound to beads) and different amounts of BSA 

concentrations (0.5,1, and 5 μg) were loaded onto an SDS-PAGE gel. 
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2.3 SDS-PAGE Analysis 

Both 7% and 10% separating gels were used for SDS-PAGE analysis, and the gels were both 

made with: 4X separation buffer (Tris base, SDS and distilled water) (pH 8.8), 30% 

Acrylamide/Bis solution from Bio-Rad, 10% Ammonium persulfate (APS), Temed, and distilled 

water.  The only difference between the different percentage gels was the volume of acrylamide 

and APS added. For a 7% gel, 2.33 mL 30% acrylamide and 100 μL 10% APS were added, while 

3.3 mL 30% acrylamide and 87.5 μL of 10% APS were added per 10% gel.  

Stacking gels were made as follows: 4X stacking buffer (Tris base, SDS, and distilled water), 

pH 6.8, 30% Acrylamide, 10% APS, Temed, and distilled water. 1X running buffer (10X stock 

made with Tris base, glycine, SDS, and water) was used for SDS-PAGE analysis. Running buffer 

was either made fresh or stored for three to four days at 4°C. Electrophoresis was performed for 

1-1.5 hours at 100 volts. The gel was then stained for 10 minutes using Coomassie blue staining 

(0.25% Coomassie brilliant blue, 50% methanol, 10% acetic acid, and 39.75% distilled water), and 

then destained (50% H2O, 40% of 100% MeOH, and 10% Acetic acid) until bands appeared. The 

gel was then covered in water, placed in a tray covered by aluminum foil and left rocking overnight 

at 4°C.  

2.4 Collection and Lysis of Chick Embryos 

Fertilized white leghorn chicken eggs (Ferme GMS, Holstein, Quebec) were incubated for 

approximately 36 hours (for HH8) or for 4 days (for Day 4) in a 39°C egg incubator. Dissected 

embryos were washed in ice-cold PBS, staged and then centrifuged at 12,000 rpm for 10-15 

seconds in a microcentrifuge to remove the PBS, flash frozen in liquid nitrogen and then stored at 

-80°C.  
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Embryos were resuspended in 1 mL of lysis buffer (20 mM Tris-HCl, pH 7.4, 10mM NaCl, 

0.2% SDS, 1% NP40, and 50 mM NaF) plus protease inhibitors (10 μg/μL Aproptonin, 10 μg/μL 

Leupeptin, 1 mg/ml Pepstatin A and 1.74 mg/ml PMSF) per 1mg tissue.  Approximately 98 HH8 

or 48 Day 4 embryos were used per Cldn14 GST-pulldown experiment, and 30-40 HH8 chick 

embryos were used per Cldn8 GST-pulldown experiment. HH8 chick embryos were resuspended 

in lysis buffer using a 1 mL syringe attached to a 21G needle until homogenized, while Day 4 

chick embryos were lysed using a homogenizer and then passed through a 21G needle.  The 

homogenized chick lysates were then incubated on ice for 10 minutes and then centrifuged at 

15,000 rpm at 4°C for 15 minutes. Protein concentration was determined by Bradford assay, using 

Bio-Rad protein assay.  The specific concentration of HH8 chick lysate per Cldn8 experiment were 

as follows: 4.04 μg/μL for experiment 1, 7.43 μg/μL for experiment 2, and 5.63 μg/μL for 

experiment 3. The specific concentration of Day 4 chick lysate for the Cldn14 experiment was 

determined to be 15.5 μg/μL, and the concentration of HH8 chick lysate used for the Cldn14 

experiment was 8.25 μg/μL. 

2.5 GST-Pulldown Assay 

1 mg of HH8 chick embryo lysate was added to 10-20 μL of sepharose beads containing 400 

μg of GST or GST-fusion protein. When using batch purification, the chick lysate was added to 

GST or GST-Cldn8 beads in an Eppendorf tube, and when using column purification, chick lysate 

was added to beads over a closed column. The next day, the beads were washed with resuspension 

buffer without EDTA. The beads were washed until the flow-through (unbound) had an 

absorbance of zero at a wavelength of 595 nm, and this was done by using a Bradford. Aliquots of 

the unbound were kept to later load onto an SDS-PAGE gel, and an aliquot of the beads mixed in 

50% slurry was also kept for loading alongside the unbound samples on the SDS-PAGE gel. The 
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remainder of the proteins bound to GST, GST-Cldn8, or GST-Cldn14 beads (between 10-15 μL) 

were stored at -80°C.  

2.6 Western Blot Analysis  

50 μg from unbound protein, HH8 or Day 4 whole embryo protein extracts, and bound protein 

from the GST-pulldown were separated by 10% SDS-PAGE for immunoblotting with GST 

antibody or 7% SDS-PAGE for immunoblotting with ZO-1 antibody.  Proteins were transferred to 

polyvinylidene difluoride (PVDF) membrane in 1X Transfer buffer with methanol added, for a 

final concentration of 20% and ran for 1-1.5 hours at 100V on ice. The membrane was blocked for 

one hour in PBST with 5% carnation dry milk powder.  Membranes were incubated with 1:10,000 

dilution of mouse αGST antibody (Invitrogen) or 1:500 dilution of rabbit αZO-1 (Invitrogen 40-

2200) in PBST overnight at 4°C. The membranes were washed three times with 1X PBST for 30 

minutes and then incubated with a 1:7500 dilution of goat αMouse or goat αRabbit secondary 

antibody conjugated to horseradish peroxidase (Jackson Immuno Research) in PBST. The 

membranes were again washed three times with PBST for 20 minutes each and then revealed with 

ClarityTM Western ECL substrate (BIO-RAD) and imaged on Amersham Imager 600. 

2.7 Mass Spectrometry Analysis 

Washed beads bound to GST, GST-Cldn8 C-terminal domain and GST-Cldn14 C-terminal 

domain protein were sent to the Proteomics Platform at the McGill University Health Centre 

(MUHC) – Glen Site. After running a single SDS-PAGE stacking gel band containing all proteins 

for each sample, the proteins were reduced with DTT, alkylated with iodoacetic acid and digested 

with trypsin. The resulting peptides were re-solubilized in 0.1% aqueous formic acid and loaded 

onto a Thermo Acclaim Pepmap (Thermo, 75 µM ID X 2 cm C18 3 µM beads) precolumn and 

then onto an Acclaim Pepmap Easyspray (Thermo, 75 µM X 15 cm with 2 µM C18 beads) 
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analytical column separation using a Dionex Ultimate 3000 uHPLC at 250 nl/min with a gradient 

of 2-35% organic (0.1% formic acid in acetonitrile) over two hours. Peptides were analyzed using 

a Thermo Orbitrap Fusion mass spectrometer operating at 120,000 resolution (FWHM in MS1) 

with HCD sequencing at top speed (15,000 FWHM) of all peptides with a charge of 2+ or greater. 

The raw data were converted into *.mgf format (Mascot generic format) for searching using the 

Mascot 2.6.2 search engine against combined chick and E. coli protein sequences (UniProt, 2019). 

The database search results were loaded onto Scaffold Q+ Scaffold_4.9.0 (Wilson et al., 2019) for 

statistical treatment and data visualization. 

Scaffold allows for common peptides and proteins to be compared between samples, and allows 

for the comparison between biological relevance, molecular function and organelles. The amino 

acid sequence of the proteins identified are present for viewing, and the unique peptides of a 

protein can be identified, along peptides that are common to multiple proteins. Protein sequences 

can also be BLASTED. Different significance tests such as Fisher’s exact and t-test can be 

performed, along with looking at the fold change between samples. 
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CHAPTER 3: Results 

3.1 Validation of a GST-Pulldown Approach to Isolate Cldn8 Interaction Partners 

To identify proteins that interact with the Cldn8 C-terminal domain, a GST-pulldown approach 

was used. HH8 whole chick embryo protein extracts were used as the source of Cldn8 C-terminal 

domain interacting partners, as it is the first stage in which NTDs were observed in Cldn3/4/8-

depleted chick embryos (Baumholtz et al., 2017). This stage also yields a substantial amount of 

protein per embryo. Using an earlier stage of development would not have been practical for the 

amount of protein needed for these assays.  

For the GST-pulldowns, three experiments were conducted. GST was used in all experiments 

to control for non-specific binding partners in the GST-pulldown.  For the first experiment, 200 

μg of GST or GST-Cldn8 C-terminal domain fusion protein loaded on 10 μL of glutathione 

sepharose beads were incubated with 500 μg or 1 mg of HH8 whole chick extract. For the second 

and third experiments, GST and GST-Cldn8 C-terminal domain beads containing 400 μg of GST 

or GST -Cldn8 C-terminal domain fusion protein loaded on 20 μL of glutathione sepharose beads 

were incubated with 1 mg of HH8 whole chick extract, and GST-pulldowns were conducted in 

duplicate.  

Western blot analysis was conducted using a GST antibody to confirm the presence of GST-

fusion protein. The results for the first experiment are shown in Figure 7A.  As expected, a ~26kDa 

band that corresponded to the GST or the GST-Cldn8 C-terminal tail fusion protein was detected 

in the bound GST and bound Cldn8 C-terminal domain lanes but not in the unbound GST, unbound 

Cldn8 C-terminal domain, or HH8 chick extract lanes (top image). Although one would expect 

that the GST-Cldn8 C-terminal tail fusion protein would migrate slower than the GST only protein, 

that does is not what we observed (Figure 7A). When cloning the Cldn8 C-terminal domain (100 
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basepairs) into the pET14b plasmid vector (4,671 basepairs) that encoded a GST tag (700 

basepairs), a stop codon was added, and some amino acids from the vector encoding the GST tag 

were removed in the process.  

To confirm that the pulldown approach was able to select proteins that interact with the claudin 

C-terminal tail, western blot analysis was performed using an antibody that recognizes the tight 

junction adaptor protein ZO-1, which interacts with the PDZ domain at the C-terminus of the 

claudin cytoplasmic domain (Monteiro et al., 2013). The predicted size of ZO-1 is 225 kDa. In 

Experiment 1, a band at ~225 kDa was detected in the HH8 chick embryo extract (Figure 7A- 

bottom image).  However, no bands were detected at 225 kDa in any of the bound fractions for 

either the GST or Cldn8 C-terminal domain samples. A band at ~130 kDa was observed in the 

Cldn8 C-terminal domain bound fraction (Figure 7A- bottom image). There were bands at ~225 

kDa in one of the unbound GST fractions and in both unbound fractions from the Cldn8 C-terminal 

domain GST-pulldown (Figure 7A-bottom image). 

For the second experiment, a band at ~225 kDa was detected in the bound Cldn8 C-terminal 

domain fraction (Figure 7B). Faint bands at ~225 kDa were also observed in the unbound fractions 

from the GST and GST-Cldn8 C-terminal domain pulldowns, and in the HH8 chick embryo extract 

(Figure 7B). This suggested that ZO-1 was pulled down by GST-Cldn8-Cter fusion protein but not 

by GST alone. The band at ~130 kDa was also detected in the bound Cldn8 C-terminal domain 

fraction. Other sized bands in the GST-Cldn8 C-terminal domain bound fraction were also 

observed in the GST bound fraction, suggesting that they may be non-specific interaction partners. 

For the third experiment, bands were detected at 225 kDa in the bound Cldn8 C-terminal domain 

fraction. Faint bands at ~225 kDa were also observed in the unbound fractions from the GST and 

GST-Cldn8 C-terminal domain pulldowns, and in the HH8 chick embryo extract (Figure 7C).  
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Figure 7: Western Blot Analysis of GST and ZO-1 Localization in Unbound and Bound 

Fractions from GST-Pulldown Experiments to Identify Cldn8 C-Terminal Domain 

Interacting Partners 

(A)  Immunoblot analysis of the unbound protein lysate (U) and proteins bound (B) to GST-

agarose beads or GST-Cldn8Cter beads and HH8 chick embryo whole cell extract (E) for 

expression of GST (upper panel) for Experiment # 1-3 or ZO-1 (lower panel) from Experiment #1.   

(B) Immunoblot analysis of the unbound protein lysate (U) and proteins bound (B) to GST-agarose 

beads or GST-Cldn8Cter beads and HH8 chick embryo whole cell extract (E) for expression of 

ZO-1 from Experiment #2. Bands at 225 kDa are encased by a red box. (C) Immunoblot analysis 

of the unbound protein lysate (U) and proteins bound (B) to GST-agarose beads or GST-Cldn8Cter 

beads and HH8 chick embryo whole cell extract (E) for expression of ZO-1 from Experiment #3. 

Bands at 225 kDa are encased by a red box. 
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Bands were not detected in any of the GST bound fractions. The band at ~130 kDa was also 

detected in the bound Cldn8 C-terminal domain fraction. Overall, when bands were detected at 

225 kDa in the Cldn8 bound C-terminal domain fractions, the bands were more intense than the 

bands detected at 225 kDa in unbound GST and unbound Cldn8 C-terminal domain fractions. The 

band present at ~130 kDa in all Cldn8 C-terminal domain bound fractions had a higher intensity 

than the bands present at 225 kDa. 

3.2 Validation of a GST-Pulldown Approach to Isolate Cldn14 Interaction Partners 

An experiment was also done to identify interacting partners of the Cldn14 C-terminal domain, 

using bacterially-expressed GST control protein or GST-Cldn14 C-terminal domain fusion protein 

loaded onto glutathione sepharose beads and mixed with either HH8 chick extract or Day 4 chick 

extract. Day 4 chick extract was used as there is more protein yield per embryo than in HH8 

embryos. GST was used as a control to determine the proteins that might interact with the GST 

domain that is fused to the Cldn14 C-terminal domain. The rationale behind this is that Cldn14 is 

also expressed during HH8 of neural tube closure, along with Cldn3, -4, and -8. In order to 

determine if the interacting partners identified were Cldn8 C-terminal domain specific or stage 

specific during the process of neural tube closure, a GST-pulldown approach was performed, using 

the C-terminal domain of Cldn14. If the proteins identified by mass spectrometry are stage 

specific, then these proteins would bind to both the C-terminal domains of Cldn8 and Cldn14 when 

mixed with HH8 chick extract, as both Cldn8 and Cldn14 are expressed during HH8 of neural tube 

closure. 

For the GST-pulldown conducted using Day 4 chick extract, 250 μg of GST or GST-Cldn14 C-

terminal domain fusion protein loaded on 10 μL (GST protein) or 40 μL (GST-Cldn14 C-terminal 

domain fusion protein) of glutathione sepharose beads were incubated with 4.65 mg of Day 4 
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whole chick extract. After overnight incubation, unbound protein was removed by washing. For 

the GST-pulldown conducted using HH8 chick extract, 250 μg of GST or GST-Cldn14 C-terminal 

domain fusion protein loaded on 10 μL of glutathione sepharose beads were incubated with 3.3 

mg of HH8 whole chick extract. 

Western blot analysis was conducted using a GST antibody to confirm the presence of GST-

fusion protein. The results for the Day 4 experiment are shown in Figure 8A. As expected, a 

~26kDa band that corresponds to the GST and a band at approximately 28-32 kDa that corresponds 

to the GST-Cldn14 C-terminal tail fusion protein was detected in the bound GST and bound 

Cldn14 C-terminal domain fraction but not in the unbound GST, unbound Cldn14 C-terminal 

domain, or Day 4 chick extract lanes.  

To confirm that the pulldown approach was able to select proteins that interact with the claudin 

C-terminal tail, western blot analysis was performed using an antibody that recognizes the tight 

junction adaptor protein ZO-1.  For the GST-pulldowns done with Day 4 chick extract, a band at 

~225 kDa was detected in the bound Cldn14 C-terminal domain fraction and in the bound GST 

fraction (Figure 8B). Bands at ~225 kDa were also observed in the unbound fractions from the 

GST and GST-Cldn14 C-terminal domain pulldowns, and in the Day 4 chick embryo extract 

(Figure 8B). The band at ~130 kDa that was detected in all bound Cldn8 C-terminal domain 

fractions was also detected in the bound Cldn14 C-terminal domain fraction. In the unbound 

fractions from the GST only pulldown, bands are seen at various molecular weights, and not only 

at 225 kDa. This can be due to the degradation of the protein or other proteins that interact non-

specifically with the ZO-1 polyclonal antibody.  



53 
 

For the GST-pulldowns done with HH8 chick extract, a band at ~225 kDa was not detected in 

the bound Cldn14 C-terminal domain fraction (Figure 8C). Faint bands at ~225 kDa were also 

observed in the unbound fractions from the GST and GST-Cldn14 C-terminal domain pulldowns 

(Figure 8C). The band at ~130 kDa that was detected in all bound Cldn8 C-terminal domain 

fractions was also detected in the bound Cldn14 C-terminal domain fraction. In the unbound 

fractions from the GST and GST-Cldn14 C-terminal domain pulldowns (Figure 8C), the lanes in 

the western blot are smeared. This is most likely due to too much protein being loaded onto the 

western blot. 
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3.3 Mass Spectrometry Data for GST, GST-Cldn8 C-Terminal Domain and GST-Cldn14 

C-Terminal Domain GST-Pulldown Experiments   

Three biological replicates were sent to mass spectrometry for identification of proteins that 

interact with the C-terminal domain of Cldn8. Duplicate samples were analyzed for the second and 

third replicates. For the first biological replicate sent to mass spectrometry, the beads were mixed 

Figure 8: Western Blot Analysis of GST and ZO-1 Localization in Unbound and Bound 

Fractions from GST-Pulldown Experiments to Identify Cldn14 Interacting Partners  

(A)  Immunoblot analysis of the unbound protein lysate (U) and proteins bound (B) to GST-

agarose beads or GST-Cldn14Cter beads for expression of GST (upper panel) for Experiment # 1-

2.(B) Immunoblot analysis of the unbound protein lysate (U) and proteins bound (B) to GST-

agarose beads or GST-Cldn14Cter beads and Day 4 chick embryo whole cell extract (E) for 

expression of ZO-1  from Experiment #1. Band at 225 kDa are encased by a red box. 

(C) Immunoblot analysis of the unbound protein lysate (U) and proteins bound (B) to GST-agarose 

beads or GST-Cldn14Cter beads for HH8 chick embryo whole cell extract (E) for expression of 

ZO-1 from Experiment #2.  
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with 500 μg whole cell HH8 chick extract, while for the second and third experiment, the beads 

were mixed with 1 mg whole cell HH8 chick extract. Only a single biological replicate was 

analyzed for the Cldn14 C-terminal domain pulldowns performed using HH8 and day 4 chick 

embryonic extracts.  The GST-pulldowns to identify the Cldn14 C-terminal domain interacting 

partners, along with the first and second Cldn8 experiments were done using batch purification. A 

column purification approach was used during the protein purification process for the third Cldn8 

C-terminal tail GST-pulldown experiment. The interacting partners identified by mass 

spectrometry in the Cldn8 GST-pulldown fraction were analyzed using the Scaffold program, 

which takes into consideration the number of unique peptides, the number of times each peptide 

appears, the coverage of the protein per sample, and differentiates proteins by their biological and 

molecular function (Wilson et al., 2019).   

3.3.1 Overview of the Mass Spectrometry Analysis of GST and GST-Cldn8 C-Terminal 

Domain Pulldowns  

The next section will discuss the number of chick and E. coli proteins that were identified by 

mass spectrometry using the GST-pulldown approach performed with the C-terminal domains of 

Cldn8 and or Cldn14. The rationale for using a GST-pulldown approach was to determine if the 

proteins identified were specifically interacting with the C-terminal domain of Cldn8, or also with 

the C-terminal domain of Cldn14, as both are present during HH8 of neural tube closure. The first 

section will discuss the total number of chick and E. coli proteins identified, and the second section 

will discuss the process used to prioritize candidate interacting partners for further analysis. 

The total number of proteins and peptides identified in the three Cldn8 C-terminal domain 

pulldown replicates are summarized in Table 1. Chick and E. coli proteins were identified in all 

samples. For the first Cldn8 biological replicate, a total of 233 proteins (361 peptides), that 
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included 127 chick proteins (240 peptides) and 106 E. coli proteins (121 peptides) were identified 

in the GST sample that mass spectrometry identified. For the Cldn8 C-terminal domain sample, a 

total of 337 proteins (682 peptides) were identified, which is composed of 122 chick proteins (226 

peptides) and 215 E. coli proteins (456 peptides).  

In the second biological replicate, 659 proteins (3,887 peptides) that included 99 chick proteins 

(398 peptides) and 560 E. coli proteins (3,489 peptides) were identified in one of the GST 

duplicates and  630 proteins (3,489 peptides) that included 105 chick proteins (381 peptides) and 

525 E. coli proteins (3,108 peptides) were identified in the second GST duplicate (Table 1).  

Together these samples contained 120 unique proteins, 84 of which were present in both samples 

(Table 2).  For the Cldn8 C-terminal domain pulldowns, 760 proteins (4,867 peptides) that 

included 134 chick proteins (536 peptides) and 626 E. coli proteins (4,331 peptides) were 

identified in one of the samples and 738 proteins (4,440 peptides) that included 133 chick proteins 

(503 peptides), and 605 E. coli proteins (3,937 peptides) were identified in the second sample 

(Table 1). When the two GST-pulldown samples for the Cldn8 C-terminal domain samples 

combined this represented 158 unique proteins of which 109 were present in both Cldn8 C-

terminal pulldown samples (Table 2).  For further prioritization of candidates, the number of 

peptides identified for each protein was taken into account. Therefore, the number of proteins with 

multiple peptides was also noted in Table 2.  

There were many more E. coli proteins when compared to the number of chick proteins in the 

second biological replicate in both the GST and Cldn8 C-terminal domain samples. The presence 

of these proteins may have inhibited potential interactions from occurring with the chick proteins. 

In an attempt to reduce the number of E. coli proteins, column purification was performed for the 

third biological replicate, anticipating that this might lead to improved washing of the beads and 
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reduce the background of E. coli proteins. In the third biological replicate, 264 proteins (469 

peptides) that included 52 chick proteins (94 peptides), and 212 E. coli proteins (375 peptides) 

were identified in the one of the GST duplicates and 172 proteins (191 peptides) that included 43 

chick proteins (38 peptides) and 129 E. coli proteins (153 peptides) were identified in the second 

GST duplicate (Table 1). Together these samples contained 65 unique proteins, 30 of which were 

present in both samples (Table 2).   
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Table 1: Total Proteins and Peptides Identified in Individual Samples of Cldn8 C-Terminal 

Domain Biological Replicates                                                                                                                                               

 These data describe the total number of proteins and peptides found in each individual Cldn8 C-

terminal domain and GST sample. These total proteins are composed of chick proteins and E. coli 

proteins. Biological replicates two and three consist of duplicate samples of both Cldn8 C-terminal 

domain samples and GST samples. Peptides are in parentheses. 
 

For the Cldn8 C-terminal domain pulldowns, 383 proteins (1,262 peptides) that included 96 

chick proteins (255 peptides) and 286 E. coli proteins (1,007 peptides) were identified in one of 

the Cldn8 C-terminal domain duplicates and 382 proteins (1,402 peptides) that included 100 chick 

proteins (318 peptides) and 282 E. coli proteins (1,084 peptides) were identified in the second 

Cldn8 C-terminal domain duplicate. When these samples were combined this represented 111 

Cldn8 

Replicate 

Bait Total # proteins          

(# peptides) 

# Chick proteins     

(# peptides) 

# E. coli proteins               

(# peptides) 

1 GST 233 (361) 127 (240) 106 (121) 

Cldn8 C-

terminal 

domain 

337 (682) 122 (226) 215 (456) 

2 GST 

sample #1 

659 (3,887) 99 (398) 560 (3,489) 

GST 

sample #2 

630 (3,489) 105 (381) 525 (3,108) 

Cldn8 C-

terminal 

domain 

sample #1 

760 (4,867) 134 (536) 626 (4,331) 

Cldn8 C-

terminal 

domain 

sample #2 

738 (4,440) 133 (503) 605 (3,937) 

3 GST 

sample #1 

264 (469) 52 (94) 212 (375) 

GST 

sample #2 

172 (191) 43 (38) 129 (153) 

Cldn8 C-

terminal 

domain 

sample #1 

382 (1,262) 96 (255) 286 (1,007) 

Cldn8 C-

terminal 

domain 

sample #2 

382 (1,402) 100 (318) 282 (1,084) 
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unique proteins of which 85 were present in both Cldn8 C-terminal pulldown samples (Table 2). 

It is difficult to determine if the column purification was the best approach to be taken, as the 

overall number of proteins for both chick and E. coli were lower when compared to the samples 

from the second biological replicate. 

Column purification was performed for the third biological replicate to reduce the number of 

E. coli proteins present. However, there was a reduction in E.  coli proteins as well as the number 

of chick proteins. For experiments one and two, in which the batch purification method was used, 

the ratio of chick to E. coli proteins was approximately 1:2 for experiment 1and 1:5 for experiment 

2. For experiment three, in which column purification was used, the ratio of chick to E. coli 

proteins was 1:2. Therefore, it is inconclusive to say that one method of purification was better 

than the other. The presence of so many E. coli proteins may have been due to the protein 

purification process, before the glutathione sepharose beads were mixed with the GST and GST-

fusion protein.  The salt concentration used in the buffer for pellet resuspension before the 

glutathione sepharose beads were added was 150 mM NaCl. It is possible that non-specific binding 

may have been reduced if a higher salt concentration was used. Part of the protein purification 

process also included sonication and centrifugation. It is possible that after these procedures were 

performed, not much induced GST or GST-fused C-terminal domain Cldn8 protein was available 

to bind to the beads, as protein is continuously being lost during the process of protein isolation 

and purification. For both the batch and column purification methods, common areas were used, 

such as the centrifuge and the 37°C shaker in which the flasks containing the bacteria were placed 

Contamination may have occurred as the shaker was in a common space, where other labs were 

using this shaker 



60 
 

The chick and E. coli proteins in table 1 are proteins that had at least one peptide identified. 

What was also of interest was to look at proteins that had at least two different peptides identified 

by mass spectrometry (Table 2). The number of peptides reflects the size of the protein and where 

the tryptic cleavage sites are. For the first biological replicate, the GST sample had 68 proteins 

with more than one peptide identified, and the Cldn8 C-terminal domain sample had 69 proteins. 

For the second biological replicate, with the duplicates being pooled together, GST had 90 proteins 

with more than one peptide identified, and the C-terminal domain sample had 122 proteins. For 

the third biological replicate, with the duplicates being pooled together, the GST sample has 37 

proteins with more than one peptide identified, and the Cldn8 C-terminal domain sample had 80 

proteins identified. 
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Table 2: The Number of Chick Proteins Identified in Individual Cldn8 C-Terminal Domain 

Samples, and the Total Number of Proteins in Common Between Duplicate Samples         

These data describe the individual Cldn8 C-terminal domain and GST samples for all three 

biological replicates sent to mass spectrometry. Biological replicates two and three contain 

duplicate samples of Cldn8 C-terminal domain and GST samples. These data show the number of 

chick proteins and peptides for each sample, and the number of proteins and peptides in common 

between duplicate samples for biological replicates two and three. The total number of individual 

chick proteins for duplicate samples was calculated by adding the total number of chick proteins 

per sample, and then subtracting the number of proteins in common for those samples. This table 

also shows the number of proteins that had more than one peptide identified by mass spectrometry. 
 

Next, the enrichment of the proteins in the Cldn8 C-terminal pulldown samples was determined 

by comparison to the GST pulldown samples (Table 3).  The rationale behind this was to determine 

how many proteins identified through mass spectrometry were only interacting with the Cldn8 C-

terminal domain, and to look at the fold enrichment of proteins that were identified to interact with 

both GST and the C-terminal domain of Cldn8. The data provided by this comparison was used to 

narrow down the potential list of Cldn8 C-terminal domain interacting partners. Data from 

Cldn8 

Replicate 

Bait # chick 

proteins  

(# peptides) 

# total 

individual 

chick 

proteins 

Number of 

proteins > 1 

peptide 

# common 

b/w 

duplicates (# 

peptides) 

1 GST 127 (24) 127 68 NA 

Cldn8 C-

terminal domain 

122 (226) 
122 69 NA 

2 GST #1 99 (398) 
120 90 84 (287) 

GST #2 105 (381) 

Cldn8 C-

terminal domain 

#1 

134 (536) 

158 122 109 (335) 
Cldn8 C-

terminal domain 

#2 

133 (503) 

3 GST #1 52 (94) 
65 37 30 (22) 

GST #2 43 (38) 

Cldn8 C-

terminal domain 

#1 

96 (255) 

111 80 85 (208) 
Cldn8 C-

terminal domain 

#2 

100 (318) 
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duplicates were pooled because it is not possible to distinguish which samples to compare to one 

another (GST #1 and #2 vs Cldn8 C-terminal domain #1 and #2). Proteins present in the Cldn8 C-

terminal domain pulldowns were categorized into three groups: <2-fold enrichment relative to 

GST, >2-fold enrichment but not unique relative to GST, and unique to Cldn8 C-terminal domain 

samples (Table 3). For the Cldn8 sample from the first biological replicate, 61 proteins were <2-

fold enriched, 21 proteins were >2-fold enriched in Cldn8 C-terminal domain sample vs GST, and 

40 proteins were unique to the Cldn8 C-terminal domain sample. For the second Cldn8-C-terminal 

domain biological replicate, 71 proteins were <2-fold enriched, 33 proteins were >2-fold enriched, 

and 54 proteins were unique relative to the GST control sample. Finally, for the third Cldn8-C-

terminal domain biological replicate, 13 proteins <2-fold enriched, 22 proteins were >2-fold 

enriched, and 76 proteins were unique to the Cldn8 C-terminal domain sample.  

Next the data were analyzed to evaluate the confidence level, or the degree of accuracy 

predicted by the Scaffold program that a predicted protein based on peptide sequences was indeed 

that protein.  This is based on the unique peptides identified. When the confidence level was set to 

95%, a total of 342 chick proteins were identified (Table 3). 176 of these proteins were <2-fold 

enriched in the Cldn8 C-terminal domain sample when compared to GST, 61 proteins were >2-

fold enriched in the Cldn8 C-terminal domain sample vs GST, and 105 proteins were unique to 

the Cldn8 C-terminal domain sample. When the confidence level was increased to 99%, a total of 

226 chick proteins were identified. A complete list of all proteins is presented in the Appendix. 

120 of these proteins were <2-fold enriched, 51 proteins were >2-fold enriched, and 55 proteins 

were unique. 55 of the 226 proteins were present in at least two Cldn8 C-terminal domain samples. 

Out of these 55, 22 proteins were <2-fold enriched, 13 proteins were >2-fold enriched, and 20 

proteins were unique to the Cldn8 C-terminal domain sample. 46 of these proteins were present in 
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all three biological replicates: 20 proteins were <2-fold enriched, 24 proteins were >2-fold 

enriched, and 2 proteins were unique to the Cldn8 C-terminal domain sample as compared to the 

GST samples.  These proteins have been further prioritized for analysis as described below. 

Table 3: The Total Number of Chick Proteins in Each Cldn8 C-Terminal Domain Sample 

Per Biological Replicate, and a Comparison Between Cldn8 C-Terminal Domain and GST 

Samples per Replicate 

These data show the Cldn8 C-terminal domain sample for each biological replicate sent to mass 

spectrometry, with the Cldn8 C-terminal domain samples being pooled for biological replicates 

two and three. This table also shows the total number of unique chick proteins with a 95% 

confidence level based on the Scaffold program, the number of unique proteins with a 99% 

confidence level, and the number of proteins present in either two or three replicates. This table 

also categorizes proteins by comparing the proteins present in the Cldn8 C-terminal domain 

samples vs GST samples, and are categorized as follows: 1) 0-2-fold greater in Cldn8 C-terminal 

domain vs GST, 2) two times or more greater in Cldn8 C-terminal domain vs GST, and 3) only 

seen in Cldn8 C-terminal domain samples. 

 

3.3.2 Overview of the Mass Spectrometry Analysis of GST and GST-Cldn14 C-Terminal 

Domain Pulldowns  

This section will describe the total number of proteins and peptides identified in the Cldn14 C-

terminal domain samples sent to mass spectrometry, for a total of four samples. The total number 

Cldn8 C-terminal 

domain bait + 

chick extract 

Total number 

of chick 

proteins 

0 to 2-fold > 

GST 

>2-fold GST Unique to 

Cldn8            

C-terminal tail 

Cldn8 + HH8 exp1 122 61 21 40 

Cldn8 + HH8 exp2 158 71 33 54 

Cldn8 + HH8 exp3 111 13 22 76 

Total number of 

unique proteins 

(95% confidence) 

342 176 61 105 

Total number of 

unique proteins 

(99% confidence) 

226 120 51 55 

Number of proteins 

present in at least 

two replicates 

55/226 22 13 20 

Number of proteins 

present in at least 

three replicates 

46/226 20 24 2 
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of proteins and peptides identified in all four Cldn14 C-terminal domain pulldown replicates are 

summarized in Table 4. Two of the four samples that were sent were bound to HH8 chick extract, 

which consisted of one GST sample and one Cldn14 C-terminal sample. The other two samples 

were bound to Day 4 chick extract, which consisted of one GST sample and one Cldn14 C-terminal 

domain sample (Table 4).  

For the GST sample bound to HH8 chick extract, a total of 234 proteins (713 peptides), that 

included 150 chick proteins (573 peptides) and 84 E. coli proteins (140 peptides) were identified 

by mass spectrometry. For the Cldn14 C-terminal domain sample, a total of 525 proteins (2,274 

peptides) were identified, which included 242 chick proteins (1,189 peptides) and 283 E. coli 

proteins (1,085 peptides) (Table 4). 

For the GST sample bound to Day 4 chick extract, a total of 434 proteins (3,680 peptides), that 

included 400 chick proteins (3,630 peptides) and 34 E. coli proteins (50 peptides) were identified 

by mass spectrometry. For the Cldn14 C-terminal domain sample, a total of 662 proteins (4,321 

peptides) were identified, which included 401 chick proteins (3,310 peptides) and 261 E. coli 

proteins (1,011 peptides) (Table 4).  
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Chick 

Extract 

Bait Total # proteins       

(# peptides) 

# Chick proteins 

(# peptides) 

# E. coli proteins (# 

peptides) 

HH8 GST 234 (713) 150 (573) 84 (140) 

Cldn14 C-

terminal 

domain 

525 (2,274) 242 (1,189) 283 (1,085) 

Embryonic 

Day 4 

GST 434 (3,680) 400 (3630) 34 (50) 

Cldn14 C-

terminal 

domain 

662 (4,321) 401 (3,310) 261 (1,011) 

Table 4: The Total Number of Proteins and Peptides Identified in Cldn14 C-Terminal 

Domain HH8 and Day 4 Samples 

These data describe the total number of proteins and peptides identified in the Cldn14 C-terminal 

domain samples, either bound to HH8 chick extract or Day 4 chick extract. These proteins and 

peptides are composed of chick proteins and E. coli proteins. Samples are composed of either 

Cldn14 C-terminal domain or GST samples. Peptides are shown in parentheses. 

 

Next, the enrichment of the proteins in the Cldn14 C-terminal pulldown samples as compared 

to the GST pulldown samples was evaluated (Table 5).  Proteins present in the Cldn14 C-terminal 

domain pulldowns were categorized into three groups: <2-fold enrichment relative to GST, >2-

fold enrichment but not unique relative to GST, and unique to Cldn14 C-terminal domain samples 

(Table 5). For the Cldn14 sample bound to HH8 chick extract, 94 proteins were <2-fold enriched, 

4 proteins were >2-fold enriched in Cldn14 C-terminal domain sample vs GST, and 144 proteins 

were unique to the Cldn14 C-terminal domain sample, for a total of 242 proteins. For the Cldn14 

sample bound to Day 4 chick extract, 314 proteins were <2-fold enriched, 26 proteins were >2-

fold enriched, and 61 proteins were unique relative to the GST control sample, for a total of 400 

proteins (Table 5). Out of the 242 chick proteins identified in the GST-pulldown using HH8 chick 

extract in the Cldn14 sample, 144 of them were only seen in Cldn14 sample, accounting for 

roughly 60% of the proteins. For the GST-pulldowns using Day 4 chick extract, 314 out of the 401 

proteins were <2-fold enriched in Cldn14 vs GST samples, accounting for roughly 78% of the 

proteins. 
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Then, the number of chick proteins present in both Cldn14 C-terminal domain samples was 

determined in order to identify the Cldn14 C-terminal domain putative interacting partners present 

during HH8 and Day 4 chick extract (Table 5). 209 chick proteins were present in both Cldn14 C-

terminal domain samples. 148 of these proteins were <2-fold enriched relative to GST, 23 proteins 

were >2-fold enriched but not unique relative to GST, and 38 proteins were only unique to Cldn14 

C-terminal domain samples. 

Cldn14 C-

terminal domain 

bait + chick 

extract 

Total number of 

chick proteins 

0 to 2-fold > 

GST 

>2-fold 

GST 

Unique to 

Cldn14    C-

terminal tail 

Cldn14 + HH8 242 94 4 144 

Cldn14 + Day 4 401 314 26 61 

Present in both 

Cldn14 pull-downs 

209 148 23 38 

Table 5: The Total Number of Chick Proteins Identified in Cldn14 C-Terminal Domain 

Samples and A Comparison of Cldn14 C-Terminal Domain Samples Vs GST 

These data describe the total number of chick proteins in each individual Cldn14 C-terminal 

domain or GST sample, which are bound to either HH8 or Day 4 chick extract. The number of 

proteins present in both GST-pulldowns to identify Cldn14 interacting partners are shown. This 

table also categorizes proteins by comparing the proteins present in the Cldn14 C-terminal domain 

samples vs GST samples, and are categorized as follows: 1) 0-2-fold greater in Cldn814 C-terminal 

domain vs GST, 2) two times or moregreater in Cldn14 C-terminal domain vs GST, and 3) only 

seen in Cldn14 C-terminal domain samples.                                                              

 

3.3.3 Validating the Efficiency of the GST-Pulldowns by Characterization of Claudin and 

ZO-1 Peptides Present in Cldn8 and Cldn14 C-Terminal Domain GST-Pulldowns 

Given that GST-Cldn8 C-terminal domain and GST-Cldn14 C-terminal domain fusion proteins 

were used as bait and present in the pulldown sample sent for mass spectrometry analysis, it was 

expected that peptides for GST, Cldn8 and Cldn14 would be present. For the first Cldn8 C-terminal 

domain experiment, Cldn8 was identified seven times. In the second experiment, Cldn8 was 

identified 132 times in the first sample, and 177 times in the second sample. In the third 

experiment, Cldn8 was identified 189 times in the first sample, and 191 times in the second sample 
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(Table 5). In the first two Cldn8 experiments, only one peptide of the C-terminal domain of Cldn8 

was identified, while three and two peptides were seen in the Cldn8 C-terminal domain samples 

one and two of the last experiment, respectively. This suggests that the first Cldn8 biological 

replicate sent to mass spectrometry was insufficient to identify Cldn8 interacting partners, as Cldn8 

was seen only seven times. This is what led to additional GST-pulldowns being conducted, and 

Cldn8 was seen over 130 times in the remaining biological replicates. However, the first biological 

replicate was kept for further analysis, to determine if proteins present in the second and third 

biological replicates were also present in the first. Cldn14 was only seen 37 times in the Day 4 

sample and 43 times in the HH8 sample.  

As described above, the presence of ZO-1 was used to validate the GST-pulldowns. ZO-1 was 

not detected in any of the GST control samples in the Cldn8 experiments. Importantly, it was 

detected in three out of the five Cldn8 samples: one peptide in one sample and six peptides in the 

second sample from the second biological replicate and 3 peptides in one sample from the third 

replicate. ZO-1 was not detected in the first Cldn8 biological replicate, and this coincides with the 

western blot analysis, where a band at 225 kDa was not detected in the bound Cldn8 C-terminal 

domain fraction. For the Cldn14 pulldowns, ZO-1 was only seen in the Cldn14 C-terminal domain 

GST-pulldown performed with the Day 4 embryonic extract. However, it was observed 

equivalently in both the GST and the Cldn14 samples: 39 times in the GST sample and 32 times 

in the Cldn14 C-terminal domain sample. This coincides with the observation that a band at 225 

kDa for ZO-1 was detected in both the GST and Cldn14 bound fraction samples by western blot 

analysis. ZO-1 was not detected in the Cldn14 GST-pulldown using HH8 chick extract, and that 

also coincides with a band at 225 kDa not being detected by western blot analysis in the Cldn14 

bound fraction. Although ZO-1 was present in both GST and Cldn14 samples from the Day 4 GST-
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pulldown, the number of times ZO-1 was detected in Cldn8 samples was lower when compared to 

Cldn14 samples. However, this may have been due to the amount of E. coli proteins present, which 

was significantly more in Cldn8 experiments versus Cldn14 experiments. 

3.4 Prioritizing Cldn8 Interacting Partners for Further Analysis  

In order to determine which of the 226 putative Cldn8 interaction partners should be prioritized 

for further analysis, different approaches were taken to prioritize these potential partners. The first 

criteria that was used to narrow the potential interacting partners was to look at all the proteins 

present in Cldn8 C-terminal domain vs GST samples. As described above the 226 proteins were 

separated into three categories: 1) proteins only present in Cldn8, 2) proteins present >2-fold in 

Cldn8 vs GST, and 3) proteins present <2-fold in Cldn8 vs GST (Table 6). 55 proteins were only 

seen in Cldn8, 51 were at least two times greater in Cldn8 vs GST, and 120 were less than two 

times greater in Cldn8 when compared to GST. The second criteria used was to select proteins 

present in more than one experiment. The rationale for this was to determine if these proteins only 

showed up in one experiment, or if they were pulled-down in at least two experiments.  Those 

identified in multiple pull-down experiments have an increased likelihood that these are indeed 

interacting with the Cldn8 C-terminal domain. 24 out of the 55 proteins unique to the Cldn8 

pulldown were present in more than one experiment, 38 out of the 51 proteins that were >2-fold 

enriched in Cldn8 vs GST were present in more than one experiment, and 48 out of the 120 proteins 

less than two times greater in Cldn8 vs GST were present in more than one experiment.  Next, a 

Fisher’s exact test (p <0.05) within the context of the Scaffold program was conducted for the 

proteins present in more than one experiment. 6 of the 24 proteins that were unique to Cldn8 

samples, 13 of the 38 proteins >2-fold enriched in Cldn8, and 13 of the 48 proteins that <2-fold 

enriched in Cldn8 vs GST passed the significance test.  
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Next, the list of proteins was compared to proteins that were identified as potential interactors 

with the C-terminal domain of Cldn4 by a BioID proximity ligation assay (Fredriksson et al., 

2015). Cldn4 and Cldn8 have been shown to co-localize in tight junctions and therefore proteins 

that are in close proximity to Cldn4 may be Cldn8 interaction partners (Hou et al., 2010). Ten out 

of the 226 proteins identified by mass spectrometry were identified as potential Cldn4 interaction 

partners (Table 6). One out of the seven proteins unique to the Cldn8 samples that passed the 

significance test was identified in the Cldn4 BioID assay, while five out of the 24 proteins present 

in more than one experiment were also known to interact with Cldn4. One out of the 13 proteins 

that was >2-fold enriched and passed the significance test was also known to interact with Cldn4. 

For the proteins less than two times greater in Cldn8 vs GST, three out of the 120 proteins were 

known to interact with Cldn4. 

 Based on these criteria, 40 proteins were prioritized for further analysis (Table 6). These 

include six proteins that were significant in the “only in Cldn8” category; 13 proteins that were 

significant in the “>2-fold enriched in Cldn8 vs GST” category;  13 proteins that were significant 

in the “<2-fold enriched in Cldn8 vs GST” category;  five  proteins in the “unique to Cldn8” 

category that were known to interact with Cldn4; and three proteins in the “<2-fold enriched in 

Cldn8 vs GST” category that were known to interact with Cldn4. These proteins, along with their 

function, are listed in Table 7. 
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1st Criteria 2nd Criteria 

Proteins in Cldn8 vs GST > 1 exp Significance Interact with Cldn4 

Only in Cldn8 55 24/55 6/24 1/6 

5/24 

< 2X greater in Cldn8 vs GST 51 38/51 13/38 1/13 

> 2X greater in Cldn8 vs GST 120 48/120 13/48 3/120 

Table 6: The Criteria Used to Prioritize Cldn8 Interacting Partners 

This table shows the criteria that were used to choose the interacting partners for further analysis. 

The first criteria used to select interacting partners was to look at proteins that were only in Cldn8, 

were two times greater in the Cldn8 samples versus the control samples, or less than two times 

greater in Cldn8 versus GST. Multiple secondary criteria were then used. Proteins that were only 

present in more than one experiment were looked at, and then proteins that were present in more 

than one experiment and passed a significance test. The last criteria used was to look at proteins 

already known to interact with Cldn4.  
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Protein ID Function Enrichment in Cldn8 

C-Terminal vs GST 
O

n
ly

 i
n
 C

ld
n
8
 

Afadin MLLT4 Afadin adherens junction 

formation factor 

INF 

Caspase-3 CASP3 Apoptosis-related 

cysteine peptidase 

INF 

CFR-associated 

protein p70 

N/A Fatty acid beta-oxidation INF 

Growth factor 

receptor-bound 

protein 2 

GRB2 Adapter protein that 

provides a critical link 

between cell surface 

growth factor receptors 

and the Ras signaling 

pathway; Belongs to the 

GRB2/sem-5/DRK 

family 

INF 

Protein transport 

protein Sec23A 

SEC23A Protein transport protein 

homolog COPII coat 

complex component 

INF 

S-

adenosylmethionine 

synthase 

MAT1A Catalyzes the formation 

of S-adenosylmethionine 

from methionine and 

ATP 

INF 

SEC24 homolog C, 

COPII coat 

complex 

component 

SEC24C COPII coat complex 

component; SEC24 

family member C 

INF 

Serine/threonine-

protein phosphatase 

PPP2CA Catalytic subunit, alpha 

isozyme (PPP2CA), 

mRNA 

INF 

Serine/threonine-

protein phosphatase 

2A 55 kDa 

regulatory subunit 

B 

PPP2R2A Serine/threonine-protein 

phosphatase 2A 55 kDa 

regulatory subunit B 

alpha isoform 

INF 

Tight Junction 

Protein 1 

TJP1 Adapter protein that 

interacts with the PDZ 

domain of claudins; 

Belongs to the MAGUK 

family 

INF 

Tight Junction 

Protein 2 

TJP2 Adapter protein that 

interacts with other ZO 

proteins 

INF 
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 Protein ID Function Enrichment in Cldn8 

C-Terminal vs GST 
A

t 
le

as
t 

2
X

 g
re

at
er

 i
n
 C

ld
n
8

 

Elongation factor 2 EEF2 Catalyzes the GTP-

dependent ribosomal 

translocation step during 

translation elongation. 

4.6 

Elongation factor 

Tu, mitochondrial 

TUFM Translational elongation 2.6 

Glyceraldehyde-3-

phosphate 

dehydrogenase 

GAPDH Has both glyceraldehyde-

3-phosphate 

dehydrogenase and 

nitrosylase activities, 

thereby playing a role in 

glycolysis and nuclear 

functions, respectively. 

Modulates the 

organization and 

assembly of the 

cytoskeleton. 

2.3 

Lysozyme LYZ Lysozymes have 

primarily a bacteriolytic 

function; those in tissues 

and body fluids are 

associated with the 

monocyte- macrophage 

system and enhance the 

activity of 

immunoagents. 

2.4 

Peroxiredoxin-1 PRDX1 Thiol-specific peroxidase 

that catalyzes the 

reduction of hydrogen 

peroxide and organic 

hydroperoxides to water 

and alcohols, 

respectively. 

5.2 

Pyruvate kinase PKM Plays a key role in 

glycolysis; Belongs to 

the pyruvate kinase 

family 

6.7 

Tubulin beta chain TUBB Tubulin, beta class I; 

Major component of the 

cytoskeleton. 

2.4 

Tubulin beta-2 

chain 

TBB2 Tubulin; Major 

component of the 

cytoskeleton. 

2.0 
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Protein ID Function Enrichment in Cldn8 

C-Terminal vs GST 
A

t 
le

as
t 

2
X

 g
re

at
er

 i
n
 C

ld
n
8

 

Tubulin beta-7 

chain 

N/A Tubulin; Major 

component of the 

cytoskeleton. 

2.0 

Tudor-interacting 

repair regulator 

protein 

NUDT16L1 Key regulator of 

TP53BP1 required to 

stabilize TP53BP1 and 

regulate its recruitment to 

chromatin 

13 

Vitellogenin-1 VTG1 Precursor of the egg-yolk 

proteins that are sources 

of nutrients during early 

development of 

oviparous organisms 

2.3 

Vitellogenin-2 VTG2 Precursor of the egg-yolk 

proteins that are sources 

of nutrients during early 

development of 

oviparous organisms 

2.2 

Vitellogenin-3 VTG3 Precursor of the egg-yolk 

proteins that are sources 

of nutrients during early 

development of 

oviparous organisms 

2.3 
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 Protein ID Function Enrichment in Cldn8 

C-Terminal vs GST 
L

es
s 

th
an

 2
X

 g
re

at
er

 i
n
 C

ld
n
8

 

20-hydroxysteroid 

dehydrogenase 

CBR1 Carbonyl reductase 1 

(CBR1), mRNA; Belongs 

to the short-chain 

dehydrogenases/reductases 

(SDR) family 

0.4 

Actin, cytoplasmic 

2 

ACTG1 Highly conserved proteins 

that are involved in 

various types of cell 

motility and are 

ubiquitously expressed in 

all eukaryotic cells 

1.0 

Complement C1q 

binding protein 

N/A Is mitochondrial, yields 

the first component of the 

serum complement 

system. 

1.2 

Glutathione 

peroxidase 

GPX4 Glutathione peroxidase 

activity 

0.4 

Glutathione S-

transferase 

N/A Glutathione transferase 

activity 

0.3 

Glutathione S-

transferase 

N/A Glutathione transferase 

activity 

0.4 

Glutathione S-

transferase 2 

GSTM2 Glutathione transferase 

activity 

0.3 

Glutathione S-

transferase class-

alpha 

N/A Glutathione transferase 

activity 

0.7 

Heat shock cognate 

71 kDa protein 

HSPA8 Molecular chaperone 

implicated in folding and 

transport of newly 

synthesized polypeptides, 

activation of proteolysis of 

misfolded proteins and the 

formation and dissociation 

of protein complexes. 

1.0 

LanC-like protein 1 LANCL1 Glutathione binding 0.3 

Leucine-rich repeat 

transmembrane 

protein FLRT1 

FLRT1 Extracellular matrix 

organization 

1.5 
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 Protein ID Function Enrichment in Cldn8 

C-Terminal vs GST 
L

es
s 

th
an

 2
X

 g
re

at
er

 i
n
 C

ld
n
 

Leucine-rich repeat 

transmembrane 

protein FLRT3 

FLRT3 Modulates the structure 

and function of the apical 

ectodermal ridge (AER) 

that controls embryonic 

limb development. 

Functions in cell-cell 

adhesion, cell migration 

and axon guidance. 

1.1 

Nucleosome-

remodeling factor 

subunit BPTF 

N/A Histone-binding 

component of NURF 

(nucleosome-remodeling 

factor), a complex which 

catalyzes ATP-dependent 

nucleosome sliding and 

facilitates transcription of 

chromatin 

0.5 

In
te

ra
ct

 w
/C

ld
n
4

 

Stress-70 protein, 

mitochondrial 

HSPA9 Chaperone protein which 

plays an important role in 

mitochondrial iron-sulfur 

cluster (ISC) biogenesis. 

0.4 

Transforming 

acidic coiled-coil-

containing protein 

1 

TACC1 Cell population 

proliferation, microtubule 

cytoskeleton organization 

0.4 

Tubulin alpha 

chain 

TUBA8A Tubulin; Major 

component of the 

cytoskeleton 

1.2 

Table 7: The 40 Proteins Chosen for Further Analysis That Were Identified by Mass 

Spectrometry in Cldn8 C-Terminal Domain Samples  

The top 40 interacting partners (column 1), their ID (column 2), their function in the cell (column 

3), and the enrichment when comparing Cldn8 C-terminal domain samples vs GST in HH8 

samples (column 4). 

 

The next approach used as means of comparison was to see if these 40 proteins were only 

present in the Cldn8 dataset or also present in the Cldn14 dataset. Only six of the 40 putative Cldn8 

interacting partners that were prioritized for further analysis were not present in the Cldn14 data 

set. These included: SEC24C, SEC23A, GRB2, MAT1A, TACC1, and FLRT3. The other Cldn8 

putative interacting partners were present in either the Day 4 or HH8 Cldn14 samples and were 

sometimes present in the GST control sample done in parallel (Table 8). 
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Protein ID Is it in the Cldn14 C-

Terminal Domain Mass 

Spectrometry Data? 

Enrichment in 

Cldn14 C-Terminal 

vs GST 

O
n
ly

 i
n
 C

ld
n
8
 

Afadin MLLT4 Y- in both D4 GST and 

Cldn14 

0.3 in Day 4 

Caspase-3 CASP3 Y- in both D4 and HH8 INF in HH8 

INF in Day 4 

CFR-associated 

protein p70 

N/A Y- in D4 GST 0.0 

Growth factor 

receptor-bound 

protein 2 

GRB2 N Only in Cldn8 

samples 

Protein transport 

protein Sec23A 

SEC23A N Only in Cldn8 

samples 

S-

adenosylmethionine 

synthase 

MAT1A N Only in Cldn8 

samples 

SEC24 homolog C, 

COPII coat 

complex 

component 

SEC24C N Only in Cldn8 

samples 

Serine/threonine-

protein phosphatase 

PPP2CA Y- in HH8 INF 

Serine/threonine-

protein phosphatase 

2A 55 kDa 

regulatory subunit 

B 

PPP2R2A Y- in both D4 and HH8 INF 

5.3 in Day 4 

Tight Junction 

Protein 1 

TJP1 Y- in both D4 GST and 

Cldn14 

0.8 in Day 4 

Tight Junction 

Protein 2 

TJP2 Y- in both D4 GST and 

Cldn14 

0.7 in Day 4 

In
te

ra
ct

 w
/C

ld
n
4

 Stress-70 protein, 

mitochondrial 

HSPA9 Y- in all samples 0.5 in HH8 

0.3 in Day 4 

Transforming 

acidic coiled-coil-

containing protein 1 

TACC1 N Only in Cldn8 

samples 

Tubulin alpha chain TUBA8A Y- in all samples 0.9 in HH8 

1.0 in Day 4 
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 Protein ID Is it in the Cldn14 C-

Terminal Domain Mass 

Spectrometry Data? 

Enrichment in 

Cldn14 C-Terminal 

vs GST 

A
t 

le
as

t 
2
X

 g
re

at
er

 i
n
 C

ld
n
8

 

Elongation factor 2 EEF2 Y- in all samples 0.6 in HH8 

3.8 in Day 4 

Elongation factor 

Tu, mitochondrial 

TUFM Y- except HH8 GST INF in HH8 

1.0 in Day 4 

Glyceraldehyde-3-

phosphate 

dehydrogenase 

GAPDH Y- in all samples 1.2 in HH8 

1.2 in Day 4 

Lysozyme LYZ Y- all samples 1.2 in HH8 

0.7 in Day 4 

Peroxiredoxin-1 PRDX1 Y- in both D4 and HH8 

GST and Cldn14 

0.9 in HH8 

2.7 in Day 4 

Pyruvate kinase PKM Y- in both D4 and HH8 INF in HH8 

INF 

Tubulin beta chain TUBB Y- in both D4 GST and 

Cldn and HH8 Cldn14 

INF in HH8 

1.2 in Day 4 

Tubulin beta-2 

chain 

TBB2 Y- in both D4 and 8 GST 

and Cldn14 

INF in HH8 

1.2 in Day 4 

Tubulin beta-7 

chain 

N/A Y- in both D4 and 8 GST 

and Cldn14 

1.0 in HH8 

1.1 in Day 4 

Tudor-interacting 

repair regulator 

protein 

NUDT16L1 Y- in Day 4 GST and 

Cldn14 

2.9 in Day 4 

Vitellogenin-1 VTG1 Y- in both D4 and HH8 0.7 in HH8 

INF in Day 4 

Vitellogenin-2 VTG2 Y- in both D4 and HH8 0.6 in HH8 

2.9 in Day 4 

Vitellogenin-3 VTG3 Y- in both D4 and HH8 INF in HH8 

INF in Day 4 

L
es

s 
th

an
 2

X
 g

re
at

er
 i

n
 C

ld
n
8

 

20-hydroxysteroid 

dehydrogenase 

CBR1 Y- except D4 GST 1.3 in HH8 

INF in Day 4 

Actin, cytoplasmic 

2 

ACTG1 Y- in all samples 0.6 in HH8 

1.0 in Day 4 

Complement C1q 

binding protein 

N/A Y- D4 and HH8 Cldn14 INF in HH8 

INF in Day 4 

Glutathione 

peroxidase 

GPX4 Y- D4 GST 0.0 in Day 4 

 

Glutathione S-

transferase 

N/A Y- in all samples 0.7 in HH8 

1.2 in Day 4 

 

Glutathione S-

transferase 

N/A Y- in all samples 0.8 in HH8 

1.7 in Day 4 

Glutathione S-

transferase 2 

GSTM2 Y- in all samples 0.6 in HH8 

2.6 in Day 4 
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 Protein ID Is it in the Cldn14 C-

Terminal Domain Mass 

Spectrometry Data? 

Enrichment in 

Cldn14 C-Terminal 

vs GST 

<
2
X

 g
re

at
er

 i
n
 C

ld
n
8

 

Glutathione S-

transferase class-

alpha 

N/A Y- in all samples 0.5 in HH8 

1.8 in Day 4 

Heat shock cognate 

71 kDa protein 

HSPA8 Y- in all samples 0.2 in HH8 

0.8 in Day 4 

LanC-like protein 1 LANCL1 Y- except D4 GST 1.5 in HH8 

INF in Day 4 

Leucine-rich repeat 

transmembrane 

protein FLRT1 

FLRT1 Y- in D4 Cldn14 and HH8 

GST 

0.0 in HH8 

1.0 in Day 4 

Leucine-rich repeat 

transmembrane 

protein FLRT3 

FLRT3 N Only in Cldn8 

samples 

Nucleosome-

remodeling factor 

subunit BPTF 

N/A Y- in all samples 0.4 in HH8 

0.2 in Day 4 

Table 8: Do the Cldn8 Interacting Partners Also Interact with Cldn14? 

The top 40 interacting partners (column 1), their ID (column 2), whether these proteins were 

identified by mass spectrometry in the Cldn14 C-terminal domain samples (column 3), and the 

enrichment when comparing Cldn14 C-terminal domain samples vs GST in HH8 and Day 4 

samples (column 4). 

3.5 The Top 10 Cldn8 Proteins Identified for Further Functional Analysis  

The 40 proteins were then prioritized by the following criteria: (i) proteins previously shown to 

interact with other claudin family members, (ii) proteins previously shown to be associated with 

NTDs or the processes of convergent extension and apical constriction, and (iii) proteins located 

in the cytosol, as that is where the C-terminal domain of claudins are located. Proteins were 

removed if they were known to be components of chick embryos, such as vitellogenin and tubulin, 

as they were seen in Cldn8 and GST samples. Lysozyme and GST were also removed from the 

list, as lysozyme was used as part of the protein purification process, and glutathione sepharose 

beads were used for the pulldown assay. After removal of these proteins, 29 proteins remained, 

and 10 were chosen from the remaining proteins based on the above prioritization. These 10 

proteins were: ZO-1, SEC24C, SEC23A, MAT1A, Afadin, Caspase-3, PPP2R2A, PPP2CA, CFR-
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p70, and MAPK1 (Table 9). When looking at the Cldn8 data, all ten interacting partners were only 

present in Cldn8 samples and not in any GST samples. ZO-1, Caspase-3 and Afadin also interact 

with Cldn4 (Fredriksson et al., 2015) (Table 9). Seven out of the ten proteins also passed the 

significance test, except for Caspase-3, Afadin, and Serine/threonine-protein phosphatase subunit 

C (PPP2CA) (Table 9).  

ZO-1 is involved in tight junction assembly and is known to interact with claudins. However, 

the role it plays in neural tube closure is unclear (Itoh et al., 1999). ZO-1 was seen in both the 

Cldn14 Day 4 samples and in Cldn8 samples (Table 8). Caspase-3 is a protease that is involved in 

apoptosis and has been associated with claudins and NTDs (Harris et al., 2007; Massa et al., 2009; 

Weil et al., 1997). Caspase-3 was seen in both the Cldn14 Day 4 and HH8 samples, and in Cldn8 

samples (Table 8). Afadin is an adherens junction formation factor and has been associated with 

claudins and NTDs (Sawyer et al., 2011; Tabaries et al., 2019). Afadin was seen in the Cldn14 and 

GST Day 4 samples and was also seen in Cldn8 samples (Table 8). SEC24C and SEC23A are part 

of the COPII-coat mediated protein transport vesicle system, and both transport cargo proteins 

(Barlowe et al., 1994; Lee et al., 2004). SEC24C has been associated with claudins (Yin et al., 

2017), while SEC23A has been associated with claudins and NTDs  (Yin et al., 2017; Zhu et al., 

2015). Both SEC24C and SEC23A were only seen in Cldn8 samples (Table 8). S-

adenosylmethionine synthase (MAT1A) is involved in the folic acid pathway and has been 

associated with NTDs (Afman et al., 2005; Afman et al., 2003). MAT1A was seen in all the Cldn8 

samples (Table 8). PPP2R2A and PPP2CA are both subunits of the serine/threonine-protein 

phosphatase PP2a (Sontag, 2001). PPP2R2A has been associated with claudins and NTDs 

(O'Shaughnessy et al., 2009; Thompson et al., 2018), while PPP2CA has been associated with 

NTDs (Campanale et al., 2017). PPP2R2A was seen in both the Cldn14 Day 4 and HH8 samples, 
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and in Cldn8 samples. PPP2CA was seen only once in the Cldn14 HH8 sample and was seen in 

three Cldn8 samples (Table 8). CFR-associated protein p70 is a fibroblast growth factor and has 

been associated with NTDs (Antoine et al., 2009). It was only seen in Cldn8 samples. MAPK1 

was seen twice in the Cldn14 Day 4 samples and in two of the Cldn8 samples (Table 8). Mitogen 

activated protein kinase 1 (MAPK1) is a kinase in the ERK1/ERK2 pathway and has been 

associated with claudins and NTDs (Fyffe-Maricich et al., 2011; Imamura et al., 2010; Kim et al., 

2016). Some of these proteins will be discussed in further detail on how they may potentially 

interact with the C-terminal domain of Cldn8, and how these interactions may possibly regulate 

processes during neural tube closure. 
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Protein ID Only 

in 

Cldn8 

Significan

t 

Cldn4 

BioID 

Inter

act w/ 

cldns 

NT

Ds 

Function 

1 ZO-1 TJP1 
   

Yes No Tight junction 

assembly 

2 Caspase-3 CASP3 
   

Yes Yes Apoptosis 

pathway 

3 Afadin, 

adherens 

junction 

MLLT4 
   

Yes Yes Adherens junction 

formation 

4 SEC24 

homolog C 

SEC24C 
   

Yes N/A Protein transport 

5 Protein 

transport 

Sec23A 

SEC23A 
   

Yes Yes Protein transport 

6 S-

adenosylme

thionine 

synthase 

MAT1A 
   

N/A Yes Folic acid 

pathway 

7 Serine/threo

nine-protein 

phosphatase 

2A 

regulatory 

subunit B 

PPP2R2

A 

   
Yes Yes Phosphatase 

8 CFR-

associated 

protein p70 

N/A 
   

N/A Yes Fibroblast growth 

factor 

9 Mitogen-

activated 

protein 

kinase 1 

MAPK1 
   

Yes Yes Kinase, ERK1/2 

pathway 

1

0 

Serine/threo

nine-protein 

phosphatase 

subunit C 

PPP2CA 
   

N/A Yes Phosphatase 

 

Table 9: The Top 10 Cldn8 Interacting Partners for Further Analysis 

This table represents the top 10 interacting partners chosen based on multiple criteria. These top ten 

are grouped based on the following: 1) If they are present only in Cldn8 samples, significant, and 

known to interact with Cldn4; 2) If they are only in Cldn8 samples and are significant, and 3) If 

they are only in Cldn8 samples. This table also shows if these proteins have been known to interact 

with other claudins, if they’ve been associated with NTDs, and states the function of the proteins. 



82 
 

CHAPTER 4: Discussion 

My thesis research identified putative interaction partners that bind to the C-terminal domain 

of Cldn8 by using a GST-pulldown method. Some of the proteins identified have been associated 

with NTDs, while others have been previously shown to interact with other claudins. For this 

discussion, I have focused on the interacting partners that I would prioritize for further study. I 

will discuss how some of these proteins are involved in pathways and processes that regulate neural 

tube closure and when mutated cause a NTD. I will also discuss how some of the proteins that 

were identified in this study are shown to be important for the formation of tight junctions.  

I conducted three experiments for my Cldn8 GST-pulldowns, and three biological replicates 

were sent to mass spectrometry for identification of proteins. The first replicate was composed of 

one sample of GST and one sample of GST-Cldn8 beads, while the second and third biological 

replicates consisted of duplicate samples of GST and GST-Cldn8 beads. The first experiment did 

not work as well as the other two experiments as determined by the absence of ZO-1 in the Cldn8 

pulldown samples.  ZO-1 was used as a positive control as it is known to interact with the C-

terminal domain of claudins. ZO-1 was present in the subsequent two GST-Cldn8 C-terminal 

domain pulldown experiments. The absence of a band at 225 kDa (the predicted molecular weight 

of ZO-1) in the western blot analysis correlates to the absence of ZO-1 in the mass spectrometry 

results. A total of 226 unique chick proteins were identified when all the mass spectrometry data 

were pooled. 

When validating the GST-pulldowns for both Cldn8 and Cldn14 experiments by western blot 

analysis using the ZO-1 antibody, a ~130 kDa band was present in the bound lanes (GST beads or 

GST-Cldn8 beads) for the Cldn samples that was not present in the GST control lane, the unbound 

fraction, or the chick embryo protein extract lane. Very few of the peptides identified by mass 
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spectrometry corresponded to proteins that were ~130 kDa, and that were only present in my Cldn 

samples. Peptides corresponding to ZO-2, which has a molecular weight of 150 kDa and binds to 

ZO-1 and occludin (Gumbiner et al., 1991), were identified in some of the Cldn8 samples. The 

band at ~130 kDa was present even when the 225 kDa band corresponding to ZO-1 was not 

detected. This band was present in all the western blot analyses and was present even when ZO-1 

was not detected in the mass spectrometry data. Although I cannot conclude what this band was it 

is possible that this band is ZO-3. As stated in the Introduction, ZO-1 does interact with ZO-3 and 

ZO-3 has a molecular weight of 130 kDa (Balda et al., 1993; Haskins et al., 1998). When aligning 

the protein sequences by BLAST, there is 44% similarity between the entire sequences of ZO-1 

and ZO-3. The first PDZ domain of zonula occluden proteins bind to the C-terminal domain of 

claudins. When aligning the first PDZ domain of both ZO-1 and ZO-3 against each other, there 

was found to be a 52% similarity. When looking up the immunogen information for the anti-ZO-

1 antibody used for western blot analysis, the data sheet shows that it is a synthetic peptide in the 

middle region of ZO-1. The peptide is found between amino acid positions 400-1200. When this 

region was aligned to that of ZO-3, there was a 53% similarity found between the regions. It is 

possible that the antibody did interact with a region of ZO-3, specifically the first PDZ domain. 

Although ZO-3 was not detected in the mass spectrometry data, the band present at 130 kDa in all 

western blots pertaining to the C-terminal domain of Cldn8 and 14 may correspond to ZO-3.  

There were also many more proteins present in the Cldn14 data versus the Cldn8 data. This 

could be because more chick extract protein was used for the Cldn14 experiments (3.3 mg of HH8 

chick extract and 4.65 mg of Day 4 chick extract), whereas 500 μg or 1 mg of HH8 chick extract 

was used for the Cldn8 experiments. The Cldn14 samples also included HH8 and Day 4 samples. 

Day 4 chick extract has more tissue and potentially has more protein-protein interactions occurring 



84 
 

during that stage of development versus HH8, which can also be another reason as to why more 

proteins were detected when compared to Cldn8 HH8 data (mass spectrometry data is in Appendix 

C). Out of the 40 Cldn8 interacting partners chosen to further study, 34 of these proteins were also 

identified as Cldn14 putative interacting partners. The six proteins that were only identified in the 

Cldn8 data were: SEC24C, SEC23A, GRB2, MAT1A, TACC1, and FLRT3. SEC24C, SEC23A, 

GRB2, and MAT1A were only seen in Cldn8 samples, while TACC1 and FLRT3 were seen in 

both Cldn8 and GST samples.  

A limiting factor with this experiment is that although we can determine the protein-protein 

interactions, we cannot see where they are binding to in the Cldn8 C-terminal domain. Do these 

proteins interact with specific residues at the C-terminal domain, or do they interact with the PDZ-

binding motif? This is why it is crucial to identify the proteins that interact with the Cldn8 variants, 

and also to perform co-immunoprecipitations.  

4.1 Interactions that Occur Between ZO-1 and Cldn8 Are Important for TJ Assembly, 

Linking the TJ to the Actin Cytoskeleton and Formation of the TJ Cytoplasmic 

Plaque  

ZO-1 was one of the proteins that was identified by mass spectrometry in the Cldn8 GST-

pulldown fraction and was also part of the top 10 protein list. It is important to note that when the 

YV residues, which are part of the PDZ-binding motif of claudins, were removed from the Cldn8 

C-terminal domain and this variant was overexpressed in chick embryos, over 90% of embryos 

had normal neural tube closure, while embryos overexpressing variants with mutated residues at 

positions S198 and S216 showed a NTD phenotype (Baumholtz, 2018). This suggests that the 

direct interactions between the PDZ-binding motif, located on the C-terminal domain of Cldn8, 

and ZO-1, which binds to this domain, may not play a role in neural tube closure or for signaling 
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morphogenetic events such as cell shaping, signifying the importance of considering other 

interaction partners for this analysis. This does not dispute the fact that interactions with proteins 

such as ZO-1 are not important. The Cldn8 variants generated also co-localized with ZO-1 to the 

tight junction, suggesting its importance to bringing claudins to the tight junction (Baumholtz, 

2018). It is possible that variants in the Cldn8 C-terminal domain can indirectly disable interactions 

that occur at the PDZ-binding motif, thus inhibiting interaction with proteins such as ZO-1. It has 

been hypothesized that core planar cell polarity (PCP) proteins and scaffolding proteins such as 

ZO-1 interact with each other, and indirectly interact with claudins (Chen et al., 2016).  

Although this thesis focuses on direct interactions with the Cldn8 C-terminal domain, this data 

suggests that ZO-1 is needed for claudins to localize to the tight junction and that its proximity to 

and interactions with PCP proteins may indirectly link Cldn8 to proteins in the PCP pathway, 

potentially regulating events such as cell shaping, and processes such as convergent extension, 

which are crucial during neural tube closure(Van Itallie, 2013). 

4.2 COPII-Mediated Vesicle Transport Proteins Sec23A and Sec24C Are Known to 

Interact with Claudins and Sec23A Has Been Associated with NTDs 

My data identified two proteins that are part of the COPII-mediated vesicle transport pathway, 

Sec23A and Sec24C, as candidate interaction partners for the Cldn8 C-terminal domain. Both of 

these proteins are known to interact with YV residues in the C-terminal domain of Cldn1, and mice 

deficient in Sec23A showed cranial NTDs and also exhibited neural tube openings in the midbrain 

(Zhu et al., 2015). Neither of these proteins were identified as Cldn14 putative interacting partners. 

The COPII complex is made of highly conserved proteins that are responsible for creating small 

membrane vesicles that originate from the endoplasmic reticulum (ER) (Barlowe et al., 1994; Lee 

et al., 2004). This pathway aids in transporting membrane and luminal cargo proteins from the ER 



86 
 

to the Golgi and other membrane compartments in the cell (Jensen et al., 2011). In cells, Sec23 

and Sec24 are found in tight heterodimers, which form the inner COPII coat (Barlowe et al., 1994). 

Gene-duplication events have created multiple paralogs: two Sec23 paralogs, Sec23A and Sec23B; 

and four Sec24 paralogs, Sec24A, Sec24B, Sec24C and Sec24D. Sec24 is the primary subunit 

responsible for binding to membrane cargo proteins at the ER and concentrating them into the 

forming vesicle (Miller et al., 2002) 

4.2.1 The Non-Canonical and Canonical Wnt/PCP Pathways, and the Regulation of 

Convergent Extension during Neural Tube Closure 

Although Sec24C has not been associated with NTDs, one of its paralogs, Sec24B does cause 

NTDs when mutated (Merte et al., 2010). Sec24B is a cargo-sorting protein in the COPII complex 

and is responsible for the sorting and trafficking of Vangl2, a core protein in the PCP pathway 

(Wendeler et al., 2007). Mouse mutants in the PCP pathway have convergent extension defects 

that result in craniorachischisis, a severe NTD (Merte et al., 2010).  Mutations in Sec24b contribute 

to NTDs such as spina bifida (Merte et al., 2010). In C-CPE treated chick embryos, Vangl2 shows 

reduced localization when Cldn3, -4, and -8 are removed from the neural (Cldn4 and -8) and non-

neural (Cldn3 and -4) ectoderm (Baumholtz et al., 2018), suggesting claudins somehow interact 

with Vangl2 (unknown whether they are direct or indirect interactions) and possibly by directly 

interacting with ZO-1. If the C-terminal domain of Cldn8 is mutated, Vangl2 may no longer be 

able to interact with Cldn8, thus causing defects in convergent extension, leading to NTDs. This 

can be because Sec24C can no longer bind to the C-terminal domain of Cldn8, and Sec24B can no 

longer indirectly interact with Cldn8, unable to get cargo proteins (such as Vangl2) to the apical 

membrane.  
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The canonical-β-catenin dependent Wnt signaling pathway is important in the process of neural 

tube closure, and defects in this pathway lead to NTDs (Copp et al., 2003; Ybot-Gonzalez et al., 

2007; Zhao et al., 2014). Subunits of Serine/threonine-protein phosphatase 2A (PP2A), a 

phosphatase, was identified by mass spectrometry in the Cldn8 GST-pulldown fraction. PP2A is 

made up of catalytic (PPP2C), structural (PPP2R21) and regulatory (b-type) subunits. Two 

different subunits were identified by mass spectrometry in the Cldn8 GST-pulldown fraction, 

PPP2R2A and PPP2CA. PP2A has been shown to dephosphorylate cytoplasmic phospho-β-

catenin (Su et al., 2008) and co-localize with it at the plasma membrane (Thompson & Williams, 

2018). It has been shown that PPP2R2A binds directly to cytoplasmic β-catenin in HEK293T and 

SV480 epithelial cells. Knockdown of PPP2CA in cells results in hyperphosphorylation of β-

catenin (Su et al., 2008) while knocking down PPP2R2A results in the phosphorylation of β-

catenin and decreased Wnt signaling (Zhang et al., 2009). Overexpression of PPP2R2A enhances 

Wnt signaling. As the canonical-β-catenin dependent Wnt signaling pathway is important during 

neural tube closure, and knocking down PPP2R2A results in decreased Wnt signaling, the 

interactions between PP2A and Cldn8 can potentially play a role in the canonical Wnt pathway, 

and when the C-terminal domain is mutated, can inhibit these interactions from occurring. 

4.3 The Association of Folic Acid and NTDs 

Folate has been shown to be crucial in the involvement of neural tube closure. The folic acid 

pathway is required for neural tube closure, and mutations in this pathway or reduced dietary folate 

result in a NTD phenotype (Kibar et al., 2007; Pangilinan et al., 2012). MAT1A, also known as S-

adenosylmethionine synthase, is involved in the transfer of adenosyl moiety of ATP to methionine 

to form S-adenosylmethionine and tripolyphosphate and plays a role in the folic acid pathway. It 

is one of the interacting partners identified by mass spectrometry in the Cldn8 GST-pulldown 
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fraction. As the folic acid pathway is involved in the process of neural tube closure, it is possible 

that MAT1A interacts with Cldn8 during stages of neurulation, and potentially plays a process in 

neural plate shaping and bending of the neural folds. It would be interesting to see if MAT1A also 

interacts with Cldn3 or -4, as these claudins are present during these stages in neurulation.  

When there is a low amount of folate, there is reduced remethylation of homocysteine (Hcy) to 

methionine, meaning there is a rise in Hcy levels. These increased levels of Hcy concentrations 

has been reported in mothers who have children with NTDs (Afman et al., 2005). In order to test 

the hypothesis that methylation is important for neural tube closure, chick embryos were treated 

with Hcy, and a delay in neural tube closure was observed (Afman et al., 2003).  It was determined 

that the rise in Hcy levels is because of inhibition of transmethylation due to elevation of S-

adenosylhomocysteine (AdoHcy) and a reduction of S-adenosylmethionine (AdoMet) (Afman et 

al., 2005). Similar results were seen when MAT was inhibited. When MAT was inhibited in mouse 

embryos, there was a decrease in the AdoMet/AdoHcy ratio, and the resulting phenotype was 

cranial defects (Dunlevy et al., 2006). This data suggests that a mutation in the folic acid pathway 

can lead to inhibition of MAT1A, and this can possibly disable interactions to occur with the Cldn8 

C-terminal domain, causing a NTD phenotype. It can also suggest that environmental factors, such 

as reduced folate in mothers can lead to these interactions not properly occurring. 

4.4 Apoptosis May Be Necessary During Stages of Neurulation 

Caspases are a family of cysteine proteases involved in programmed cell death, which is a 

crucial factor during embryonic development (Massa et al., 2009). Caspase-3 cleaves protein 

substrates within the apoptotic cell and was one of the interacting partners identified by mass 

spectrometry in the Cldn8 GST-pulldown fraction. Apoptosis is an important process for neural 

tube closure (Weil et al., 1997). 
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A study in mice determined the role of apoptosis during neural tube closure. This study found 

that apoptosis is linked to three events during neural tube closure: 1) bending and fusion of the 

neural folds, 2) epithelial remodeling after fusion, and 3) emigration of neural crest cells (Massa 

et al., 2009). This study concluded that apoptosis may be required during closure at the midbrain 

and hindbrain. It has been shown that Caspase-3 null mice have cranial NTDs, and these mice have 

a lack of apoptosis (Harris & Juriloff, 2007). 

Excessive amounts of apoptosis also lead to neural tube defects such as spina bifida in mice 

embryos (Wei et al., 2012). Apoptosis may be stage specific. During neural plate induction (around 

HH4), not much apoptosis seems to be occurring at the neural plate, while later stages have more 

apoptosis occurring. Cells undergoing apoptosis are concentrated at the neural and non-neural 

border. In a study looking at how the inhibition of caspase affects neural tube closure, chick 

embryos were cultured in the presence of cell-permeable peptide caspase inhibitors (Weil et al., 

1997). In embryos treated with these inhibitors, the neural tube remained open. In some of the 

embryos treated with these inhibitors, the neural folds were able to appose each other, but were 

not able to fuse. This suggests that apoptosis may be required during later stages of neurulation.  

It is possible that Cldn8 directly interacts with Caspase-3 during neurulation, especially at HH8 

where the bending of the neural plate is occurring. These interactions enable apoptosis to occur at 

the appropriate staging, allowing the neural folds to fuse properly. Cldn8 variants generated in the 

C-terminal domain of Cldn8 can affect the binding of Caspase-3, leading to excessive amounts of 

apoptosis or lack of apoptosis, both of which are associated with NTDs. This, in turn, can affect 

neural tube closure during later stages of neurulation, where the neural folds can bend and elevate, 

eventually apposing each other, but cannot fuse properly.   
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4.5 Kinases and Phosphatases that Regulate Tight Junction Formation and the 

Phosphorylation Events that Mediate These Processes 

Protein phosphorylation is a post-translational modification that occurs at the C-terminal 

domain of claudins (Tanaka et al., 2005; Van Itallie et al., 2018). The putative Cldn8 interaction 

partners that are involved in phosphorylation are the Mitogen-activated protein kinase-1 (MAPK1) 

and Serine/threonine-protein phosphatase 2A (PP2A). MAPK1 is a member of the mitogen-

activated protein kinase family (Upadhya et al., 2013), and is itself activated by phosphorylation. 

RAS, a small G protein, leads to the activation of the MAPK kinase MEK, and MEK 

phosphorylates and activates MAPK (Sebolt-Leopold et al., 2004). This pathway regulates 

different processes such as cell proliferation and differentiation (Yoon et al., 2006). PP2A  is a 

phosphatase that regulates signal transduction pathways (Sontag, 2001). It also is involved in cell-

cell adhesion, which is important for apicobasal polarity. Both subunits identified in the bound 

Cldn8 fraction (PPP2R2A and PPP2CA) were also identified as putative Cldn14 interacting 

partners, suggesting that it dephosphorylates multiple Cldns, and is not only specific to Cldn8. 

Different kinase pathways have been associated with the CLDN family, including MAPK 

pathway and Akt (Lu et al., 2011). Both Protein Kinase B (Akt/PKB) and atypical αPKC play a 

role in tight junction biogenesis and cell polarity, and have been shown to bind to PP2A. αPKC 

activity is involved in the phosphorylation of occludin and ZO-1 (Stuart et al., 1995). The 

phosphorylation predictor program NetPhos 3.1, predicts that both MAPK and Akt can 

phosphorylate Cldn8 at positions S198 and S216. It has been shown that when there is an increase 

in Akt signaling, there is epidermal barrier acquisition (O'Shaughnessy et al., 2009), and when 

PP2A and Akt signaling are inhibited, there are defects in epithelial barrier acquisition. Interactions 

between Cldn8, MAPK, and Akt are likely due to MAPK and Akt phosphorylating and 
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dephosphorylating Cldn8. Consequently, this could affect interactions with other proteins that are 

related to cell shape changes. It has also been shown that MAPK and Akt are not phosphorylated 

in Cldn8 knockdown cells (Ashikari et al., 2017), suggesting Cldn8 modulates these 

phosphorylation pathways. This data can also suggest that if the C-terminal domain of Cldn8 is 

mutated at a specific residue, such as S198 and S216 that this can disable interactions to occur 

with MAPK and Akt. If these interactions do not occur, and Cldn8 cannot be phosphorylated or 

dephosphorylated, then this can affect the process of neural tube closure.  

Protein Kinase C (PKC) participates in regulating tight junction proteins such as Cldn1, 

occludin, and ZO-1 (Stuart & Nigam, 1995). αPKC-mediated phosphorylation is important for 

Ca2+ tight junction assembly (Stuart & Nigam, 1995; Suzuki et al., 2001). PP2A may directly 

regulate the αPKC/Par-3 complex, which is part of the Par complex and is important for the 

formation of tight junctions (Campanale et al., 2017). Afadin, an adherens junction formation 

factor identified by mass spectrometry in the Cldn8 GST-pulldown fraction, is also associated with 

αPKC and when there is a loss of afadin, the localization of both Par-3 and αPKC change (Sawyer 

et al., 2011). It has been shown that BMP interacts with apicobasal polarity proteins during MHP 

formation, a cell shaping event in neural tube closure (Eom et al., 2011). BMP overexpression 

disables the MHP to form and does not allow the neural tube to properly close. There is low BMP 

activity at the ventral midline and at the MHP. BMP interacts with the Par complex, which consists 

of Par3, Par6, and αPKC, and this complex localizes at apical junctions. These interactions are 

crucial for apical constriction and for the formation of the MHP. Since PP2A interacts with this 

complex, and the loss of afadin changes the localization of this complex, it is possible that the 

interactions between Cldn8 and these two proteins are necessary to regulate cell shape events 

during later stages of neurulation which enable the neural plate to bend and elevate.  
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It has been shown that for the neural tube to properly close, there needs to be proper 

proliferation, migration, and differentiation of neural stem cells (Turner et al., 2013; Zhang et al., 

2015). MAPK1/MAPK3 double knockout mice have an increase in apoptotic cells and have a 

decrease in neural progenitor cell proliferation (Fyffe-Maricich et al., 2011; Imamura et al., 2010). 

When the MAPK pathway was inhibited in mice with PD325901, there was a reduction in 

phosphorylation of MAPK1 and MAPK3, along with decreased expression of Cldn1 and -4 at the 

tight junction while no effect was seen in Cldn3 expression (Kim & Breton, 2016). This is of 

interest, as Cldn4 is also present in the neural ectoderm with Cldn8 during HH8 of neurulation. 

MAPK1 was identified as a putative interacting partner of wild-type Cldn8. If the C-terminal 

domain of Cldn8 is mutated at positions S198 and S216, identified as putative serine 

phosphorylation sites, phosphorylation that normally occurs for MAPK1 may not occur, and NTDs 

can form. 

4.6 Limitations of Using a GST-Pulldown Approach to Identify Cldn8 C-Terminal    

Domain Interacting Partners 

A limitation to this project was that many E. coli proteins were present in the mass spectrometry 

results when compared to the number of chick proteins present. This was especially noticeable in 

the Cldn8 C-terminal domain samples, which led me to doing column purification for the third 

experiment instead of the batch purification that was performed for the first two sets of pulldown 

experiments. The presence of so many E. coli proteins may have taken up depth on the mass 

spectrometer, thus not enabling potential interacting partners from being present in the dataset or 

reducing the number of times a certain peptide was seen. The presence of E. coli proteins also 

could have prevented certain proteins from binding to the beads. The presence of many E. coli 

proteins may have reduced the number of times ZO-1 was detected. A similar amount of chick and 
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E. coli proteins were present in Cldn14 C-terminal domain Day 4 and HH8 samples, yet many 

more E. coli proteins than chick proteins were present in the Cldn8 C-terminal domain samples. 

This may have been due to the protein purification process. 

4.7       A Proposed Model of Interactions that Occur at the C-Terminal Domain of Cldn-8 

In my thesis project, I identified multiple proteins that may interact with the C-terminal domain 

of Cldn8 at HH8 of chick neurulation. These proteins are involved in various functions, such as 

regulating cell-adhesion, tight junction formation, programmed cell death, and in sorting and 

transporting cargo proteins. Some proteins are associated with pathways that have been shown to 

participate in neural tube closure, such as the folic acid pathway, PCP pathway, and the 

ERK1/ERK2 pathway. Several of the proteins identified in this study are known to affect 

convergent extension and cell shaping events, including apical constriction, which we have 

previously shown to be affected by Cldn8 depletion. For example, localization of Vangl2, a 

component of the non-canonical Wnt-PCP signaling pathway, is reduced in Cldn8-depleted neural 

ectoderm (Baumholtz et al., 2017). In my study, Sec24C, a paralog of Sec24B that is known to 

interact with Vangl2 and play a role in regulating convergent extension (Merte et al., 2010; 

Wendeler et al., 2007), was identified as a candidate interaction partner of Cldn8.  As of now, there 

is no evidence to show that Sec24C is associated with NTDs but mutations in Sec24B that inhibit 

its binding to Vangl2 are associated with NTDs (Merte et al., 2010).  Another candidate whose 

interactions with Cldn8 might be linked to neural tube closure is Caspase-3, which is involved in 

the apoptosis pathway. In chick embryos treated with caspase inhibitors, the neural folds are unable 

to fuse (Weil et al., 1997), suggesting that Caspase-3 might play a role in the cell shaping events 

required for neural tube closure.  
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The data from the mass spectrometry analysis suggests that there is a large network of 

interactions that are occurring at the cytoplasmic domain of tight junctions and that these 

interactions involve proteins with many different functions.  Figure 9 shows a hypothetical model 

of how the C-terminal domain of Cldn8 could interact with the candidate proteins discussed. The 

C-terminal two amino acids (YV) of most classical claudins form the PDZ-binding domain that is 

known to interact with the first PDZ domain of ZO-1 (Itoh et al., 1999) (Figure 9). Sec23A and 

Sec24C, which form a complex and are part of the COPII-mediated vesicle transport system, have 

also been shown to bind to the YV region of Claudin-1 (Zhu et al., 2015) (Figure 9). MAPK1 is a 

kinase that has been predicted by the post-translational modification prediction software NetPhos 

3.1 to phosphorylate the C-terminal domain of Cldn8, specifically at positions S198 and S216 

(Figure 9). It is not clear if phosphorylation of S198 or S216 would affect the binding of candidate 

interaction partners MAT1A, which is part of the folic acid pathway, or Caspase-3, which is part 

of the apoptosis pathway. The GST-fusion protein used for the pulldown experiments was prepared 

in E. coli and therefore would not be phosphorylated.    

I propose that when the wildtype Cldn8 is expressed that these protein-protein interactions 

occur at the C-terminal domain. However, if positions S198 and S216 are mutated, these 

interactions may not occur. Thus, this could also affect interactions that occur at the YV residues, 

and the ability of the YV residues to interact with ZO-1 and potentially the COPII-mediated vesicle 

system, specifically with Sec23A and Sec24C. This can inhibit the tight junction from linking to 

the actin cytoskeleton. These interactions may no longer occur because of a difference in protein 

folding or even the protein shape, hindering only one or both ZO-1 and the Sec proteins from 

properly binding to the YV residues, thus inhibiting the neural tube from closing properly. I do not 

believe that ZO-1 and the COPII-mediated vesicle system are competing for interactions with the 



95 
 

YV residues. ZO-1 interacts with all the C-terminal domains of claudins, while the interactions 

with the COPII-mediated vesicle with all known claudins is still unknown. Based on the mass 

spectrometry analysis, this complex does not interact with the C-terminal domain of Cldn14. A 

change in the protein conformation of the C-terminal domain of Cldn8 may inhibit these proteins 

interactions. 
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Figure 9: Proposed Model of Cldn8 C-Terminal Domain Interactions 

This diagram shows a proposed model for protein-protein interactions between the wild-type 

Cldn8 C-terminal domain and some of the proteins that were identified by mass spectrometry 

analysis of the GST-Cldn8 pulldown sample. The ZO proteins are depicted by the three linked 

blue rectangles. Sec23A and Sec24C are part of the COPII-mediated vesicle transport system and 

these proteins are depicted by the pink and purple quadrilaterals. The PCP genes have also been 

hypothesized to be in proximity to ZO-1, and Vangl2, a core PCP protein is represented by the teal 

circle, with the dotted line representing interaction with Sec24B. The kinase MAPK1 is 

represented by the yellow star, MAT1A is depicted by a green circle, and Caspase-3 is depicted 

by an orange shape, with the dotted lines showing the association of a protein to its function or 

pathway. Candidate interaction proteins are not to scale. 
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CHAPTER 5: Conclusions and Future Directions 

5.1 Conclusions 

The purpose of this thesis project was to identify putative interacting partners of the Cldn8 C-

terminal domain. This was achieved by using a GST-pulldown methodology, and then using mass 

spectrometry to identify these partners. The GST-pulldown approach was used as it looks at direct 

interactions between bait and prey. I believe that the methodology used was the most reasonable 

for this thesis project. However, as stated previously, there were limitations in terms of the amount 

of E. coli proteins present. These proteins may have inhibited crucial interacting partners from 

being identified by the mass spectrometer.  

Although a future direction for this project, it would have been beneficial to also perform GST-

pulldowns with the Cldn8 variants generated previously in our lab (S198A, S216A, S216I and 

∆YV), as it would have been a great means of comparison between the wild-type and variant 

Cldn8. While the chick is a great and effective model for studying neural tube closure, the protein 

dataset in chick is not as established as other animal models, such as the mouse. It would have 

been beneficial to determine the Cldn8 C-terminal domain interacting partners in more established 

animal models, in order to have full coverage of possible interacting partners. 

At this moment, we have not yet proven that direct interactions occur with the proteins 

identified by mass spectrometry and the Cldn8 C-terminal domain, and if the interactions are 

associated with neural tube closure. Some of these proteins have been associated with NTDs when 

interacting with other proteins, but until now, there has not been any evidence of these proteins 

interacting with claudins and during the process of neural tube closure. These interactions may be 

crucial for getting Cldn8 to the tight junction, for barrier properties and cell adhesion, or even for 

regulating events such as phosphorylation once at the tight junctions, but we can only speculate 
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the role of these interactions with wild-type Cldn8 during neural tube closure. It is possible that 

mutating the Cldn8 C-terminal domain may inhibit interactions that normally occur with the wild-

type Cldn8. Inhibiting protein function in processes such as apoptosis (Caspase-3) phosphorylation 

(MAPK pathway, or inhibiting PP2A from binding to different kinases) may cause a NTD 

phenotype. 

5.2 Future Directions 

The next steps of this project will be to validate the top 10 interacting partners of Cldn8 by 

performing co-expression and co-localization analyses. The first type of co-expression experiment 

to be done will be whole mount in-situ hybridization. This is a relatively simple and inexpensive 

method of determining if the mRNA of the interacting partners are co-expressed with Cldn8 in the 

neural ectoderm at HH8 of neurulation. If the interacting partners are expressed in the neural 

ectoderm at this stage, then immunofluorescence will be performed to determine if the interacting 

partners co-localize with Cldn8 at tight junctions in the neural ectoderm at HH8. HH8 of 

neurulation is a beneficial stage to look at during neurulation as the neural folds are elevating but 

part of the neural plate is still flat.  

Protein-protein interaction experiments will then be conducted, such as co-

immunoprecipitation. Ideally, the Cldn8 antibody would be used to do a co-immunoprecipitation. 

However, the epitope of the antibody is located on the C-terminal domain of Cldn8 and could 

potentially inhibit protein-protein interactions. Another possibility would be to use antibodies for 

the interacting partners and use those to do a co-immunoprecipitation. However, if in vivo co-

immunoprecipitation cannot be performed, two alternatives can be done: The first will be to 

electroporate the tagged interacting partners into chick embryos and then do a co-
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immunoprecipitation in vivo. The other alternative method would be to an in vitro experiment by 

transfecting HEK293 cells and tag wild-type Cldn8 and the interacting partners. 

Additionally, it will be beneficial to look at protein-protein interactions with the Cldn8 C-

terminal domain variants and determine if the partners identified in the wild-type samples interact 

with these variants. Do mutations at these residues affect the interactions that occur at the PDZ- 

binding domain with proteins such as ZO-1?  Will mutating the C-terminal domain of Cldn8 

potentially inhibit crucial events during neural tube closure to occur properly, thus causing NTDs? 

It will also be crucial to determine why the variants cause a NTD phenotype.  

The big question that our lab would like to answer is if the protein-protein interactions that 

occur at the Cldn8 C-terminal domain are required for recruiting claudins to the tight junction, or 

if they are important once claudins are at the tight junction. Our lab has shown that Cldn8 variants 

do localize to tight junctions (Baumholtz et al., 2018), so it may be possible that the protein-protein 

interactions are important once at the tight junction. If we mutate the C-terminal domain at specific 

residues (such as putative serine phosphorylation sites), will this inhibit or affect the interactions 

with these proteins? When S198 was mutated to S198A, defects were seen. This may be because 

phosphorylation could no longer occur at S198A, and the proper interactions did not occur. 

Mutating S216 to S216A did not cause a NTD phenotype. However, mutating S216 to S216I 

caused NTDs and convergent extension defects. Isoleucine is a larger amino acid than serine and 

is also hydrophobic. This may have changed the protein conformation or protein folding, and the 

proper interactions that normally occur may no longer occur. Do the Cldn8 variants disable certain 

protein interactions from occurring, and does this increase susceptibility to NTDs? 
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Overall, the data from this thesis project is the first step to examine protein-protein interactions 

that occur with Cldn8 during neural tube closure. Further validation studies of the candidate 

partners identified can help us determine and pinpoint the role of Cldn8 during neural tube closure, 

and the proteins that may potentially regulate the processes that regulate cell shaping events or 

may be part of pathways that, if mutated, can contribute to NTDs. 
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Sincerely, 

 

Amanda Baumholtz, PhD 
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Appendix B: Mass Spectrometry Data for Cldn8 C-Terminal Domain HH8 Samples 

 

     
GST Cldn8 C-Terminal Domain 

# Identified Proteins 
(227/946) 

Accession Number Alternate 
ID 

MW 
kDa 

E1 E2
#1 

E2 
#2 

E3 
#1 

E3 
#2 

E1 E2 
#1 

E2 
#2 

E3 
#1 

E3 
#2 

1 Tubulin alpha chain   F1NMP5_CHICK TUBA8A 50 102 34 17 12 15 103 18 16 51 37 

2 Claudin   E1BS22_CHICK CLDN8 25  0 0 0 0 8 7 13
2 

177 189 191 

3 Rho guanine nucleotide 
exchange factor 17   

E1C588_CHICK ARHGEF
17 

196  24 0 0 0 0 14 0 0 0 0 

4 Vitellogenin-2   F1NFL6_CHICK VTG2 205  17 6 4 57 49 22 79 79 46 60 

5 Bromodomain PHD finger 
transcription factor   

A0A1D5PE97_CHICK 
 

325  15 12 20 52 55 2 2 1 2 2 

6 Ubiquitin specific peptidase 
42   

E1C4I0_CHICK USP42 139  4 0 0 0 0 1 1 0 0 0 

7 Transforming acidic coiled-
coil containing protein 1   

A0A1D5PZD9_CHICK 
 

91  13 0 0 0 1 5 0 0 1 0 

8 Tubulin beta-7 chain   TBB7_CHICK 
 

50  8 10 0 39 30 7 74 58 19 20 

9 CgABP260   Q90WF0_CHICK 
 

280  28 0 0 0 0 19 0 0 0 0 

10 Glyceraldehyde-3-phosphate 
dehydrogenase   

F1NH87_CHICK (+1) GAPDH 36  4 3 0 30 29 9 38 57 25 22 

11 Apolipoprotein B   F1NV02_CHICK APOB 523 
kDa 

6 7 6 36 26 3 50 44 14 20 

12 Tubulin alpha chain   A0A1D5NW27_CHICK TUBA1C 50   5 8 0 28 24 7 36 37 20 21 

13 Lysozyme   B8YK79_CHICK (+1) LYZ 16   3 3 0 26 23 4 44 53 14 16 

14 Vitellogenin-1   A0A1D5NUW2_CHIC
K (+1) 

VTG1 211   2 5 2 21 19 5 33 31 24 18 

15 Glutathione S-transferase   A0A1D5PDF1_CHICK 
 

25   16 18 6 25 33 20 12 15 7 10 

16 Actin, cytoplasmic 2   A0A1D5P630_CHICK 
(+3) 

ACTG1 42   4 2 0 41 31 7 39 21 6 7 

17 Myosin-11   A0A1D5P1M0_CHICK 
(+4) 

MYH11 225   1 0 0 0 0 2 0 0 3 1 

18 Sulfatase 2   E1BZH8_CHICK SULF2 100   13 0 0 0 0 12 0 0 0 0 
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GST Cldn8 C-Terminal Domain 

# Identified Proteins 
(227/946) 

Accession Number Alternate 
ID 

MW 
kDa 

E1 E2
#1 

E2 
#2 

E3 
#1 

E3 
#2 

E1 E2 
#1 

E2 
#2 

E3 
#1 

E3 
#2 

19 Elongation factor 1-alpha 1   EF1A_CHICK (+1) EEF1A 50   5 5 0 22 16 11 17 25 16 16 

20 Elongation factor 2   A0A1D5PS29_CHICK EEF2 95   5 3 5 5 5 8 17 17 30 33 

21 Stress-70 protein, 
mitochondrial   

GRP75_CHICK HSPA9 73   23 6 2 20 23 4 8 8 2 7 

22 Myosin-9   MYH9_CHICK MYH9 227   0 0 0 19 19 0 41 10 0 0 

23 Obscurin, cytoskeletal 
calmodulin and titin-
interacting RhoGEF    

A0A1D5P9K1_CHICK 
 

969   0 0 0 0 0 1 0 0 0 0 

24 Heat shock cognate 71 kDa 
protein   

A0A1D5PFJ6_CHICK HSPA8 71   11 5 0 16 16 4 11 13 7 11 

25 Plasminogen   F1NWX6_CHICK PLG 91   12 0 0 0 0 20 0 0 0 1 

26 Glutathione S-transferase 2  GSTM2_CHICK GSTM2 26   11 13 5 10 13 8 4 3 0 2 

27 Elongation factor Tu, 
mitochondrial (Fragment)  

EFTU_CHICK TUFM 38   1 1 4 9 4 4 14 14 9 9 

28 Apovitellenin-1  APOV1_CHICK 
 

12   6 5 4 3 5 7 2 5 7 6 

29 Ovalbumin  OVAL_CHICK SERPINB
14 

43   2 0 0 0 0 0 0 0 0 0 

30 Nucleoside diphosphate 
kinase   

NDK_CHICK 
 

17   1 1 0 6 6 1 3 9 7 8 

31 Fascin   A0A1D5NV23_CHICK 
(+2) 

 
53   0 0 0 14 7 0 16 4 2 3 

32 20-hydroxysteroid 
dehydrogenase   

F1N8Y3_CHICK (+1) CBR1 30   8 2 0 5 14 7 2 4 0 0 

33 ADP/ATP translocase 3   Q5ZLG7_CHICK SLC25A6 33   0 2 0 10 8 0 10 9 2 3 

34 DEAD-box helicase 3,X-
linked    

Q5F491_CHICK DDX3X 72   2 3 3 1 2 4 3 5 7 12 

35 Nebulin (Fragment)   Q9DEH4_CHICK 
 

277   1 0 0 0 0 3 0 0 0 0 

36 Destrin   DEST_CHICK (+1) DSTN 19   5 0 0 3 3 7 5 4 3 5 

37 Peroxiredoxin-1   PRDX1_CHICK PRDX1 22   5 0 0 0 1 4 3 5 10 9 

38 Eukaryotic initiation factor 
4A-II   

A0A1D5PR64_CHICK 
 

28   1 0 0 7 3 2 8 9 1 2 

39 Nucleophosmin   SV=1 
 

A0A1L1RJ18_CHICK 
(+1) 

NPM1 31   0 2 0 8 5 0 10 7 0 1 
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GST Cldn8 C-Terminal Domain 

# Identified Proteins 
(227/946) 

Accession Number Alternate 
ID 

MW 
kDa 

E1 E2
#1 

E2 
#2 

E3 
#1 

E3 
#2 

E1 E2 
#1 

E2 
#2 

E3 
#1 

E3 
#2 

40 Glutathione S-transferase 
class-alpha (Fragment)   

Q9W6J3_CHICK 
 

21   4 5 0 3 3 3 3 2 1 2 

41 Eukaryotic initiation factor 
4A-II   

A0A1L1RUX2_CHICK EIF4A2 45   2 1 0 6 5 5 7 3 2 2 

42 Tubulin alpha chain   A0A1D5P198_CHICK TUBA1C 50   7 11 0 28 23 7 38 37 24 25 

43 Cyclin-dependent kinase 1   F1NBD7_CHICK CDK1 35   0 0 0 6 6 0 9 11 2 0 

44 Leucine-rich repeat 
transmembrane protein 
FLRT3   

FLRT3_CHICK FLRT3 73   9 0 0 1 0 1 0 0 4 6 

45 Glutathione S-transferase   GSTA2_CHICK 
 

25   1 0 0 5 9 2 2 5 0 1 

46 Pyruvate kinase   F1NW43_CHICK PKM 58   2 0 0 0 1 4 3 2 5 6 

47 Thioredoxin reductase 3   A0A1D5NVZ3_CHICK 
(+1) 

TXNRD3 66   5 0 0 1 5 6 2 3 0 0 

48 14-3-3 protein theta   1433T_CHICK YWHAQ 28   1 0 1 2 3 2 4 6 1 0 

49 SEC24 homolog C, COPII 
coat complex component   

E1BUD8_CHICK 
 

119   0 0 0 0 0 0 0 5 4 13 

50 39S ribosomal protein L44   E1C5L8_CHICK MRPL44 36   4 0 0 1 1 0 0 2 0 0 

51 Type II alpha-keratin IIC   A0A146F047_CHICK 
(+2) 

KRT6A 57   6 0 0 1 2 3 4 3 0 0 

52 Sorbin and SH3 domain-
containing protein 1    

E1C009_CHICK 
 

65   1 0 0 1 2 0 1 1 0 0 

53 Fanconi anemia group M 
protein   

FANCM_CHICK FANCM 224   3 0 0 0 0 3 0 0 0 0 

54 Peroxisomal biogenesis 
factor 5 like   

A0A1D5PYF9_CHICK PEX5L 68   3 0 0 0 0 0 0 0 0 0 

55 DIS3-like exonuclease 2   E1C372_CHICK dis3l2 92   1 0 0 0 0 1 0 0 0 0 

56 Vitellogenin-2   VIT2_CHICK VTG2 205   18 0 0 56 50 23 78 82 45 59 

57 leucine-rich repeat 
transmembrane neuronal 
protein 2 (not complete)   

E1C5R1_CHICK FLRT1 58   3 0 0 1 0 1 0 1 2 2 

58 Kinesin family member 14   
 
 

E1BW44_CHICK KIF14 183   0 0 0 1 0 0 0 0 0 0 
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GST Cldn8 C-Terminal Domain 

# Identified Proteins 
(227/946) 

Accession Number Alternate 
ID 

MW 
kDa 

E1 E2
#1 

E2 
#2 

E3 
#1 

E3 
#2 

E1 E2 
#1 

E2 
#2 

E3 
#1 

E3 
#2 

59 Calcium voltage-gated 
channel auxiliary subunit 
alpha2delta 3   

F1NX89_CHICK CACNA2
D3 

124   1 0 0 1 1 1 1 1 2 2 

60 Glutathione peroxidase   Q8QG67_CHICK GPX4 19   3 1 0 4 4 2 0 2 0 1 

61 Tubulin beta chain   F1NYB1_CHICK TUBB 50   0 0 0 32 25 0 59 50 12 15 

62 Serine/threonine-protein 
phosphatase 2A 55 kDa 
regulatory subunit B   

A0A1D5PED5_CHICK 
(+2) 

PPP2R2A 52   0 0 0 0 0 2 0 2 6 4 

63 ATP-dependent RNA 
helicase DDX1   

DDX1_CHICK (+1) DDX1 82   0 0 0 0 0 0 3 2 0 0 

64 Peroxiredoxin-6   F1NBV0_CHICK PRDX6 25   3 0 0 1 3 1 3 0 0 0 

65 Hsc70-interacting protein   A0A1L1RVN1_CHICK 
(+2) 

ST13 30   1 0 0 1 0 2 1 0 0 0 

66 Calponin   E1BSX2_CHICK ALG14 37   3 1 0 1 2 1 1 2 1 1 

67 Complement C1q binding 
protein   

F1NJF0_CHICK (+1) 
 

24   0 2 2 1 1 0 3 2 1 1 

68 Eukaryotic translation 
initiation factor 5A   

A0A1D5PL54_CHICK 
(+2) 

 
18   1 1 0 0 0 2 3 1 2 2 

69 Tudor-interacting repair 
regulator protein   

A0A1L1RIX9_CHICK 
(+1) 

NUDT16L
1 

34   0 0 0 0 1 1 3 3 2 4 

70 Type II alpha-keratin IIA   A0A1L1RIW5_CHICK 
(+1) 

KRT5 61   4 1 0 1 2 0 4 3 0 0 

71 Vitellogenin-3   A0A1D5PA29_CHICK 
(+1) 

 
37   0 0 0 0 1 0 5 3 2 2 

72 LanC-like protein 1   A0A1D5PYA4_CHICK 
(+1) 

LANCL1 45   1 0 0 4 5 2 1 0 0 0 

73 Dynein heavy chain 5, 
axonema   

F1NHE5_CHICK 
 

533   1 0 0 0 0 0 0 0 0 0 

74 Tight junction protein 1   
 

A0A1D5NWX9_CHIC
K (+1) 

TJP1 198   0 0 0 0 0 0 1 6 0 3 

75 Ryanodine receptor 2   F1NLZ9_CHICK RYR2 563   1 0 0 0 0 0 0 0 0 0 

76 ADP/ATP translocase 3   A0A1D5NZH4_CHICK 
(+1) 

 
196   0 0 0 0 1 1 0 0 0 0 

77 Pyruvate carboxylase   Q8JHF6_CHICK PYC 127   0 0 1 0 0 0 0 0 4 3 
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GST Cldn8 C-Terminal Domain 

# Identified Proteins 
(227/946) 

Accession Number Alternate 
ID 

MW 
kDa 

E1 E2
#1 

E2 
#2 

E3 
#1 

E3 
#2 

E1 E2 
#1 

E2 
#2 

E3 
#1 

E3 
#2 

78 Meiotic double-stranded 
break formation protein 4   

A0A1D5NY65_CHICK 
 

39   1 0 0 0 0 2 0 0 0 0 

79 Cell division protein kinase 
11   

A0A1D5NZU4_CHICK 
(+1) 

CDC2L1 91   0 0 1 0 0 0 0 0 0 0 

80 Thrombospondin type 1 
domain containing 7B   

F1NAE3_CHICK THSD7B 141   1 0 0 1 1 1 1 1 0 0 

81 78 kDa glucose-regulated 
protein   

GRP78_CHICK HSPA5 72   8 0 0 5 5 0 3 5 0 0 

82 Flap endonuclease 1   FEN1_CHICK FEN1 43   0 0 0 1 2 0 5 4 0 0 

83 Family with sequence 
similarity 193 member B   

A0A1D5P4I8_CHICK 
 

84   2 0 0 3 4 0 0 0 0 0 

84 Thioredoxin   THIO_CHICK TXN 12   2 1 0 2 1 0 2 2 1 1 

85 T-complex protein 1 subunit 
delta   

Q9I8D6_CHICK tcp-1 58   0 0 0 0 1 0 5 5 0 0 

86 ATP synthase subunit alpha  A0A1D5PJG9_CHICK ATP5A1
W 

60   2 0 0 1 2 1 0 1 1 1 

87 Keratin 12   F1NDN6_CHICK 
 

54   2 0 0 1 1 2 2 3 0 0 

88 Protein disulfide isomerase 
family A member 6   

F1NK96_CHICK PDIA6 49   0 0 1 0 0 1 0 2 3 3 

89 Acidic leucine-rich nuclear 
phosphoprotein 32 family 
member B   

A0A1L1RVX5_CHICK 
(+2) 

ANP32B 30   0 0 0 2 1 0 5 3 0 0 

90 Nucleolin   A0A1D5NZ30_CHICK 
(+1) 

NCL 75   0 0 0 3 1 0 5 2 0 0 

91 PDZ domain containing 8   R4GJL4_CHICK PDZD8 128   0 0 0 0 0 2 0 0 0 0 

92 Polyubiquitin-B   A0A1D5NVA7_CHICK 
(+7) 

UBB 11   1 0 0 1 1 1 2 2 1 1 

93 14-3-3 protein zeta   1433Z_CHICK YWHAZ 28   1 2 1 2 0 1 3 4 0 0 

94 Solute carrier family 25 
member 3   

A0A1D5PS40_CHICK 
(+1) 

SLC25A3 40   0 0 0 1 1 0 4 2 1 0 

95 Ig lambda chain C region   R9PXM5_CHICK (+1) IGLL1 24   0 0 0 1 2 0 1 3 0 0 

96 Histone H4 type VIII   H48_CHICK (+1) H4-VIII 11   0 0 0 3 1 0 3 2 0 0 

97 Isocitrate dehydrogenase 
[NADP]     

Q5ZL82_CHICK RCJMB04
_7e11 

50   0 0 0 0 1 0 1 4 0 0 
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GST Cldn8 C-Terminal Domain 

# Identified Proteins 
(227/946) 

Accession Number Alternate 
ID 

MW 
kDa 

E1 E2
#1 

E2 
#2 

E3 
#1 

E3 
#2 

E1 E2 
#1 

E2 
#2 

E3 
#1 

E3 
#2 

98 Nonmuscle myosin heavy 
chain   

Q02015_CHICK (+3) MYH10 231   0 0 0 4 3 0 12 0 0 0 

99 Protein transport protein 
Sec23A   

SC23A_CHICK SEC23A 86   0 0 0 0 0 0 0 5 1 3 

10
0 

5-aminoimidazole 
ribonucleotide/carboxylase-5-
aminoimidazole-4-N-
succinocarboxamide 
ribonucleotide synthetase   

A7UEA7_CHICK (+2) AS 47   0 0 0 0 0 0 0 0 7 2 

10
1 

Liprin-alpha-1    A0A1D5NW82_CHICK 
(+5) 

PPFIA1 138   0 1 1 0 0 0 0 0 0 0 

10
2 

Karyopherin subunit beta 1   A0A1D5P1W7_CHICK 
 

120   1 0 3 0 0 0 0 0 0 0 

10
3 

glutaredoxin-3 (blasted   F1NNP6_CHICK GLRX3 37   2 0 0 1 0 1 2 1 1 1 

10
4 

Tubulin alpha chain   A0A1D5PAR5_CHICK 
(+1) 

TUBA3E 50   0 0 0 19 16 0 22 24 0 0 

10
5 

60S acidic ribosomal protein 
P0   

A0A1D5PK69_CHICK 
(+2) 

RPLP0 29   0 0 0 3 1 0 1 3 0 0 

10
6 

Poly(rC) binding protein 2   A0A1D5P893_CHICK 
(+1) 

LOC4260
23 

35   1 0 0 0 1 1 0 2 1 1 

10
7 

S-adenosylmethionine 
synthase   

E1C735_CHICK MAT1A 44   0 0 0 0 0 1 1 2 1 2 

10
8 

Tubulin beta-2 chain   TBB2_CHICK 
 

50   5 0 0 27 22 0 52 41 0 13 

10
9 

Caspase-3   
 

O93417_CHICK CASP3 32   0 0 0 0 0 0 2 0 0 1 

11
0 

Casein kinase II subunit 
alpha   

CSK21_CHICK CSNK2A1 45   0 0 0 2 2 0 2 1 0 0 

11
1 

acetyl-CoA acetyltransferase, 
mitochondrial (blasted)    

E1C0Q5_CHICK ACAT1 44   1 0 0 0 0 1 2 0 0 1 

11
2 

Cytochrome c oxidase 
subunit NDUFA4   

A0A1L1RIQ5_CHICK 
(+1) 

NDUFA4 12   0 0 0 2 2 0 2 1 0 0 

11
3 

Acyl-CoA synthetase long 
chain family member 1     
 

Q5F420_CHICK ACSL1 79   0 0 0 1 1 0 0 3 1 0 
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GST Cldn8 C-Terminal Domain 

# Identified Proteins 
(227/946) 

Accession Number Alternate 
ID 

MW 
kDa 

E1 E2
#1 

E2 
#2 

E3 
#1 

E3 
#2 

E1 E2 
#1 

E2 
#2 

E3 
#1 

E3 
#2 

11
4 

Aconitate hydratase, 
mitochondrial   

A0A1D5NWW1_CHIC
K (+2) 

ACO2 87   1 0 0 0 2 2 0 0 0 0 

11
5 

Glutathione S-transferase    A0A1D5NZK9_CHICK LOC1008
59645 

19   5 2 0 0 0 3 0 0 0 0 

11
6 

Cytochrome b-c1 complex 
subunit Rieske, mitochondrial   

A0A1L1RWY0_CHICK UQCRFS
1 

24   2 0 0 0 0 4 0 0 1 0 

11
7 

Afadin, adherens junction 
formation factor   

A0A1D5PJR8_CHICK MLLT4 210   0 0 0 0 0 0 0 0 1 4 

11
8 

Type I alpha-keratin 15   Q6PVZ2_CHICK 
 

48   2 0 0 0 0 0 1 0 0 0 

11
9 

Tight Junction Protein 2   A0A1D5P943_CHICK 
(+3) 

TJP2 153   0 0 0 0 0 0 0 3 0 3 

12
0 

60S ribosomal protein L23 
(blasted)   

A0A1D5PDZ9_CHICK 
(+1) 

RPL23 10   0 0 0 1 1 1 1 1 1 1 

12
1 

Ribosomal protein S16   R4GGJ0_CHICK RPS16 16   0 0 0 2 0 0 1 1 1 1 

12
2 

ATP synthase subunit g, 
mitochondrial (blasted)    

F1NIL3_CHICK ATP5L 12   0 0 0 1 1 0 3 0 1 1 

12
3 

CFR-associated protein p70   O57660_CHICK 
 

83   0 0 0 0 0 0 2 3 1 1 

12
4 

Glutathione reductase   A0A1D5P338_CHICK 
(+1) 

GSR 50   1 0 0 0 0 0 3 2 0 1 

12
5 

ATP-citrate synthase   A0A1D5PSE5_CHICK 
(+2) 

ACLY 121   0 0 0 0 0 0 1 2 1 1 

12
6 

Histone H2B   A0A1D5PC92_CHICK 
(+4) 

HIST1H2
B5L 

14   0 0 0 1 1 0 0 4 0 1 

12
7 

Serum albumin   ALBU_CHICK ALB 70   1 1 0 0 0 2 0 0 0 0 

12
8 

Hemoglobin subunit beta   A0A1D5PPV0_CHICK 
(+3) 

 
17   2 0 0 0 0 2 1 0 0 0 

12
9 

Centrosomal protein   F1N9A0_CHICK CEP126 129   0 0 0 0 0 1 0 0 0 0 

13
0 

Utrophin   A0A1D5P9A8_CHICK 
(+3) 

UTRN 399   0 0 0 0 0 1 0 0 0 0 

13
1 

Hypothetical protein 
CIB84_008831     

A0A1L1RSL1_CHICK 
 

14   1 0 0 1 1 1 1 1 0 0 
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GST Cldn8 C-Terminal Domain 

# Identified Proteins 
(227/946) 

Accession Number Alternate 
ID 

MW 
kDa 

E1 E2
#1 

E2 
#2 

E3 
#1 

E3 
#2 

E1 E2 
#1 

E2 
#2 

E3 
#1 

E3 
#2 

13
2 

ATP synthase subunit f, 
mitochondrial (blasted)   

A0A1D5P1J7_CHICK 
(+1) 

ATP5J2 10   0 0 0 1 1 1 1 1 1 0 

13
3 

Heterogeneous nuclear 
ribonucleoprotein H1-like 
protein (blasted)   

A0A1D5NY02_CHICK 
(+4) 

HNRNPH
1 

54   0 0 0 0 0 0 1 1 1 1 

13
4 

S-adenosylmethionine 
synthase   

A0A1L1RNS1_CHICK 
 

21  0 0 0 0 0 0 1 1 1 2 

13
5 

Ribosomal protein S25   A0A1L1RR89_CHICK 
(+2) 

RPS25 9   0 0 0 1 1 0 2 2 0 0 

13
6 

T-complex protein 1 subunit 
gamma   

A0A1D5P2D9_CHICK CCT3 61   0 0 0 1 0 0 0 2 1 0 

13
7 

4-
trimethylaminobutyraldehyde 
dehydrogenase    

F1NMN7_CHICK ALDH9A1 64   0 0 0 0 0 0 1 1 1 2 

13
8 

Ribonucleoside-diphosphate 
reductase   

E1C4Q0_CHICK (+1) RRM1 90   0 0 0 0 0 0 0 1 1 3 

13
9 

Serine/threonine-protein 
phosphatase   

Q5ZM47_CHICK PPP2CA 36   0 0 0 0 0 0 0 2 1 2 

14
0 

40S ribosomal protein S3   F1NPA9_CHICK RPS3 27   0 0 0 2 1 0 0 1 0 0 

14
1 

Plastin-3   A0A1D5PE96_CHICK 
(+1) 

PLS3 71   0 0 0 0 0 2 0 0 1 1 

14
2 

Keratin, type II cytoskeletal 
6B-like   

A0A1L1RKR4_CHICK 
(+1) 

KRT75L4 65   3 0 0 0 1 0 2 0 0 0 

14
3 

Formin-like protein 2    A0A1D5PCY9_CHICK 
(+2) 

FMNL2 124   0 0 0 0 0 1 0 0 0 0 

14
4 

Keratin, type I cytoskeletal 19   A0A1D5NW11_CHICK 
(+2) 

KRT19 46   3 0 0 0 0 0 2 0 0 0 

14
5 

Heat shock protein 10   F1NGP9_CHICK (+1) HSPE1 11   2 0 0 0 0 1 0 0 0 0 

14
6 

Polyadenylate-binding 
protein   

E1C903_CHICK PABPC4 70   2 0 0 0 0 1 0 0 0 0 

14
7 

CAD protein   E1BTX8_CHICK 
 

223   0 0 0 0 0 0 0 1 0 5 

14
8 

Alcohol dehydrogenase 
[NADP(+)]       

A0A1L1RPK9_CHICK 
(+3) 

AKR1A1 37   0 0 0 0 0 2 0 0 0 0 
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GST Cldn8 C-Terminal Domain 

# Identified Proteins 
(227/946) 

Accession Number Alternate 
ID 

MW 
kDa 

E1 E2
#1 

E2 
#2 

E3 
#1 

E3 
#2 

E1 E2 
#1 

E2 
#2 

E3 
#1 

E3 
#2 

14
9 

Importin subunit alpha   F6RHH1_CHICK (+1) KPNA4 56   0 1 2 0 0 0 0 0 1 1 

15
0 

40S ribosomal protein S8 
(Fragment)   

Q6EE57_CHICK 
 

22  0 0 0 1 0 1 1 2 0 0 

15
1 

Ribosomal protein S19   A0A1D5PDV6_CHICK RPS19 15   0 0 0 1 1 0 2 1 0 0 

15
2 

Heat shock cognate protein 
HSP 90-beta   

A0A1D5PHC5_CHICK 
(+2) 

HSP90AB
1 

80   2 0 0 1 1 0 1 0 0 0 

15
3 

Arf-GAP with SH3 domain, 
ANK repeat and PH domain-
containing protein 2   

A0A1D5P5F3_CHICK 
(+1) 

ASAP2 109   1 0 0 0 1 0 1 1 0 0 

15
4 

14-3-3 protein epsilon   1433E_CHICK (+1) YWHAE 29   0 0 0 3 0 0 3 3 0 0 

15
5 

RuvB-like helicase   F1N8Z4_CHICK RUVBL1 50   0 0 0 0 0 0 1 2 0 2 

15
6 

Nucleophosmin/nucleoplasmi
n 3   

A0A1D5PLH4_CHICK NPM3 16   0 0 0 1 0 0 3 1 0 0 

15
7 

Peptidyl-prolyl cis-trans 
isomerase   

D0EKR3_CHICK PPIA 18   0 0 0 0 0 3 1 1 0 0 

15
8 

Ribosomal protein S15a   A0A1L1RU99_CHICK 
(+1) 

RPS15A 11   0 0 0 0 3 0 1 1 0 0 

15
9 

60 kDa heat shock protein, 
mitochondrial   

CH60_CHICK HSPD1 61   0 0 0 0 2 0 0 1 0 0 

16
0 

D-beta-hydroxybutyrate 
dehydrogenase, 
mitochondrial   

A0A1L1RJK2_CHICK 
(+2) 

BDH1 38   0 0 0 0 0 0 0 0 0 1 

16
1 

protein transport protein 
Sec24A (blasted)    

E1BSA7_CHICK SEC24A 120   0 0 0 0 0 0 0 0 1 3 

16
2 

ATP synthase subunit beta   A0A1D5PU77_CHICK 
(+3) 

ATP5B 57   1 0 0 0 0 2 0 0 0 0 

16
3 

Zinc finger protein 106   E1BRP5_CHICK ZNF106 207   1 0 0 0 0 0 0 0 0 0 

16
4 

Tubulin-specific chaperone D   A0A1D5NTW7_CHICK 
(+2) 

TBCD 114   0 0 0 0 0 1 0 0 0 0 

16
5 

Laminin subunit alpha-3      F1NQ51_CHICK 
 

192   1 0 0 0 0 0 0 0 0 0 
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GST Cldn8 C-Terminal Domain 

# Identified Proteins 
(227/946) 

Accession Number Alternate 
ID 

MW 
kDa 

E1 E2
#1 

E2 
#2 

E3 
#1 

E3 
#2 

E1 E2 
#1 

E2 
#2 

E3 
#1 

E3 
#2 

16
6 

Spatacsin   A0A1D5PRP5_CHICK 
(+1) 

SPG11 269   0 0 0 0 0 1 0 0 0 0 

16
7 

Stathmin-2   STMN2_CHICK STMN2 21   4 0 0 0 0 0 0 0 0 0 

16
8 

Neuronal pentraxin-1   F1NHL5_CHICK NPTX1 50   0 0 4 0 0 0 0 0 0 0 

16
9 

SHC-transforming protein 1   A0A1D5NYP8_CHICK 
(+1) 

SHC1 68   0 1 1 0 0 0 0 0 1 1 

17
0 

40S ribosomal protein S23   F1NDC2_CHICK RPS23 16   0 0 0 1 1 1 0 1 0 0 

17
1 

Tubulin beta chain   G1K338_CHICK TUBB2B 50   0 0 0 0 22 0 41 38 0 0 

17
2 

Growth factor receptor-bound 
protein 2   

A3R0S3_CHICK GRB2 25   0 0 0 0 0 1 0 1 0 0 

17
3 

ubiquitin-conjugating enzyme 
E2 L3 (blasted)    

A0A1D5NX21_CHICK 
(+2) 

UBE2L3 18   0 0 0 0 0 0 2 1 0 0 

17
4 

Carbonic anhydrase 2   A0A1D5P3R2_CHICK 
(+1) 

CA2 31   1 0 0 0 0 2 0 0 0 0 

17
5 

F-box protein 22   Q5ZLD9_CHICK FBXO22 43   0 0 0 0 0 0 0 0 1 1 

17
6 

Desmin   E1BZ05_CHICK DES 53   3 0 0 0 0 1 0 0 0 0 

17
7 

Filamin   Q90WF1_CHICK 
 

273   0 0 0 0 0 0 2 0 0 1 

17
8 

60S ribosomal protein L4    A0A1D5NUQ4_CHICK 
(+7) 

RPL4 47   0 0 0 2 0 0 1 0 0 0 

17
9 

Ubiquinol-cytochrome c 
reductase core protein 2   

A0A1D5PEW4_CHICK 
(+2) 

UQCRC2 49   0 0 0 0 0 0 0 3 1 0 

18
0 

splicing factor, 
arginine/serine-rich 6 
(blasted)    

A0A1D5P892_CHICK 
(+2) 

SRSF6 40   0 0 0 0 0 0 2 0 0 0 

18
1 

Keratin, type II cytoskeletal 
cochleal   

K2CO_CHICK 
 

54   4 0 0 0 2 0 5 0 0 0 

18
2 

Hypothetical protein 
RCJMB04_19e2   

A0A1D5NZK3_CHICK 
 

304   0 0 0 0 0 1 0 0 0 0 
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GST Cldn8 C-Terminal Domain 

# Identified Proteins 
(227/946) 

Accession Number Alternate 
ID 

MW 
kDa 

E1 E2
#1 

E2 
#2 

E3 
#1 

E3 
#2 

E1 E2 
#1 

E2 
#2 

E3 
#1 

E3 
#2 

18
3 

E3 SUMO-protein ligase 
PIAS2   

A0A1D5P523_CHICK 
(+1) 

PIAS2 68   0 0 1 0 0 0 0 0 0 0 

18
4 

keratin, type I cytoskeletal 19 
(blasted)   

A0A1D5PMQ5_CHICK LOC4200
39 

54   1 0 0 0 0 0 1 1 0 0 

18
5 

avidin isoform X1 (blasted)   A0A1L1RKY8_CHICK LOC4262
20 

18   1 0 0 0 0 0 1 1 0 0 

18
6 

GMP synthase   A0A1D5NU96_CHICK 
(+1) 

GMPS 77   1 0 0 0 0 1 0 0 0 0 

18
7 

Mitogen-activated protein 
kinase   

Q8UWG6_CHICK MAPK1 42   0 0 0 0 0 0 0 0 1 2 

18
8 

heterogeneous nuclear 
ribonucleoprotein M (blasted)    

F7B5K7_CHICK (+1) HNRNPM 76   0 0 0 0 0 0 1 2 0 0 

18
9 

Histone H2A   A0A1D5PA20_CHICK 
(+1) 

 
16   2 0 0 0 0 0 1 0 0 0 

19
0 

Protein transport protein 
Sec23A   

A0A1D5P0E2_CHICK 
(+1) 

SEC23A 86   0 0 0 0 0 0 1 4 0 0 

19
1 

Alpha-enolase   A0A1D5PSH6_CHICK 
(+2) 

ENO1 47   1 0 0 0 0 0 0 1 0 0 

19
2 

Profilin   Q5ZL50_CHICK PFN2 15   0 0 0 0 0 1 1 0 0 0 

19
3 

Ribosomal protein S11   Q98TH5_CHICK cRPS11 18   0 0 0 1 0 0 1 0 0 0 

19
4 

60S ribosomal protein L7   A0A1D5PDK7_CHICK 
(+2) 

RPL7 22   0 0 0 1 0 0 1 0 0 0 

19
5 

Ectopic P granules protein 5 
homolog   

A0A1D5PUX8_CHICK EPG5 292   1 1 0 0 0 0 0 0 0 0 

19
6 

Tropomyosin alpha-1 chain   A0A1D5P342_CHICK 
(+1) 

TPM1 29   0 0 0 0 0 0 2 1 0 0 

19
7 

Tubulin beta chain   A0A1D5P4N6_CHICK 
(+2) 

TUBB6 50   0 0 0 16 0 0 0 0 7 0 

19
8 

Rho GTPase-activating 
protein 7   

A0A1D5PBM9_CHICK 
(+1) 

DLC1 126   1 0 0 0 0 0 0 0 0 0 

19
9 

Poly [ADP-ribose] 
polymerase   

F1NL05_CHICK (+1) PARP1 112   0 0 0 1 0 0 0 0 0 0 

20
0 

Gelsolin   A0A1D5PNS4_CHICK GSN 91   0 0 0 0 0 0 2 0 0 0 



128 
 

     
GST Cldn8 C-Terminal Domain 

# Identified Proteins 
(227/946) 

Accession Number Alternate 
ID 

MW 
kDa 

E1 E2
#1 

E2 
#2 

E3 
#1 

E3 
#2 

E1 E2 
#1 

E2 
#2 

E3 
#1 

E3 
#2 

20
1 

Mitochondrial ubiquinol-
cytochrome-c reductase 
complex core protein i   

D0VX31_CHICK (+1) 
 

49   0 0 0 0 0 1 0 0 0 0 

20
2 

Fiilamin-A-interacting protein 
1    

A0A1D5PE44_CHICK FILIP1 138   2 0 0 0 0 0 0 0 0 0 

20
3 

Elongator complex protein 3   A0A0A0MQ58_CHICK 
(+1) 

ELP3 62   1 0 0 0 0 0 0 0 0 0 

20
4 

Deoxyuridine 5'-triphosphate 
nucleotidohydrolase   

A0A1L1RUW7_CHICK 
(+1) 

DUT 11   1 0 0 0 0 1 0 0 0 0 

20
5 

NAD kinase 2, mitochondrial   F1NJV0_CHICK NADK2 49   0 0 0 0 0 1 0 0 0 1 

20
6 

Endoplasmin   A0A1D5PPN9_CHICK 
(+4) 

HSP90B1 92   0 1 0 0 1 0 0 0 0 0 

20
7 

Nuclear pore complex protein 
Nup88    

A0A1D5PER2_CHICK 
(+1) 

NUP88 69   1 0 0 0 0 0 0 0 0 0 

20
8 

Myosin regulatory light chain 
2, smooth muscle minor 
isoform   

A0A1D5PNS5_CHICK 
(+1) 

LOC7700
11 

20   0 0 0 0 0 0 2 0 0 0 

20
9 

Casein kinase II subunit beta   CSK2B_CHICK CSNK2B 25   0 0 0 0 0 0 2 0 0 0 

21
0 

Apoptosis-inducing factor 1   A0A1D6UPT4_CHICK 
(+3) 

AIFM1 75   0 0 0 0 0 0 0 1 0 0 

21
1 

Ubiquitin carboxyl-terminal 
hydrolase 4   

F1NE88_CHICK (+1) USP4 107   0 0 0 0 0 0 0 0 0 1 

21
2 

Myosin light polypeptide 6   A0A1D5PEM4_CHICK 
(+2) 

MYL6 17   0 0 0 0 0 0 1 0 0 0 

21
3 

Nucleolar and coiled-body 
phosphoprotein 1    

A0A1D5PUU2_CHICK NOLC1 72   0 0 0 0 0 0 1 0 0 0 

21
4 

Anamorsin OS=Gallus gallus 
GN=CIAPIN1 PE=4 SV=1 

A0A1D5NU53_CHICK 
(+5) 

CIAPIN1 21   1 0 0 0 0 0 0 0 0 0 

21
5 

NudC domain-containing 
protein 2   

E1BUG9_CHICK NUDCD2 18   0 0 0 0 0 1 0 0 0 0 

21
6 

Tumor necrosis factor 
receptor associated factor-5   

Q805B1_CHICK TRAF-5 64   1 0 0 0 0 0 0 0 0 0 

21
7 

Integrin alpha-2     A0A1D5PHA5_CHICK 
(+1) 

ITGA2 131   1 0 0 0 0 0 0 0 0 0 
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GST Cldn8 C-Terminal Domain 

# Identified Proteins 
(227/946) 

Accession Number Alternate 
ID 

MW 
kDa 

E1 E2
#1 

E2 
#2 

E3 
#1 

E3 
#2 

E1 E2 
#1 

E2 
#2 

E3 
#1 

E3 
#2 

21
8 

Chromodomain-helicase-
DNA-binding protein 7   

CHD7_CHICK CHD7 338   0 0 0 0 0 1 0 0 0 0 

21
9 

F-actin-capping protein 
subunit beta isoforms 1 and 
2   

A0A1D5P9M3_CHICK 
(+1) 

CAPZB 32   1 0 0 0 0 0 0 0 0 0 

22
0 

Thioredoxin-dependent 
peroxide reductase   

A0A1D5PBY3_CHICK 
(+3) 

Gga 24   1 0 0 0 0 0 0 0 0 0 

22
1 

Succinate dehydrogenase 
[ubiquinone] flavoprotein 
subunit, mitochondrial   

A0A1L1RJF7_CHICK 
(+2) 

SDHA 52   1 0 0 0 0 0 0 0 0 0 

22
2 

Malate dehydrogenase   E1BVT3_CHICK MDH2 37   1 0 0 0 0 0 0 0 0 0 

22
3 

Plastin-2   F6RS71_CHICK (+1) LCP1 70   1 0 0 0 0 0 0 0 0 0 

22
4 

Heat shock protein HSP 90-
alpha   

A0A1D5P5R0_CHICK 
(+2) 

HSP90AA
1 

83   2 0 0 0 0 0 0 0 0 0 

22
5 

Probable D-lactate 
dehydrogenase   

F1P277_CHICK LDHD 53   0 0 1 0 0 0 0 0 0 0 

22
6 

Cysteine desulfurase   A0A1D5P7V7_CHICK 
(+2) 

NFS1 48   0 0 0 0 0 1 0 0 0 0 

22
7 

Transitional endoplasmic 
reticulum ATPase   

A0A1D5NTY5_CHICK 
(+4) 

LOC1070
49323 

89   0 0 1 0 0 0 0 0 0 0 

 

 

 

Table Appendix B: Protein Information Identified by Mass Spectrometry for Cldn8 C-Terminal Domain Interacting Partners 

These data describe the proteins identified by mass spectrometry to interact with either GST or Cldn8 C-terminal domain samples bound 

to HH8 chick extract. This table shows the identified proteins, their accession numbers, their alternate ID, their molecular weight, and 

the number of times the protein was seen in GST samples (experiments 1-3, including duplicates) and in Cldn8 C-terminal domain 

samples (experiments 1-3, including duplicates). 
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Appendix C: Mass Spectrometry Data for Cldn14 C-Terminal Domain HH8 and Day 4 Samples 
    

Cldn14 C-Ter + Day 4 Cldn14 C-Ter + HH8 

# Identified Proteins Accession Number MW (kDa) GST Cldn14 GST Cldn14 

1 2,4-dienoyl-CoA reductase, mitochondrial   A0A1L1RTA1_CHICK 36  1 1 
  

2 14-3-3 protein epsilon       1433E_CHICK (+1) 29   1 3 
  

3 14-3-3 protein theta   1433T_CHICK 28   5 18 
 

13 

4 14-3-3 protein zeta   1433Z_CHICK 28   0 4 
 

2 

5 20-hydroxysteroid dehydrogenase   F1N8Y3_CHICK (+1) 30   
 

6 10 39 

6 39S ribosomal protein L44   E1C5L8_CHICK 36   1 
  

0 

7 40S ribosomal protein S3a   A0A1D5PY92_CHICK 30   11 7 0 2 

8 40S ribosomal protein S4   F1NFC6_CHICK (+1) 30   10 7 
 

4 

9 40S ribosomal protein S6   F7BYQ2_CHICK (+2) 29   5 2 
  

10 40S ribosomal protein S7   A0A1D5PFB4_CHICK (+1) 28   7 4 
 

1 

11 40S ribosomal protein S8   A0A1D5PT58_CHICK (+1) 24   4 2 1 2 

12 40S ribosomal protein S12   A0A1I7Q419_CHICK (+1) 14   3 2 
  

13 40S ribosomal protein S13   RS13_CHICK 17   2 5 
 

1 

14 40S ribosomal protein S23   F1NDC2_CHICK 16   1 1 
  

15 40S ribosomal protein S25   A0A1L1RVH6_CHICK (+1) 9   3 1 1 2 

16 40S ribosomal protein S26   A0A1D5PIE9_CHICK (+1) 13   2 1 
  

17 40S ribosomal protein S27   A0A1D5NZ06_CHICK 9   1 3 
 

1 

18 40S ribosomal protein S29  (blasted)    E1C3G8_CHICK 7   
 

1 
 

1 

19 60 kDa heat shock protein, mitochondrial   CH60_CHICK 61   5 11 0 10 

20 60S acidic ribosomal protein P0   F1NB66_CHICK (+1) 34   7 7 
 

2 

21 60S acidic ribosomal protein P2 A0A1D5PMT8_CHICK 12   5 3 
 

1 

22 60S ribosomal protein L3   A0A1L1RUP9_CHICK 25   2 2 0 
 

23 60S ribosomal protein L6   F6UD95_CHICK (+1) 33   4 2 
  

24 60S ribosomal protein L7   A0A1D5PDK7_CHICK (+1) 22   2 1 
  

25 60S ribosomal protein L7a   A0A1D5PNE4_CHICK (+5) 29   2 
   

26 60S ribosomal protein L9 OS=Gallus gallus 

GN=RPL9 PE=4 SV=1 

A0A1D5NVI1_CHICK 22  2 6 
 

2 
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Cldn14 C-Ter + Day 4 Cldn14 C-Ter + HH8 

# Identified Proteins Accession Number MW (kDa) GST Cldn14 GST Cldn14 

27 60S ribosomal protein L10   A0A1D5PD44_CHICK 19   3 2 
 

1 

28 60S ribosomal protein L11   A0A1D5P3B1_CHICK 20   1 3 
 

2 

29 60S ribosomal protein L12   E1BTG1_CHICK 18   4 6 1 1 

30 60S ribosomal protein L13   A0A1I7Q3Z6_CHICK (+1) 19   5 2 
  

31 60S ribosomal protein L17   A0A1D5P149_CHICK (+2) 25   4 1 
 

0 

32 60S ribosomal protein L18a   F1NPD3_CHICK 21   2 1 
 

1 

33 60S ribosomal protein L21    R4GIQ2_CHICK 19   1 1 
  

34 60S ribosomal protein L22   F1N9J4_CHICK (+1) 15   2 1 
  

35 60S ribosomal protein L23   E1BY89_CHICK 15   4 3 
 

3 

36 60S ribosomal protein L27   A0A1L1RLQ0_CHICK (+2) 14   4 3 
 

1 

37 60S ribosomal protein L27a (blasted)   F1NBX4_CHICK 13   0 2 
 

2 

38 60S ribosomal protein L30   A0A1D5PNW0_CHICK (+1) 10   2 1 0 
 

39 60S ribosomal protein L31   A0A1L1RT94_CHICK (+1) 13  1 
   

40 60S ribosomal protein L35   A0A1D5PFV4_CHICK (+3) 11   1 
  

1 

41 60S ribosomal protein L35a    A0A1D5NYM9_CHICK (+1) 12   2 2 
  

42 60S ribosomal protein L35a   A0A1D5NV37_CHICK (+1) 11   2 3 
 

2 

43 60S ribosomal protein L37a   A0A1L1S0Q5_CHICK (+2) 8   3 1 
  

44 78 kDa glucose-regulated protein   GRP78_CHICK 72   14 16 7 8 

45  NudC domain containing 2   E1BUG9_CHICK 18   
 

1 
 

2 

46  Poly(rC) binding protein 2   A0A1D5P893_CHICK 35   2 3 1 2 

47 AAA domain-containing protein   A0A1D5PVA4_CHICK 67   6 2 
  

48 AAA domain-containing protein   F1NU79_CHICK 46   1 1 
  

49 ADP-ribosylation factor 1   F1NN08_CHICK (+1) 21   1 6 
 

2 

50 AKAP2_C domain-containing protein   E1C929_CHICK (+1) 94   21 13 
  

51 ANK_REP_REGION domain-containing 

protein   

A0A1D5P991_CHICK (+1) 107   17 7 
  

52 ATP synthase subunit alpha   A0A1D5PN54_CHICK 60   4 7 1 7 

53 ATP synthase subunit beta   A0A1D5PU77_CHICK (+1) 57   2 9 
 

7 
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Cldn14 C-Ter + Day 4 Cldn14 C-Ter + HH8 

# Identified Proteins Accession Number MW (kDa) GST Cldn14 GST Cldn14 

54 ATP-citrate synthase   A0A1D5PSE5_CHICK (+2) 121   
 

1 
  

55 ATP-dependent RNA helicase DDX1   F1NV49_CHICK 83   
 

13 0 
 

56 Abhydrolase domain containing 10   A0A1D5PJ73_CHICK (+1) 30   
 

12 
 

13 

57 Acetyl-CoA acetyltransferase, 

mitochondrial   

E1C0Q5_CHICK 44   1 2 
 

1 

58 Acetyltransferase component of pyruvate 

dehydrogenase complex OS=Gallus gallus 

GN=DLAT PE=3 SV=1 

E1C6N5_CHICK 67   
   

3 

59 Acidic leucine-rich nuclear phosphoprotein 

32 family member B   

A0A1L1RVX5_CHICK (+2) 30   
   

4 

60 Aconitate hydratase, mitochondrial   A0A1D5NWW1_CHICK (+2) 87   2 
 

3 
 

61 Actin filament-associated protein 1   A0A1D5PJK9_CHICK (+4) 82   4 3 
  

62 Actin filament-associated protein 1-like 1   A0A1D5P574_CHICK 86   4 1 
  

63 Actin, alpha cardiac muscle 1   ACTC_CHICK 42   319 264 
 

96 

64 Actin, alpha skeletal muscle   ACTS_CHICK 42   307 255 45 93 

65 Actin, cytoplasmic 2   ACTG_CHICK 42   453 451 83 150 

66 Actin-binding LIM protein 1   E1BS96_CHICK 83   12 3 
  

67 Actin-related protein 2   ARP2_CHICK (+1) 45   14 13 
 

1 

68 Actin-related protein 2/3 complex subunit 3   E1C8Y3_CHICK 21   5 3 
 

2 

69 Actin-related protein 2/3 complex subunit 4   F1P010_CHICK 20   6 5 
 

1 

70 Actin-related protein 2/3 complex subunit 5   Q5ZMV5_CHICK 16   7 4 
 

1 

71 Actin-related protein 2/3 complex subunit 5   F1P1S6_CHICK 20   2 2 
  

72 Actin-related protein 2/3 complex subunit   Q5ZJI7_CHICK 42   17 9 
 

2 

73 Actin-related protein 2/3 complex subunit   A0A1L1RWT1_CHICK (+1) 41   6 2 
  

74 Actin-related protein 3   ARP3_CHICK 47   17 14 1 4 

75 Actin-related protein 10   F1NG10_CHICK (+1) 46   4 3 
  

76 Adseverin   A0A1D5PBC3_CHICK (+2) 79   1 
   

77 Afadin, adherens junction formation factor   A0A1D5PJR8_CHICK 210   7 2 
  

78 Aldolase_II domain-containing protein   A0A1L1RWX3_CHICK (+2) 81   5 1 
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Cldn14 C-Ter + Day 4 Cldn14 C-Ter + HH8 

# Identified Proteins Accession Number MW (kDa) GST Cldn14 GST Cldn14 

79 Aldolase_II domain-containing protein   F1NEA1_CHICK (+1) 79   3 1 
  

80 Alpha 1 (V) collagen   Q9IAU4_CHICK 184   4 3 
  

81 Alpha-actinin-1   A0A1D5PF13_CHICK (+1) 103   42 25 
  

82 Alpha-actinin-2   A0A1D5PNV5_CHICK (+2) 103   23 14 
  

83 Alpha-actinin-4   ACTN4_CHICK 104   86 71 
  

84 Alpha-actinin-4   A0A1D5PIX0_CHICK 102   80 68 
 

1 

85 Alpha-centractin    Q5ZM58_CHICK 43   3 1 
  

86 Alpha-tropomyosin 2   Q8AWI4_CHICK 33   43 45 
 

19 

87 Alpha-tropomyosin   Q90740_CHICK 33   55 55 9 30 

88 Angiomotin_C domain-containing protein   E1C5Z2_CHICK 102   7 
   

89 Ankyrin-3   A0A1D5PIW9_CHICK 476   4 0 
 

0 

90 Annexin   A0A1C9KD18_CHICK (+1) 39   4 
   

91 Apolipoprotein A-I   A0A1L1RJF5_CHICK (+1) 32   11 10 
 

6 

92 Apolipoprotein B   F1NV02_CHICK 523   15 16 48 116 

93 Apovitellenin-1   APOV1_CHICK 12   1 3 4 9 

94 Arf-GAP with SH3 domain, ANK repeat and 

PH domain-containing protein 2   

A0A1D5P5F3_CHICK (+1) 109   1 0 1 3 

95 Arp2/3 complex 34 kDa subunit   F1P1K3_CHICK 34   10 5 
 

0 

96 Avidin    A0A1L1RKY8_CHICK 18   
  

3 3 

97 BTB domain-containing protein   E1BVH8_CHICK (+1) 30   
 

2 
  

98 Beta-tropomyosin   Q05705_CHICK 29   31 28 
 

9 

99 Brain acid soluble protein 1 homolog   BASP1_CHICK 25   5 2 
  

100 CFR-associated protein p70   O57660_CHICK 83   1 0 
  

101 Calcium voltage-gated channel auxiliary 

subunit alpha2delta 3   

F1NX89_CHICK 124   3 3 5 4 

102 Caldesmon   CALD1_CHICK 89   42 38 0 
 

103 Caldesmon   A0A1L1RKY9_CHICK 59   45 35 
  

104 Calponin   E1BSX2_CHICK 37   12 14 4 
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Cldn14 C-Ter + Day 4 Cldn14 C-Ter + HH8 

# Identified Proteins Accession Number MW (kDa) GST Cldn14 GST Cldn14 

105 Calponin   A0A1L1RRB3_CHICK (+2) 33   3 3 2 
 

106 Calponin-homology (CH) domain-

containing protein   

 

F1NS33_CHICK 65   13 8 
  

107 Capping protein (Actin filament) muscle Z-

line, alpha 2   

A0M8U0_CHICK (+1) 33   16 17 1 8 

108 Carbamyl phosphate synthetase 1, partial 

(blasted)    

E1BTX8_CHICK 223   
 

1 
  

109 Carbonic anhydrase 2   A0A1D5P3R2_CHICK (+1) 31   
  

1 
 

110 Cardiac troponin I   Q6S7R6_CHICK 24   4 1 
  

111 Casein kinase II subunit alpha   CSK21_CHICK 45   1 0 
  

112 Caspase-3   O93417_CHICK 32   
 

8 
 

8 

113 Cell division control protein 42 homolog   A0A1L1RTL5_CHICK (+1) 15   1 1 
  

114 Centrosomal protein    A0A1D5PMR7_CHICK 88   
 

1 
  

115 Centrosomal protein    E1BTL1_CHICK 124   2 1 
  

116 CgABP260   Q90WF0_CHICK 280   
 

4 0 
 

117 Cingulin   H9KYY1_CHICK 138   14 14 1 
 

118 Claudin   E1C5Q7_CHICK 25   
 

37 
 

43 

119 Cofilin-2   A0A1D5NYP3_CHICK (+1) 17   2 
   

120 Collagen alpha-1(I) chain   CO1A1_CHICK 138   6 
   

121 Collagen alpha-1(XI) chain    F1P4K9_CHICK 76   1 
   

122 Collagen alpha-2(I) chain   CO1A2_CHICK 129   1 
   

123 Complement C1q binding protein   F1NJF0_CHICK (+1) 24   0 2 
 

3 

124 Connectin (Fragment)   A6BM71_CHICK 905   1 
 

0 
 

125 Coronin   A0A1D5PCT4_CHICK 64   18 15 
 

2 

126 Coronin   A0A1D5PVL9_CHICK (+1) 54   4 4 
  

127 Coronin   A0A1D5PY15_CHICK 40   5 
   

128 CortBP2 domain-containing protein   A0A1D5PTS2_CHICK (+1) 69   2 
   

129 CortBP2 domain-containing protein   A0A1D5PE44_CHICK 138   1 
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Cldn14 C-Ter + Day 4 Cldn14 C-Ter + HH8 

# Identified Proteins Accession Number MW (kDa) GST Cldn14 GST Cldn14 

130 Cyclin-dependent kinase 1   F1NBD7_CHICK 35   2 3 
 

3 

131 Cytochrome c oxidase subunit NDUFA4   A0A1L1RIQ5_CHICK (+1) 12   1 1 
 

1 

132 Cytoplasmic activation-proliferation-

associated protein 1       

Q5XNV3_CHICK 78 k  4 
  

0 

133 Cytospin-A   A0A140T8H5_CHICK (+1) 128   26 13 
  

134 DEAD-box RNA helicase   A0A1D5PBA9_CHICK (+1) 67   14 6 
  

135 DEAD-box helicase 3,X-linked   Q5F491_CHICK 72   7 8 7 2 

136 DH domain-containing protein   E1C588_CHICK 196   2 
 

0 0 

137 DNA damage-binding protein 1   A0A1D5PBI5_CHICK (+1) 127   0 19 
 

2 

138 DNA polymerase delta subunit 2 isoform 

X1 (blasted)    

A0A1D5PTS1_CHICK 51   
 

3 
 

1 

139 Death-associated protein kinase 1   A0A1D5NT66_CHICK (+1) 160   7 2 
  

140 Dedicator of cytokinesis protein 7    A0A1D5PGL5_CHICK 95   20 16 
  

141 Desmin   E1BZ05_CHICK 53   17 16 3 6 

142 Destrin   Z4YJB8_CHICK 19   6 4 5 3 

143 Dihydropyrimidinase-related protein 2   DPYL2_CHICK (+2) 62   1 2 
  

144 Doublecortin   A0A1L1RJP0_CHICK (+1) 38   4 2 
  

145 Drebrin   DREB_CHICK 72   63 67 8 11 

146 Drebrin-like protein   A0A1D5PRY7_CHICK 45   11 5 
  

147 Dynactin subunit 2   DCTN2_CHICK 45   
 

2 
  

148 Dynactin subunit 6   F1NAP2_CHICK 21   2 3 
  

149 Dynactin subunit   E1BQQ5_CHICK 52   5 3 
  

150 Dystonin   A0A1D5P0Y6_CHICK (+1) 670   1 0 
  

151 EF hand-containing protein 1   Q49B65_CHICK 27  1 4 
  

152 EF-hand domain-containing protein   A0A1D5P657_CHICK 127   
   

4 

153 Ectopic P granules protein 5 homolog   A0A1D5PUX8_CHICK 292   1 
 

1 
 

154 Ekaryotic initiation factor 4A-II    A0A1D5PR64_CHICK 28   2 5 
 

5 

155 Elongation factor 1-alpha 1   EF1A_CHICK (+1) 50   24 28 15 17 
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Cldn14 C-Ter + Day 4 Cldn14 C-Ter + HH8 

# Identified Proteins Accession Number MW (kDa) GST Cldn14 GST Cldn14 

156 Elongation factor 1-beta   F1NYA9_CHICK (+1) 25   
   

2 

157 Elongation factor 2   A0A1D5PS29_CHICK 95   7 28 7 13 

158 Elongation factor Tu, mitochondrial 

(Fragment)   

EFTU_CHICK 38   8 8 
 

2 

159 Endoplasmin   A0A1D5PPN9_CHICK (+3) 92   
   

2 

160 Erythroid protein 4.1   R4GHW9_CHICK 97   10 4 
  

161 Eukaryotic initiation factor 4A-II   A0A1L1RUX2_CHICK 45   4 4 2 3 

162 Eukaryotic translation elongation factor 1   Q6EE30_CHICK 50   
 

2 
 

2 

163 Eukaryotic translation initiation factor 3 

subunit F   

A0A1D5PVL4_CHICK (+1) 35   2 
  

1 

164 Eukaryotic translation initiation factor 5A   A0A1L1RQA1_CHICK (+1) 15   0 9 
 

8 

165 Exportin-T   E1C593_CHICK 110   1 
   

166 F-actin-capping protein subunit alpha-1   CAZA1_CHICK 33   18 15 0 9 

167 F-actin-capping protein subunit beta 

isoforms 1 and 2   

A0A1D5P5A8_CHICK 30   20 28 4 15 

168 F-actin-capping protein subunit beta 

isoforms 1 and 2   

A0A1D5P9M3_CHICK (+1) 32   19 27 4 
 

169 FAM193_C domain-containing protein 

OS=Gallus gallus PE=4 SV=1 

A0A1D5P4I8_CHICK 84   1 
 

3 
 

170 FIST_C domain-containing protein 

OS=Gallus gallus GN=FBXO22 PE=2 

SV=1 

Q5ZLD9_CHICK 43   
 

4 
  

171 Family with sequence similarity 98 member 

B   

E1C7K1_CHICK 45   
 

2 
 

1 

172 Fascin   A0A1D6UPS2_CHICK (+1) 64   122 75 24 46 

173 Fatty acid synthase   FAS_CHICK 275  0 2 
  

174 Fibrillin-2   A0A1D5NXE0_CHICK 300   2 1 
  

175 Fibrinogen alpha chain   F1P4V1_CHICK (+1) 87   0 2 
  

176 Fibrinogen gamma chain   O93568_CHICK 50   1 
   

177 Fibronectin   F1NJT3_CHICK 273   39 21 
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Cldn14 C-Ter + Day 4 Cldn14 C-Ter + HH8 

# Identified Proteins Accession Number MW (kDa) GST Cldn14 GST Cldn14 

178 Fibronectin type-III domain-containing 

protein   

F1NLE3_CHICK 50   
 

1 
  

179 Filamin   Q90WF1_CHICK 273   27 21 
  

180 Filamin-B   A0A1D5NYG3_CHICK 284   105 87 
  

181 Four and a half LIM domains protein 3   A0A1D5P5R5_CHICK (+1) 33   
 

0 
 

4 

182 Fragile X mental retardation syndrome-

related protein 1   

A0A1D5PDA7_CHICK (+4) 73   
   

3 

183 GTP-binding nuclear protein Ran   A0A1I7Q3Y7_CHICK (+1) 23   6 4 
 

4 

184 GTPase cRac1B   A0A1D5PZA2_CHICK (+5) 22   1 2 
 

0 

185 Galectin   A0A1D5PBG4_CHICK (+1) 15   3 2 
  

186 Gallus Gallus mRNA encoding a 

tropomyosin (probably non-muscle), 

homologous to a human heat stable 

cytoskeletal protein having an apparent 

molecular weight of 36000 Dalton (hscp 36) 

(Fragment)   

Q9PSS9_CHICK 9   3 2 
  

187 Gap junction alpha-1 protein   CXA1_CHICK (+1) 43   9 6 
  

188 Gelsolin   GELS_CHICK 86   67 68 5 14 

189 Gelsolin   A0A1D5PH32_CHICK 82   67 64 4 12 

190 Glutaredoxin domain-containing protein   A0A1D5NVZ3_CHICK (+1) 66   
 

2 4 37 

191 Glutaredoxin-3   F1NNP6_CHICK 37  0 2 1 1 

192 Glutathione S-transferase 2   GSTM2_CHICK 26   33 88 54 94 

193 Glutathione S-transferase 3   GSTA3_CHICK 26   40 60 17 33 

194 Glutathione S-transferase    A0A1D5NT70_CHICK 25   36 64 24 53 

195 Glutathione S-transferase    A0A0A0MQ61_CHICK 25   39 73 21 49 

196 Glutathione S-transferase   GSTA1_CHICK 25   27 49 27 46 

197 Glutathione S-transferase   GSTA2_CHICK 25  62 80 40 70 

198 Glutathione S-transferase   A0A1D5PDF1_CHICK 25   79 166 90 132 

199 Glutathione S-transferase class-alpha   Q9W6J2_CHICK 25   8 17 2 5 

200 Glutathione peroxidase   Q8QG67_CHICK 19  1 
 

0 
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Cldn14 C-Ter + Day 4 Cldn14 C-Ter + HH8 

# Identified Proteins Accession Number MW (kDa) GST Cldn14 GST Cldn14 

201 Glutathione peroxidase   A0A1D5NV92_CHICK (+2) 16   3 
   

202 Glutathione reductase   A0A1D5P338_CHICK (+1) 50    
  

1 
 

203 Glyceraldehyde-3-phosphate 

dehydrogenase   

F1NH87_CHICK (+1) 36   15 18 5 18 

204 Glypican-4    A0A1D5PKI8_CHICK 85   3 2 
  

205 GrpE protein homolog   Q5ZHV6_CHICK 25   1 7 0 8 

206 Guanine nucleotide-binding protein G(i) 

subunit alpha-2   

A0A1D5PH67_CHICK (+1) 41   3 3 
  

207 HABP4_PAI-RBP1 domain-containing 

protein   

F1NYE5_CHICK (+1) 45  2 1 
  

208 HP domain-containing protein   E1C5U6_CHICK 97   16 12 
  

209 HP domain-containing protein   E1C8N4_CHICK 206   69 62 
  

210 Heat shock cognate 71 kDa protein   A0A1D5PFJ6_CHICK 71   32 27 19 10 

211 Heat shock cognate protein HSP 90-beta   HS90B_CHICK 83  10 5 2 3 

212 Heat shock protein 10   F1NGP9_CHICK (+1) 11   
   

1 

213 Heat shock protein 70   Q7SX63_CHICK 70   17 14 
  

214 Heat shock protein HSP 90-alpha   A0A1D5P5R0_CHICK (+2) 83  9 12 1 4 

215 Hemoglobin subunit alpha-A   HBA_CHICK 15   7 5 
  

216 Hemoglobin subunit alpha-D   HBAD_CHICK 16   5 7 
  

217 Hemoglobin subunit beta   A0A1D5PPV0_CHICK (+1) 17   11 12 
  

218 Hemoglobin subunit epsilon   HBE_CHICK 17   12 12 3 3 

219 Hemoglobin subunit pi   HBPI_CHICK 16   13 13 
 

3 

220 Heterogeneous nuclear ribonucleoprotein 

A3   

E1BZE6_CHICK 40   2 
   

221 Heterogeneous nuclear ribonucleoprotein 

H1-like protein   

A0A1D5NY02_CHICK (+3) 54   3 3 
  

222 Heterogeneous nuclear ribonucleoprotein 

M (blasted)    

F7B5K7_CHICK (+1) 76   11 5 
  

223 Histone H2A.J   H2AJ_CHICK 14   3 3 3 4 

224 Histone H2B   A0A1D5PC92_CHICK (+3) 14   6 6 3 11 
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Cldn14 C-Ter + Day 4 Cldn14 C-Ter + HH8 

# Identified Proteins Accession Number MW (kDa) GST Cldn14 GST Cldn14 

225 Histone H3   A0A1D5PC18_CHICK (+4) 15  1 1 0 0 

226 Histone H4 type VIII   H48_CHICK (+1) 11   8 6 6 7 

227 Histone-lysine N-methyltransferase   H9L0M3_CHICK 333   1 1 1 1 

228 Hydroxyacyl-CoA dehydrogenase 

trifunctional multienzyme complex subunit 

beta   

E1BTT4_CHICK 51   
   

3 

229 Hypothetical protein CIB84_008831   A0A1D5PK33_CHICK (+1) 10   6 1 
 

3 

230 Hypothetical protein CIB84_008831   A0A1L1RSL1_CHICK 14   1 1 1 1 

231 IF rod domain-containing protein   A0A1L1RKR4_CHICK (+1) 65   5 6 4 6 

232 IF rod domain-containing protein   A0A1D5PMQ5_CHICK 54   4 8 2 9 

233 IF rod domain-containing protein   A0A1D5PHS2_CHICK 41   14 12 12 27 

234 IF rod domain-containing protein   A0A1D5PQ92_CHICK 26   6 8 5 8 

235 Ig lambda chain C region   R9PXM5_CHICK (+1) 24   
  

1 3 

236 IgL   F1NSC8_CHICK 11   
  

1 1 

237 Immunoglobulin lambda light chain   F1NSC7_CHICK 11   
  

1 2 

238 Importin N-terminal domain-containing 

protein   

F1NBA8_CHICK 119   2 1 
  

239 Importin N-terminal domain-containing 

protein   

F1NRZ6_CHICK 116   3 1 
  

240 Insulin-like growth factor-binding protein 

complex acid labile subunit   

E1C5R1_CHICK 58   
 

1 1 
 

241 Junction plakoglobin   A0A1D5PA91_CHICK (+3) 84   1 1 
 

4 

242 KH type-2 domain-containing protein   F1NPA9_CHICK 27   5 9 2 14 

243 KOW domain-containing protein   F2Z4K6_CHICK 17  2 1 
 

0 

244 Karyopherin subunit beta 1   A0A1D5P1W7_CHICK 120   3 4 
  

245 Keratin 12   F1NDN6_CHICK 54   6 9 3 10 

246 Keratin, type I cytoskeletal 14   A0A1D5NX48_CHICK (+2) 51   4 7 2 6 

247 Keratin, type I cytoskeletal 19   F1NDN9_CHICK 46   14 17 7 27 

248 Keratin, type II cytoskeletal    A0A1D5P5F5_CHICK 30   3 3 1 3 
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# Identified Proteins Accession Number MW (kDa) GST Cldn14 GST Cldn14 

249 Keratin, type II cytoskeletal cochleal   K2CO_CHICK 54   33 29 20 52 

250 Kinesin-like protein KIF24   R4GIH5_CHICK 148   1 
   

251 Ku domain-containing protein   F1NZI1_CHICK 87   
 

3 
  

252 LIM domain only protein 7   A0A1D5P121_CHICK (+3) 128   7 4 0 
 

253 LIM zinc-binding domain-containing protein   A0A1D5PTF4_CHICK 85  55 46 2 5 

254 LIM zinc-binding domain-containing protein   R4GG61_CHICK 44   2 2 
  

255 LIM zinc-binding domain-containing protein   F1NIU4_CHICK 109   2 2 
  

256 Lamin-B2   LMNB2_CHICK 68   2 
   

257 LanC-like protein 1   A0A1D5PYA4_CHICK 45   
 

5 4 18 

258 Leucine zipper protein 1   R4GHN9_CHICK 123   6 5 
  

259 Leucine-rich repeat flightless-interacting 

protein 1    

F1NCG5_CHICK 46  3 6 
  

260 Leucine-rich repeat flightless-interacting 

protein 1   

A0A1D5PMR9_CHICK 12   2 3 
  

261 Leucine-rich repeat flightless-interacting 

protein 2   

A0A1D5P1C0_CHICK (+1) 48   7 8 
 

1 

262 LisH domain-containing protein   A0A1D5PUU2_CHICK 72  2 
   

263 Lymphocyte-specific protein 1    Q5F3Y0_CHICK 42   14 9 
 

4 

264 Lysozyme   B8YK79_CHICK (+1) 16   4 3 2 7 

265 MSP domain-containing protein   A0A1D5PQJ6_CHICK 28   5 1 
  

266 Macrophage migration inhibitory factor   A0A1D5P337_CHICK (+2) 13   
 

6 
 

3 

267 Malate dehydrogenase   E1BVT3_CHICK 37   
 

1 
  

268 Microtubule-actin cross-linking factor 1   A0A1D5PAS4_CHICK (+4) 617   9 2 
  

269 Mitochondrial transcription factor A   A0A1L1RW12_CHICK (+2) 16   
   

4 

270 Mitochondrial ubiquinol-cytochrome-c 

reductase complex core protein i   

D0VX31_CHICK (+1) 49   
 

6 
  

271 Mitogen-activated protein kinase   Q8UWG6_CHICK 42   
 

2 
  

272 Multifunctional protein ADE2   PUR6_CHICK (+1) 47   
   

3 

273 Myosin heavy chain, cardiac muscle   F1NM49_CHICK 224   140 136 
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274 Myosin light chain 1, cardiac muscle    F1P5V6_CHICK 22   38 43 6 15 

275 Myosin light chain 1, skeletal muscle 

isoform   

MLE1_CHICK 21   26 32 
  

276 Myosin light chain   F1NJ37_CHICK 21   52 52 6 9 

277 Myosin light chain kinase, smooth muscle   A0A1L1RRF3_CHICK (+2) 217   27 20 
  

278 Myosin light polypeptide 6   A0A1L1RLN6_CHICK 17  46 58 12 26 

279 Myosin light polypeptide 6   A0A1D5PEM4_CHICK 17   47 59 13 25 

280 Myosin motor domain-containing protein   A0A1D5PXU1_CHICK 101   29 25 
  

281 Myosin regulatory light chain 2, smooth 

muscle major isoform   

MLRM_CHICK 20   25 37 8 18 

282 Myosin regulatory light chain 2, smooth 

muscle minor isoform   

A0A1D5PNS5_CHICK (+1) 20   32 46 10 22 

283 Myosin regulatory light chain 2A, cardiac 

muscle isoform   

F1NYU0_CHICK (+1) 19   4 4 
  

284 Myosin, heavy chain 1G, skeletal muscle   F1P3X1_CHICK 223   85 82 
  

285 Myosin-1B   MYH1B_CHICK 223   118 119 
  

286 Myosin-1B   R4GIG1_CHICK 223   124 123 
  

287 Myosin-7   A0A1D5P600_CHICK 222   78 61 
  

288 Myosin-9   MYH9_CHICK 227   466 469 45 1 

289 Myosin-9   A0A1D5PM19_CHICK 227   466 471 45 
 

290 Myosin-11   A0A1D5P8H1_CHICK 228   283 
   

291 Myosin-11   A0A1D5P1M0_CHICK 225   277 
   

292 Myosin-11   E1BXA5_CHICK (+1) 229   285 312 
  

293 Myristoylated alanine-rich C-kinase 

substrate   

A0A1D5PDE6_CHICK 28   9 12 
  

294 NEDD4-binding protein 3 homolog   N4BP3_CHICK 48   1 
   

295 Neurofilament light   A0A1L1RUS3_CHICK (+2) 60   26 12 
  

296 Neurofilament medium polypeptide   F1NUT7_CHICK 96  30 19 
  

297 Nexilin   A0A1D5PJN9_CHICK 81   3 6 
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298 Non-POU domain-containing octamer-

binding protein   

Q5ZIZ5_CHICK 54   17 8 
  

299 Nonmuscle myosin heavy chain   Q02015_CHICK (+1) 231  413 442 23 0 

300 Nuclear pore complex protein Nup205   A0A1D5PG44_CHICK (+1) 232   5 3 
  

301 Nuclear protein matrin 3   Q8UWC5_CHICK 101   3 1 
  

302 Nucleolin   A0A1D5NZ30_CHICK (+1) 75   6 3 
  

303 Nucleophosmin   A0A1L1RJ18_CHICK (+1) 31   7 5 
 

3 

304 Nucleoside diphosphate kinase   R4GM98_CHICK 20   
  

3 
 

305 Nucleoside diphosphate kinase   NDK_CHICK 17  6 5 10 1 

306 Nucleosome-remodeling factor subunit 

BPTF    

A0A1D5PE97_CHICK 325   12 2 19 2 

307 Obscurin   A0A1D5P9K1_CHICK 969   
  

0 
 

308 Ovalbumin   OVAL_CHICK 43   15 17 7 14 

309 Ovotransferrin   E1BQC2_CHICK 78   
 

2 
 

1 

310 PDZ and LIM domain protein 7   PDLI7_CHICK 46   6 3 
  

311 PDZ domain-containing protein   F1NH40_CHICK 138   12 5 
  

312 PDZ domain-containing protein   A0A1D5PF01_CHICK 80  3 5 
  

313 PDZ domain-containing protein   E1BUP8_CHICK 311   2 2 
  

314 PH domain-containing protein   E1C7W8_CHICK 84   2 
   

315 PRKC apoptosis WT1 regulator protein   F1NA74_CHICK 36   5 2 
  

316 Palladin   F1P0G8_CHICK 89   4 3 
  

317 Paranemin   O57613_CHICK 193   22 18 
  

318 Paraspeckle component 1   PSPC1_CHICK 58   2 1 
  

319 Peptidyl-prolyl cis-trans isomerase   D0EKR3_CHICK 18   
 

5 
 

3 

320 Pericentriolar material 1 protein   PCM1_CHICK 213   2 3 
  

321 Peroxiredoxin-1   PRDX1_CHICK 22   10 28 8 21 

322 Peroxiredoxin-6   F1NBV0_CHICK 25   
 

2 2 2 

323 Plasminogen   F1NWX6_CHICK 91   0 1 1 2 
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324 Poly [ADP-ribose] polymerase   F1NL05_CHICK (+1) 112   3 1 
  

325 Polyadenylate-binding protein   A0A1D5NYB2_CHICK (+2) 71   1 1 
  

326 Polypyrimidine tract-binding protein 1   A0A1L1S0D8_CHICK (+2) 60   1 
   

327 Polyubiquitin-B   A0A1D5NVA7_CHICK (+7) 11   3 2 
 

2 

328 Pre-mRNA-splicing factor ATP-dependent 

RNA helicase DHX15   

F1NHI3_CHICK (+1) 88   1 1 
 

0 

329 Probable ATP-dependent RNA helicase 

DDX17   

A0A1D5PD32_CHICK 73  7 3 
  

330 Profilin   Q5ZL50_CHICK 15  
 

6 
 

5 

331 Prohibitin   PHB_CHICK 30   3 1 
 

2 

332 Prohibitin-2   PHB2_CHICK 33   3 3 
 

1 

333 Proliferating cell nuclear antigen   A0A1D5PDN3_CHICK (+1) 28   
 

3 
  

334 Protein Shroom2    A0A1D5P807_CHICK 195   4 1 
  

335 Protein flightless-1 homolog   Q5ZLR0_CHICK 145   29 15 0 
 

336 Protein kinase domain-containing protein   A0A1D5PRN8_CHICK (+1) 53   4 2 
  

337 Protein phosphatase 1 regulatory subunit   F1NA71_CHICK 107   16 12 
  

338 Protein phosphatase 1 regulatory subunit   A0A1D5NZG0_CHICK (+3) 21   1 
   

339 Protein phosphatase 1, regulatory 

(inhibitor) subunit 9B   

A0A1D5PQD8_CHICK 151   22 13 
  

340 Pterin-4-alpha-carbinolamine dehydratase 

2   

F1P3K7_CHICK (+1) 12  
   

1 

341 Putative uncharacterized protein   Q5F411_CHICK 60   2 2 
  

342 Putative uncharacterized protein   Q5ZMN6_CHICK 50    8 7 0 
 

343 Pyruvate kinase   F1NW43_CHICK 58   
 

2 
 

1 

344 RNA polymerase II subunit A C-terminal 

domain phosphatase SSU72   

SSU72_CHICK 23   
 

2 
 

9 

345 RNA-binding protein 4B-like   A0A1D5NXB3_CHICK 41  5 1 
  

346 RNA-binding protein 14   A0A1D5NTG2_CHICK 77   2 
   

347 RNA-binding protein EWS   A0A1D5PQF4_CHICK 77   
 

1 
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348 RRM domain-containing protein   A0A1D5P411_CHICK (+2) 51   4 1 
  

349 RRM domain-containing protein   Q5F4B6_CHICK 46   
  

1 
 

350 Ras GTPase-activating protein-binding 

protein 1     

Q5ZMN1_CHICK 52   2 1 
  

351 Ras-related protein Rab-1A   A0A1D5PE33_CHICK 23   3 2 1 3 

352 Ras-related protein Rab-5A    Q5ZIP7_CHICK  24 1 2 
  

353 Ribonuclease/angiogenin inhibitor 1   Q5ZIY8_CHICK 50   
 

2 
 

8 

354 Ribos_L4_asso_C domain-containing 

protein   

A0A1D5NUQ4_CHICK (+7) 47   6 4 
 

1 

355 Ribosomal protein L15   F1NQG5_CHICK 24   2 1 
  

356 Ribosomal protein L18 (Fragment)   Q6EE60_CHICK 19   3 
   

357 Ribosomal protein   F6SU35_CHICK (+1) 25   5 1 
  

358 Ribosomal protein S11   Q98TH5_CHICK 18   3 5 0 4 

359 Ribosomal protein S15a   A0A1L1RU99_CHICK (+1) 11   4 2 
 

2 

360 Ribosomal protein S16   R4GGJ0_CHICK 16   6 3 
 

4 

361 Ribosomal protein S19   A0A1D5PDV6_CHICK 15   2 3 
 

2 

362 Ribosomal_L2_C domain-containing 

protein   

F1NIX0_CHICK 28   2 1 
  

363 Ribosomal_L14e domain-containing protein   A0A1D5PSZ9_CHICK (+3) 17   1 2 
 

1 

364 Ribosomal_L28e domain-containing protein   A0A1L1RLQ7_CHICK (+1) 14   3 
   

365 Ribosomal_S10 domain-containing protein   F1NH93_CHICK 13   1 1 
 

1 

366 RuvB-like helicase OS=Gallus gallus   F1N8Z4_CHICK 50   1 0 
 

1 

367 S5 DRBM domain-containing protein   E1C4M0_CHICK 31   4 3 
 

2 

368 S10_plectin domain-containing protein   E1C4N0_CHICK 19   3 2 
 

1 

369 S-adenosylmethionine synthase (blasted)   A0A1L1RNS1_CHICK 21   
 

1 
 

1 

370 S-methyl-5'-thioadenosine phosphorylase   F1NCV7_CHICK 31   
 

3 
 

1 

371 S-phase kinase-associated protein 1   SKP1_CHICK 19   0 2 
 

2 

372 SH3 domain-containing protein   F1NU55_CHICK 63   10 8 
  

373 SH3 domain-containing protein   E1BWI0_CHICK 325   7 3 0 3 
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374 SLIT-ROBO Rho GTPase-activating protein 

2   

Q5ZLG7_CHICK 33  9 7 2 11 

375 SLIT-ROBO Rho GTPase-activating protein 

2     

E1BZR0_CHICK 98   9 5 
  

376 Serine/threonine-protein kinase DCLK1   A0A1D5P0Z1_CHICK 81   
 

1 
  

377 Serine/threonine-protein phosphatase 2A 

55 kDa regulatory subunit B   

A0A1D5PED5_CHICK (+2) 52   2 11 
 

12 

378 Serine/threonine-protein phosphatase   A0A1D5P888_CHICK 38   23 16 
 

1 

379 Serine/threonine-protein phosphatase PP1-

beta catalytic subunit   

PP1B_CHICK 37   20 13 
  

380 Serpin H1   SERPH_CHICK 46  4 
   

381 Serum albumin   ALBU_CHICK 70   
  

1 1 

382 Signal-induced proliferation-associated 1-

like protein 1   

E1BQZ3_CHICK 198   7 3 
  

383 Slow myosin heavy chain 1 (Fragment)   P79792_CHICK 32   10 11 
  

384 SoHo domain-containing protein   E1C009_CHICK 65  2 0 1 1 

385 Solute carrier family 25 member 3   A0A1D5PS40_CHICK (+1) 40   2 0 
 

1 

386 Spectrin alpha chain, non-erythrocytic 1   A0A1D5PVG1_CHICK 286   298 255 4 
 

387 Spectrin alpha chain, non-erythrocytic 1   F1NHT3_CHICK 285  293 252 
  

388 Spectrin beta chain   A0A1D5PYZ8_CHICK 262   12 0 
  

389 Spectrin beta chain   A0A1D5PJY1_CHICK 274   265 189 0 
 

390 Splicing factor, proline- and glutamine-rich   F1P555_CHICK 70   22 18 
  

391 Stress-70 protein, mitochondrial   F1NZ86_CHICK 73   29 9 25 4 

392 Structural maintenance of chromosomes 

protein   

Q8AWB7_CHICK 143   2 1 
  

393 Surfeit locus protein 4   SURF4_CHICK 31   2 1 
  

394 Synaptopodin OS=Gallus gallus PE=4 

SV=2 

R4GI80_CHICK 99   2 1 
  

395 T-complex protein 1 subunit alpha    Q5ZMG9_CHICK 60   3 4 
 

2 

396 T-complex protein 1 subunit beta   A0A1D5NUC1_CHICK (+2) 58   1 1 
 

1 
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397 T-complex protein 1 subunit delta   Q9I8D6_CHICK 58   4 4 
  

398 T-complex protein 1 subunit gamma   A0A1D5P2D9_CHICK 61  
 

1 
  

399 T-complex protein 1 subunit theta   TCPQ_CHICK 59   1 1 
  

400 T-complex protein 1 subunit zeta   F1NWH9_CHICK (+1) 58   2 5 
 

0 

401 TPR_REGION domain-containing protein   A0A1D5P9T4_CHICK (+1) 103   1 1 
  

402 Thioredoxin   THIO_CHICK 12   4 2 4 1 

403 Thyroid adenoma-associated protein 

homolog   

A0A1D5NZH4_CHICK (+1) 196   1 
 

0 0 

404 Tight Juntion Protein 1 (ZO-1)   A0A1D5PB11_CHICK 189   39 32 
  

405 Tight Juntion Protein 2 (ZO-2)   A0A1D5PA43_CHICK (+1) 133   17 13 
  

406 Transgelin-3   A0A1L1RNG7_CHICK (+1) 13   2 
   

407 Translocon-associated protein subunit delta    E1C218_CHICK 127  21 8 0 
 

408 Transportin 3   A0A1D5PDV1_CHICK 104   2 1 
  

409 Trimethyllysine dioxygenase, mitochondrial   TMLH_CHICK 49   
 

13 
 

17 

410 Trinucleotide repeat-containing gene 18 

protein    

A0A1D5PVN8_CHICK 30   2 1 
  

411 Tropomodulin     Q91006_CHICK 40   17 15 
 

1 

412 Tropomodulin     E1BT74_CHICK 36   6 3 
  

413 Tropomodulin-3   A0A1D5PW62_CHICK (+1) 41   19 20 2 4 

414 Tropomyosin alpha-1 chain   A0A1D5P342_CHICK 29   36 41 
 

21 

415 Tropomyosin alpha-1 chain   F1NM23_CHICK (+1) 33   55 55 
 

29 

416 Tropomyosin alpha-4 chain   A0A1L1RVU7_CHICK 29   50 49 8 25 

417 Tropomyosin alpha-4 chain   A0A1D5P2B9_CHICK 29   51 51 
 

25 

418 Tropomyosin alpha-4 chain   A0A1D5P713_CHICK 29   29 22 
 

10 

419 Tropomyosin alpha-4 chain   F1NK75_CHICK 33  46 34 
 

11 

420 Tropomyosin beta chain   TPM2_CHICK 33  33 25 
  

421 Tropomyosin beta chain   A0A1D5P4H0_CHICK 33 34 27 
 

9 

422 Troponin C, slow skeletal and cardiac 

muscles   

TNNC1_CHICK 18  5 7 
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423 Troponin I, slow skeletal muscle   F1NUT9_CHICK 19  14 8 
  

424 Troponin T, cardiac muscle isoforms   A0A1D5PBV6_CHICK (+3) 24  21 22 
  

425 Tubulin alpha chain OS=Gallus gallus   A0A1D5P198_CHICK 50  41 43 6 20 

426 Tubulin alpha chain   A0A1D5NW27_CHICK 50  42 44 
 

21 

427 Tubulin alpha chain   A0A1D5PAR5_CHICK (+1) 50  21 19 
 

10 

428 Tubulin alpha chain   F1NMP5_CHICK 50  19 19 3 8 

429 Tubulin beta chain   G1K338_CHICK 50  44 57 
  

430 Tubulin beta chain   F1NYB1_CHICK 50  57 70 
 

32 

431 Tubulin beta-2 chain   TBB2_CHICK 50  55 66 
  

432 Tubulin beta-5 chain   TBB5_CHICK 50  22 32 
  

433 Tubulin beta-7 chain   TBB7_CHICK 50  68 80 6 35 

434 Tudor-interacting repair regulator protein   A0A1L1RIX9_CHICK (+1) 34 1 3 
  

435 Twinfilin   A0A1D5NTH5_CHICK 40 1 2 
  

436 Type I alpha-keratin 15   Q6PVZ2_CHICK 48  2 8 1 5 

437 Type II alpha-keratin IIA   Q6PVZ5_CHICK 62  11 12 5 15 

438 Type II alpha-keratin IIC   A0A146F047_CHICK (+2) 57  4 15 5 16 

439 UBIQUITIN_CONJUGAT_2 domain-

containing protein   

F1NL19_CHICK 27  
   

1 

440 UBIQUITIN_CONJUGAT_2 domain-

containing protein   

Q5ZKN7_CHICK 18  
  

2 
 

441 UBIQUITIN_CONJUGAT_2 domain-

containing protein   

A0A1L1S0T9_CHICK (+2) 27   
  

0 2 

442 Ubiquinol-cytochrome c reductase core 

protein 2   

A0A1D5PEW4_CHICK (+2) 49   3 7 
 

1 

443 Ubiquitin carboxyl-terminal hydrolase   Q9PWC6_CHICK 109   
   

7 

444 Ubiquitin thioesterase   A0A1D5NTA0_CHICK 31   
 

1 
 

1 

445 Unconventional myosin-I   E1C459_CHICK 116   3 
   

446 Unconventional myosin-Ib    A0A1D5PJ65_CHICK (+1) 132   42 38 
  

447 Unconventional myosin-Ic   F1NG39_CHICK 119   23 21 0 1 
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448 Unconventional myosin-VI   A0A1D5PU33_CHICK (+2) 147   44 37 
 

2 

449 Unconventional myosin-Va   MYO5A_CHICK 212   79 73 
 

0 

450 Unconventional myosin-XIX   F1NN09_CHICK 47   3 1 
  

451 Unconventional myosin-XVIIIa   E1BY27_CHICK 232  123 114 1 0 

452 VH1 protein   A0A1D5PQ15_CHICK (+8) 14   
   

1 

453 Vimentin   F1NJ08_CHICK 53   107 93 4 22 

454 Vitellogenin-1   VIT1_CHICK 211   
 

1 25 54 

455 Vitellogenin-2   VIT2_CHICK 205   2 
 

56 94 

456 Vitellogenin-2   F1NFL6_CHICK 205   1 3 53 95 

457 Vitellogenin-3 (Fragments)   VIT3_CHICK 38   
   

9 

458 Voltage-dependent anion channel   A0A1L1RLH6_CHICK (+2) 31   6 10 4 15 

459 WD repeat-containing protein 89 i   F1NLN8_CHICK 43   
   

2 

460 WD_REPEATS_REGION domain-

containing protein OS=Gallus gallus 

GN=DCAF7 PE=2 SV=1 

Q5ZIT1_CHICK 39   
 

1 
  

461 WD_REPEATS_REGION domain-

containing protein OS=Gallus gallus 

GN=GNB4 PE=4 SV=2 

E1BW98_CHICK 38   
 

1 
  

462 WH2 domain-containing protein OS=Gallus 

gallus GN=JMY PE=4 SV=2 

E1C822_CHICK 102   6 3 
  

463 WH2 domain-containing protein OS=Gallus 

gallus PE=4 SV=2 

R4GH27_CHICK 58  9 5 
  

464 X-ray repair cross-complementing protein 5 

OS=Gallus gallus GN=XRCC6 PE=4 SV=3 

F1NED5_CHICK (+1) 70   
 

2 
  

465 Xin actin-binding repeat-containing protein 

1 OS=Gallus gallus GN=XIRP1 PE=4 SV=2 

F1NUI2_CHICK 285   26 29 
 

0 

466 dUTPase domain-containing protein 

OS=Gallus gallus GN=DUT PE=2 SV=1 

Q5ZKJ3_CHICK 18   2 
 

1 
 

467 elongation factor Ts, mitochondrial 

(blasted)  OS=Gallus gallus PE=4 SV=1 

A0A1D5PZP4_CHICK (+1) 47   
 

2 
 

2 



149 
 

    
Cldn14 C-Ter + Day 4 Cldn14 C-Ter + HH8 

# Identified Proteins Accession Number MW (kDa) GST Cldn14 GST Cldn14 

468 myosin phosphatase Rho-interacting 

protein  

A0A1D5PV45_CHICK (+1) 125   32 25 
  

469 plastin-3 (blasted) OS=Gallus gallus 

GN=PLS3 PE=4 SV=1 

A0A1D5PE96_CHICK (+1) 71   1 
 

0 
 

470 polymerase delta-interacting protein 2 

(blasted)  OS=Gallus gallus GN=POLDIP2 

PE=4 SV=2 

F1NNL9_CHICK (+1) 43   
 

2 
 

2 

471 tRNA-splicing ligase RtcB homolog 

OS=Gallus gallus GN=RTCB PE=3 SV=2 

F1NYI3_CHICK 55   1 7 
 

6 

472 voltage-dependent anion-selective channel 

protein 3 isoform X3 (blasted) OS=Gallus 

gallus GN=VDAC3 PE=4 SV=1 

A0A1D5Q021_CHICK (+2) 32   
 

1 
 

2 

 

 

Table Appendix C: Protein Information Identified by Mass Spectrometry for Cldn14 C-Terminal Domain Interacting Partners 

These data describe the proteins identified by mass spectrometry to interact with either GST or Cldn14 C-terminal domain samples 

bound to HH8 or Day 4 chick extract. This table shows the identified proteins, their accession numbers, their alternate ID, their molecular 

weight, and the number of times the protein was seen in GST samples and in Cldn8 C-terminal domain samples for either HH8 or Day 

4. 


