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Chapter 1 

 
 
 
 
 
 
Glossary 
 
Basement membrane or basal lamina: extracellular macromolecules, such as 
glycoproteins, collagens and polysaccharides, secreted locally by cells and assembled 
into an organised meshwork to which basal cells attach. 
 
Integrins: α/β heterodimeric transmembrane proteins, linking components in the 
extracellular matrix to the intracellular cytoskeleton. 
 
Laminins: basement membrane components composed of α, β and γ chains (e.g. 
laminin-5 is composed of α3, β3 and γ2 chains), which are assembled into ternary 
protein complexes, via coiled coil interactions. 
 
Plakins: cytolinker proteins that associate with cytoskeletal elements and junctional 
complexes and are defined by the presence of a plakin domain and/or a plakin repeat 
domain. 
 
Cytoskeletal linkers: proteins that have the capacity to associate with more than one 
cytoskeletal system, enabling them to integrate two or all three cytoskeletal elements 
(actin filaments, microtubules and intermediate filaments). 
 
Tetraspanins: transmembrane proteins that span the membrane four times, contain 
specific conserved residues in their transmembrane domains, one small and one large 
extracellular loop, and are involved in many cellular processes such as adhesion, 
motility, activation and proliferation. 
 
Receptor tyrosine kinases: transmembrane receptors containing a cytoplasmic tyrosine 
kinase domain, that are activated by extracellular growth factors and stimulate cell 
proliferation and differentiation. 
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Introduction 

Hemidesmosomes 
 
Sandy H.M. Litjens and Arnoud Sonnenberg 
 
 
Definition 
 
Hemidesmosomes are multi-protein complexes that provide a firm 
adhesion of basal epithelial cells to the underlying basement membrane in 
(pseudo-) stratified and some complex epithelia. Hemidesmosomes were 
initially defined as distinctive electron-dense structures, composed of an 
inner plaque connected to the intermediate filament system, an outer 
plaque, which is linked to the extracellular basement membrane and a sub-
basal dense plate located beneath the outer plaque in the lamina lucida of 
the basement membrane (Figure 1A). 
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Figure 1. Structure of the hemidesmosome. (A) Electron micrograph of a skin sample containing 
hemidesmosomes. AF, anchoring fibrils; LL, lamina lucida; LD, lamina densa; SDP, sub-basal dense plate; OP, outer 
plaque; IP, inner plaque; IF, intermediate filaments. (B) Schematic representation of a hemidesmosome, illustrating 
the molecular interactions involved in its assembly. 
 

 
Characteristics 
 
Anchoring of basal cells to the basement 
membrane is of fundamental importance 

for maintaining the integrity of epithelial 
tissues. For instance in the skin, 
hemidesmosomes are crucial for the 
stable adhesion of the epidermis to the 
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underlying dermis, and mutations in 
components of these adhesion-complexes 
result in tissue fragility and blistering of 
the skin. In order to form a stable 
adhesion structure, six hemidesmosomal 
proteins are assembled into large clusters 
at the basal side of cells (Jones et al., 
1998; Borradori and Sonnenberg, 1999; 

Figure 1B). The integrin α6β4 is the 
central component of hemidesmosomes 
and is essential for their efficient 
assembly. Compared to other integrin β 
subunits, the β subunit of α6β4 has an 
unusually large cytoplasmic domain, 
containing two pairs of fibronectin type 
III (FNIII) domains, which are separated 
by a connecting segment (Figure 2). The 
integrin forms a link between its 
extracellular ligand laminin-5 and the 
inner plaque proteins plectin and BP230 
(Figure 1B). Plectin and BP230 are 
members of the plakin family of 
cytoskeletal linker proteins. In hemides-
mosomes, plectin and BP230 serve as a 
bridge between the outer plaque and the 
intermediate filament system, to which 
the hemidesmosome is connected. The 
other two hemidesmosomal components 
are the collagenous transmembrane 
protein BP180, also referred to as type 
XVII collagen, and the tetraspanin CD151, 
which like α6β4 reside in the outer plaque 
of the hemidesmosome (Figure 1B). 
BP180 occurs as a homotrimeric complex 
and is thought to contribute to the stable 
attachment by linking the hemidesmoso-
me to the extracellular matrix. The role of 
CD151 in hemidesmosomes is largely 
unknown.  

 
Figure 2. Domain structure of two 
hemidesmosomal components, the integrin α6β4 
and plectin. The binding sites for plectin (PBS1-3) 
BP180 and BP230 on the β4 cytoplasmic domain and the 
binding sites for β4, F-actin, BP180 and intermediate 
filaments on plectin are indicated. ABD, actin-binding 
domain; N, N-terminus; C, C-terminus; PBS, plectin-
binding site; CS, connecting segment. 
 

 
Molecular Interactions 
 
Some simple epithelia (e.g. the epithelium 
of the gut) do not contain the complex 
ultra structure of the epidermal 
hemidesmosome. However, these 
epithelia do contain clusters of α6β4 
bound to laminin-5, in which plectin and 
possibly CD151 are also localised. These 
complexes are called type II hemidesmo-
somes, as opposed to type I hemidesmo-
somes, which also contain BP180 and 
BP230. The presence of type II hemides-
mosomes, which can be regarded as 
rudimentary hemidesmosomes, suggests 
that the interaction of the integrin α6β4 
with plectin is the first step in 
hemidesmosome assembly (Koster et al., 
2004a). Indeed, single amino acid 
substitutions in the β4 subunit that 
abrogate its interaction with plectin result 
in a complete loss of hemidesmosome 
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formation in vitro and a reduced number 
of rudimentary hemidesmosomes in vivo. 
The main interaction between β4 and 
plectin occurs via the first pair of FNIII 
domains and the N-terminal part of the 
connecting segment of β4 (PBS-1) and the 
actin binding domain (ABD) of plectin. 
However, secondary binding sites have 
been determined in the connecting 
segment (PBS-2) and the C-terminal tail 
of β4 (PBS-3) by which this subunit 
interacts with the plakin domain of 
plectin (Figure 2). These additional 
binding sites may stabilize the original 
interaction between β4 and plectin. 
However, they are not capable of 
generating a primary interaction between 
these two proteins, e.g. when the binding 
site for the plectin-ABD is destroyed.  
All the other hemidesmosomal 
components also bind to the α6β4 
integrin (Figure 1B). The tetraspanin 
CD151 interacts with the α6 subunit of the 
integrin. Tetraspanins contain short 
cytoplasmic carboxy and amino terminal 
domains, a small cytoplasmic loop, and 
one small and one large extracellular loop 
(Hemler, 2003). They typically contain 
conserved polar residues in their 
transmembrane domains and 4-6 
conserved extracellular cysteine residues 
linked into 2-3 disulfide bonds in their 
large extracellular loop. Four of these 
cysteine residues are absolutely 
conserved, and two of these appear in a 
CCG (cysteine-cysteine-glycine) motif. 
These features distinguish tetraspanins 
from other proteins containing four 
transmembrane domains. In the large 
extracellular loop of CD151, the residues 
QRD194-196 are involved in binding to the 

integrin α6 subunit. The binding of α6 to 
CD151 and the binding of β4 to plectin are 
early steps in hemidesmosome assembly. 
Once plectin is recruited by α6β4, BP180 
can bind to both the α- and the β-subunit 
of the integrin as well as to plectin, 
thereby stabilizing the ternary complex 
(Koster et al., 2004a). The extracellular 
domains of BP180 and α6 interact, 
whereas the cytoplasmic domain of BP180 
binds to the third FNIII domain of the β4 
cytoplasmic domain and the plakin 
domain of plectin (Figure 2). Although 
BP230 can directly bind to the second 
pair of FNIII domains of β4 (Figure 2), 
this interaction is not sufficient for its 
recruitment into hemidesmosomes. The 
presence and interaction with BP180 is 
also necessary for the incorporation of 
BP230 into hemidesmosomes (Koster et 
al., 2004a). Both plectin and BP230 
contain an intermediate filament-binding 
domain in their C-terminus, and link the 
hemidesmosome to intermediate 
filaments (keratin 5/14 in the basal 
keratinocytes of the epidermis). Plectin 
has been shown to interact with various 
types of intermediate filaments, including 
several keratins, vimentin and desmin. 
BP230, however, only binds to keratin 
5/14, and not to keratin 8/18 or vimentin. 
Finally, to link the hemidesmosomal 
complex to the basement membrane, both 
the integrin α6β4 and BP180 bind to 
ligands in the extracellular matrix. The 
main ligand for α6β4 in the skin is 
laminin-5, but other laminins (1, 2/4, 
10/11) can also bind to this integrin. The 
ligand for BP180 is unknown, although 
there is data suggesting that BP180 might 
bind to laminin-5, albeit with low affinity. 
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Table 1. Involvement of hemidesmosomal components in acquired and genetic skin diseases. CP, 
cicatrical pemphigoid; DEB, dystrophic epidermolysis bullosa; EBA, epidermolysis bullosa acquisita; EBS, 
epidermolysis bullosa simplex; GABEB, generalized atrophic benign epidermolysis bullosa; GP, gestational 
pemphigoid; HN, hereditary nephritis; JEB, junctional epidermolysis bullosa; LAD, linear IgA dermatosis; LPP, lichen 
planus pemphigoid; MD, muscular dystrophy; PA, pyloric atresia; PEB, pretibial epidermolysis bullosa; PNP, 
paraneoplastic pemphigus. 
 

 
Acquired and genetic skin diseases 
involving hemidesmosomes 
 
The degree and complexity of the 
interactions between the components of 
the hemidesmosome indicate that the 
integrity of the complex is crucial for its 
role in anchoring cells to the basement 
membrane. Indeed, down-regulation or 
deletion of any of the hemidesmosomal 
components can result in severe and 
sometimes fatal blistering diseases of the 
skin, both in human patients and in 

mouse models. Diseases affecting hemi-
desmosomes can be roughly classified 
into two groups, acquired and hereditary 
skin diseases. Acquired skin diseases are 
characterised by the presence of 
autoantibodies against one or more of the 
hemidesmosomal components (Zillikens, 
1999). Autoantibodies against the β4 
subunit of the α6β4 integrin, plectin, 
BP180, BP230 and laminin-5 have all 
been identified in patients with different 
kinds of pemphigoid diseases (Table 1). 
The main characteristic of these diseases 
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is blistering of the skin and sometimes of 
other epithelia, e.g. the oral mucosa. 
Hereditary skin diseases are caused by 
mutations in the genes coding for hemi-
desmosomal components, leading to a 
reduced expression, absence or dysfunc-
tion of the protein. Genetic diseases are 
also characterised by severe and often 
fatal blistering of the skin. Mutations have 
been identified in all the genes encoding 
hemidesmosomal components, except 
BP230 (BPAG1; (Pulkkinen and Uitto, 
1999; Table 1). BPAG1 encodes multiple 
neuronal isoforms. Consequently, BPAG1 
knock-out mice hardly suffer from 
blistering of their skin, but they develop a 
neurological disease characterised by 
severe neuro-degeneration with dystonia 
and ataxia. Similarly, if mutations in 
BPAG1 occur in humans, they might lead 
to such severe neurological diseases that 
they are lethal in the embryonic stage, or 
before skin disorders can manifest 
themselves. 
The loss of any of the hemidesmosomal 
components causes fragility of the skin 
and blistering upon application of 
mechanical stress. Nonetheless, the loss 
of each of them produces a characteristic 
cleavage pattern of the epidermis, often 
reflecting the position and function of the 
protein involved. For example, defects in 
plectin cause rupture of cells at the level 
of the hemidesmosomes, leading to 
epidermolysis bullosa simplex (EBS). 
When α6β4 is absent, the split occurs 
either within the cell at the location of the 
hemidesmosome and/or through the 
extracellular basement membrane, produ-
cing a combined cellular (EBS) and junc-
tional (JEB) phenotype. Additional 

complications that characterise defects of 
plectin and α6β4 are muscular dystrophy 
(MD) and pyloric atresia (PA), respective-
ly. Loss of BP180 has been mainly 
associated with cleavage of the skin at the 
basement membrane zone as is the case 
when laminin-5 is absent. Notably, while 
loss of BP180 only causes a mild form of 
epidermolysis bullosa (GABEB), the 
absence of laminin-5 results in a severe 
and fatal skin disorder (JEB). Absence of 
CD151 also leads to a relatively mild form 
of EB. However, patients without CD151 
suffer from fatal renal failure. In contrast 
to the other available knock-out mice (see 
table 1), CD151 knock-out mice do not 
have the same phenotype as human 
patients; i.e. they do not have epidermal 
blistering or renal failure. These mice only 
show minor abnormalities in tissue 
homeostasis. Probably, compensatory 
mechanisms are responsible for this much 
milder phenotype. Cleavage above the 
hemidesmosome, leading to EBS, is due 
to mutations in either keratin-5 or -14, 
whereas that beneath the basement 
membrane in the sub-basal lamina leads 
to dystrophic epidermolysis bullosa 
(DEB). The latter defect is caused by 
mutations in type VII collagen, which 
forms the anchoring fibrils of the 
hemidesmosomal adhesion complex 
(Figure 1B). Thus, the clinical features 
associated with the loss of these 
hemidesmosomal components may vary 
from a relatively benign form of 
epidermolysis bullosa (in the case of loss 
of BP180) to very severe forms of 
junctional epidermolysis bullosa (when 
α6β4 or laminin-5 are absent; Pulkkinen 
and Uitto, 1999; Table 1).  
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Regulatory Mechanisms 
 
The skin is a dynamic tissue that is 
constantly renewed and therefore the 
assembly and disassembly of 
hemidesmosomes needs to be tightly 
regulated. When the basal cells of the 
epidermis differentiate and move 
upwards, the expression of α6β4 integrin 
is down-regulated and hemidesmosomes 
are disassembled. Furthermore, during 
healing of cutaneous wounds, the stable 
hemidesmosomal adhesions must be 
weakened to allow basal keratinocytes to 
migrate into the wound site and to re-
establish the epidermis. Not only is 
regulation of hemidesmosome assembly 
and disassembly important for the proper 
functioning of normal cells. Also in cancer 
cells, hemidesmosomes are disassembled 
to enable invasion into the surrounding 
tissues (Mercurio et al., 2001). In many 
carcinomas, α6β4 expression is increased; 
however, the integrin is not clustered in 
hemidesmosomes but evenly distributed 
over the membrane. Furthermore, 
abnormal expression of α6β4 in 
carcinoma cells is correlated with an 
invasive phenotype, both in humans and 
in mouse models. How these processes 
are regulated is not well understood. It is 
clear that the phosphorylation state of the 
β4 integrin is crucial for the nucleation of 
hemidesmosome assembly, and therefore 
also for their disassembly (Jones et al., 
1998; Borradori and Sonnenberg, 1999; 
Koster et al., 2004a). Phosphorylation of 
the α6 subunit appears to be less crucial. 
In fact, there are two cytoplasmic variants 
of the α6 subunit, A and B, of which only 
α6A is a target for phosphorylation by 

protein kinase C. In the adult skin, α6A, 
but not the α6B subunit is expressed. 
However, replacement of α6A by α6B in 
mice had no effect on the ability of this 
integrin to induce the formation of 
hemidesmosomes, suggesting that 
phosphorylation of the α6 subunit is not 
involved. Ligation of the integrin to 
laminin-5 also triggers specific 
phosphorylation and dephosphorylation 
events downstream of the receptor, which 
may have impact on its ability to initiate 
hemidesmosome assembly (Giancotti and 
Tarone, 2003). Furthermore, there is 
evidence suggesting that the composition 
of the substrate is of key importance in 
the assembly of hemidesmosomes. Both 
the α3 and the γ2 chains of laminin-5 can 
be cleaved and, depending on whether 
laminin-5 in the basement  membrane is 
in its cleaved or non-cleaved form, it 
either enhances cell motility or induces 
stable adhesion. A further factor found to 
play a role in the assembly of 
hemidesmosomes is the distribution and 
density of laminin-5. If laminin-5 is 
deposited into dense clusters, it efficiently 
induces hemidesmosome assembly. 
Conversely, if it is evenly distributed, the 
assembly is less efficient. 
The kinases found to regulate 
hemidesmosome assembly through 
phosphorylation of the integrin β4 
subunit include members of the protein 
kinase C family, which are ser/thr 
kinases, and the tyrosine kinase Fyn. 
However, there is some contradiction in 
the results. For example, in some studies 
PKCα has been implicated in the 
assembly of hemidesmosomes, whereas in 
others PKCα was involved in the 

 16



Introduction 

disassembly and PKCδ in the assembly of 
the hemidesmosomal complex. Further-
more, it has been reported that a wide 
range of receptor tyrosine kinases, e.g. the 
EGF-receptor (erbB-1), erbB-2, Met 
(receptor for hepatocyte growth factor) 
and Ron (receptor for macrophage 
stimulating protein), can associate 
directly or indirectly with the α6β4 
integrin and influence hemidesmosome 
assembly and disassembly (Giancotti and 
Tarone, 2003). Some of these associations 
may be cell type specific. For instance, in 
carcinoma cells α6β4 was found to be 
associated with Met, whereas in many 

kinds of normal cells Met and β4 are 
independently expressed. Thus, the 
association of α6β4 with Met might be 
more general in transformed cells, in 
which it is essential to mediate their 
invasion into surrounding tissues. 
Nevertheless, extracellular factors, such 
as the matrix to which the cells are 
attached and growth factors present in the 
matrix, are important regulators of 
hemidesmosome formation and their 
break down. Clearly, further studies need 
to be carried out to unravel the precise 
role of signaling via α6β4 in the assembly 
and disassembly of hemidesmosomes.
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Introduction 

Aim of research and outline of this thesis 
 
This research project had two main goals. 
The first was to identify the nature and 
specificity of binding between two 
important proteins in the hemidesmoso-
mal complex, i.e. the β4 integrin subunit 
and plectin. The second aim was to clarify 
the ways of regulation of hemidesmoso-
mes. In addition, a new binding partner 
for plectin was identified, implicating this 
protein in yet another cellular function, 
i.e. linking of the intermediate filament 
system to the nucleus. 
In Chapter 2 the specificity of binding 
between the β4 integrin subunit and the 
plectin actin binding domain is described. 
In addition to the already known patient 
mutations in β4, a novel mutation in 
plectin that abrogates the interaction 
between the two proteins was identified. 
Computational analysis of their potential 
binding interface lead to an unexpected 
model for binding of the plectin actin 

binding domain to β4, which is validated 
in Chapter 3. Since the interaction 
between plectin and β4 is crucial for 
formation of stable hemidesmosomes, 
regulation of these adhesive superstructu-
res most likely occurs at the level of this 
interaction. Chapter 4 describes a 
complex model for regulation of 
hemidesmosomes, through phosphoryla-
tion of both β4 and plectin by several 
kinases. Plectin has been shown to be a 
versatile cytoskeletal linker protein, 
linking intermediate filaments to F-actin, 
but also to the plasma membrane through 
structures such as hemidesmosomes. In 
Chapter 5 a novel binding partner for 
plectin, nesprin-3, is described, which 
implicates a role for plectin in linking 
intermediate filaments to the nucleus. 
Finally, in Chapter 6 open questions are 
discussed and suggestions for future 
research are made. 
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Specificity plectin-β4 binding 

Specificity of Binding of the Plectin  

Actin-Binding Domain to β4 Integrin 
 
Sandy H.M. Litjens, Jan Koster, Ingrid Kuikman, Sandra van Wilpe, José M. de Pereda, 
and Arnoud Sonnenberg 
 
 
Plectin is a major component of the cytoskeleton and links the intermediate 
filament system to hemidesmosomes by binding to the integrin β4 subunit. 
Previously, a binding site for β4 was mapped on the actin-binding domain 
(ABD) of plectin and binding of β4 and F-actin to plectin was shown to be 
mutually exclusive. Here we show that only the ABDs of plectin and 
dystonin bind to β4, whereas those of other actin-binding proteins do not. 
Mutations of the ABD of plectin-1C show that Q131, R138 and N149 are 
critical for tight binding of the ABD to β4. These residues form a small 
cavity, occupied by a well-ordered water molecule in the crystal structure. 
The β4 binding pocket partly overlaps with the actin-binding sequence 2 
(ABS2), previously shown to be essential for actin binding. Therefore, 
steric interference may render binding of β4 and F-actin to plectin 
mutually exclusive. Finally, we provide evidence indicating that the 
residues preceding the ABD in plectin-1A and -1C, although unable to 
mediate binding to β4 themselves, modulate the binding activity of the ABD 
for β4. These studies demonstrate the unique property of the plectin-ABD 
to bind to both F-actin and β4, and explain why several other ABD-
containing proteins that are expressed in basal keratinocytes are not 
recruited into hemidesmosomes.  
 
 
Introduction 
 
Anchoring of cells to the basement 
membrane is crucial for the function and 
integrity of epithelial tissues. 
Hemidesmosomes are protein complexes 
that mediate stable anchoring by 
providing a tight link between the 
intracellular intermediate filament system 
and the extracellular matrix. They are 
assembled at the basal side of basal 
epithelial cells in (pseudo-) stratified and 

some complex epithelia. 
Hemidesmosomes consist of at least six 
distinct proteins. four of these are 
transmembrane proteins: the integrin 
α6β4 (Stepp et al., 1990; Sonnenberg et 
al., 1991; Jones et al., 1991), the bullous 
pemphigoid antigen 180 (BP180) (Giudice 
et al., 1992), and the tetraspanin CD151 
(Sterk et al., 2000). The two cytoplasmic 
proteins, BP230 and plectin, that are 
localized in the hemidesmosomal plaque 
play a major role in linking the 
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intermediate filament system to the 
hemidesmosome (Borradori and 
Sonnenberg, 1996; Green and Jones, 
1996; Burgeson and Christiano, 1997). 
The interaction of plectin with α6β4 is 
essential for establishing the link between 
the extracellular matrix and the 
intermediate filament system. 
Inactivation of the genes for either α6 or 
β4 in humans results in a severe and fatal 
skin blistering disease, called pyloric 
atresia associated with junctional 
epidermolysis bullosa (PA-JEB; Vidal et 
al., 1995; Ruzzi et al., 1997). A similar 
phenotype is observed in genetically 
modified mice that lack either α6 or β4 
(van der Neut et al., 1996, Dowling et al., 
1996, Georges-Labouesse et al., 1996). 
Similarly, the loss of or a reduced 
expression of plectin leads to a blistering 
disorder, called epidermolysis bullosa 
simplex associated with muscular 
dystrophy (MD-EBS) (Gache et al., 1996; 
McLean et al., 1996; Smith et al., 1996; 
Andrä et al., 1997). These examples of 
both human patients and mice show the 
importance of hemidesmosomes for the 
stable adhesion of the epidermis to the 
dermis as well as for tissue integrity. Most 
of the mutations identified in PA-JEB 
patients are nonsense mutations or 
mutations at splice sites that result in the 
early termination of translation of the β4 
protein. Missense mutations, resulting in 
the substitution of a single amino acid 
have also been described. Two of these 
point mutations (R1225H and R1281W) 
have been disclosed in patients with a 
non-lethal form of epidermolysis bullosa 
(EB; Pulkkinen et al., 1998; Nakano et al., 
2001), and recently these mutations were 

shown to result in the inability of β4 to 
recruit plectin into hemidesmosomes 
(Koster et al., 2001). 
Plectin is a widely expressed cytoskeletal 
linker protein of >500 kDa that interacts 
with actin, intermediate filaments and 
microtubules (for a review see Steinbock 
and Wiche, 1999). It belongs to the plakin 
family of proteins, the members of which 
share a similar multi-domain structure: a 
long central coiled-coil rod domain, 
flanked by N- and C-terminal globular 
domains. The central rod domain 
mediates dimerization and/or 
multimerization of plectin (Foisner and 
Wiche, 1987; Wiche, 1998). The C-
terminal domain contains a binding site 
for intermediate filament proteins. The N-
terminal domain contains a highly 
conserved actin-binding domain (ABD) of 
the β-spectrin type (McLean et al., 1996). 
This type of ABD is found in many actin-
binding proteins, including dystonin, α-
actinin, utrophin, filamin and dystrophin, 
and consists of a pair of calponin 
homology (CH) domains (for reviews, see 
Hartwig, 1994; Gimona et al., 2002). 
Plectin is encoded by the PLEC1 gene, 
which is a large and complex gene 
containing several alternative first exons. 
Each of these first exons can be spliced 
into a common exon 2, encoding the start 
of the ABD (encoded by exons 2-8), thus 
generating a variety of plectin variants. 
The resulting plectin splice variants have 
characteristic tissue expression and actin 
binding properties (Fuchs et al., 1999). 
Previously, we showed that plectin binds 
to the β4 subunit of the integrin α6β4 via 
its N-terminal ABD and that this 
interaction prevents the association of the 
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ABD with F-actin (Geerts et al., 1999). 
This suggests that the binding sites on the 
ABD for F-actin and β4 overlap or even 
are identical. In the calponin-type ABD 
three regions are essential for actin 
binding, i.e. the actin-binding sequences 
1-3 (ABS1-3; Bresnick et al., 1990; Levine 
et al., 1992). No specific sequence in the 
ABD, which interacts with β4, has yet 
been identified. Furthermore, the 
influence on β4 binding of the variable 
sequences preceding the ABD, which vary 
from 5 to 180 amino acids in length and 
share no sequence similarity (Fuchs et al., 
1999), is as yet unclear. 
In this study, we investigated whether β4 
interacts with the ABDs of actin-binding 
proteins other than plectin. We also 
studied the influence of the stretch of 
amino acids preceding the ABD on β4 
binding, focusing on plectin-1A and -1C, 
because these two variants are strongly 
expressed in keratinocytes (Fuchs et al., 
1999). In addition, we endeavored to 
identify the residues that are critically 
involved in the binding of the plectin-
ABD to β4. 
 
 
Results 
 
β4 binds to the ABDs of plectin and 
dystonin, but not to those of dystrophin, 
utrophin, α-actinin and filamin 
The ABD of plectin is a domain of 220-
residues with sequence similarity to the 
ABDs found in dystrophin, utrophin, α-
actinin and filamins. Several of these ABD 
containing proteins are expressed in the 
same cells that also express β4. Yet only 
plectin is colocalized with β4 in  
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Figure 1. Localization of plectin and filamin-B in 
mouse skin sections and plectin transcript 
expression in human keratinocytes cell lines. (A) 
Sections were stained for β4 (red) and plectin (green, left 
panel) or filamin-B (green, right panel). Colocalization 
appears as yellow. (B) PCR with plectin-1A (lanes 1-6) 
and -1C (lanes 7-12) specific primers was performed on 
cDNA synthesized from mRNA of MD-EBS (lanes 1, 2, 8 
and 9) and PA-JEB/β4 cells (lanes 3, 4, 10 and 11), grown 
in low (0.09 mM, ±) or high Ca2+ (1 mM, ++) as 
indicated. Positive and negative controls were PCRs on 
plasmids encoding plectin-1A (lanes 5 and 12) or plectin-
1C (lanes 6 and 13). As a further negative control, no 
DNA was used (lanes 7 and 14). 

 

 
hemidesmosomes, suggesting that not all 

ABDs bind to β4. As shown in Figure 1A, 
only plectin and not, e.g., filamin-B is 
colocalized with β4 in basal keratinocytes. 
To test directly which of the ABDs of the 
above proteins bind to β4, we isolated 
their cDNAs, as well as that of dystonin, 
which, like plectin, is a member of the 
plakin family and whose ABD is highly 
similar to that of plectin. We isolated the 
ABDs of splice variants of dystonin and 
plectin, which have different N-terminal 
sequences, i.e. dystonin-1 and -2 (Brown 
et al., 1995), and plectin-1A and -1C 
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Figure 2. Yeast two-hybrid 
analysis of the interactions 
between β4 and ABDs of several 
proteins. (A) Binding of ABDs of 
plectin, dystonin, dystrophin, α-
actinin, utrophin and filamin to either 
β4 or the plectin-1C ABD. (B) 
Influence of the sequences preceding 
the plectin-ABD on the interaction of 
the ABD with β4. (C) Effect of 
mutations in the plectin-ABD or 
dystrophin-ABD on binding to β4 or 
the plectin-ABD. Interactions in A-C 
were scored (+) when the plating 
efficiencies on selective SC-LTHA 
plates were greater than 30% of those 
on nonselective SC-LT plates at 5 days 
of growth, (±) when they were 10-
30%, and (-) when no colonies were 
detected at 5 days of growth or when 
the growth on SC-LTHA plates was 
<3% of that on SC-LT plates at 10 
days. ND indicates not determined. 
(D) Quantitative β-galactosidase assay 
showing the strength of interactions 
between the various ABDs and β4 in 
yeast. The values indicated are 
arbitrary values and representatives of 
multiple assays. The negative control 
is represented by the interaction after 
cotransfection of β4 in pACT2 and a 
mock pAS2.1 vector. The positive 
control is represented by the 
interaction between PTP1-1 and 
PVA3-1. URS is unrelated sequence. 
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(Fuchs et al., 1999). Both plectin-1A and -
1C are expressed in murine keratinocytes, 
and transcripts for both were also 
detected in two human keratinocyte cell 
lines, PA-JEB/β4 and MD-EBS, grown 
under low- as well as high-Ca2+ conditions 
(Figure 1B). The polypeptides encoded by 
the different cDNAs were tested in a yeast 
two-hybrid interaction assay against a β4 
fragment containing the first pair of 
fibronectin type III repeats (FNIII) and 
the complete connecting segment (β41115-

1457). In the analysis, we included a 
plectin-ABD construct, which contains an 
amino acid substitution at position 149 
(N149D), because it occurs as part of a 
polymorphism in plectin (McLean et al., 
1996; Liu et al., 1996). As shown in Figure 
2A, only the ABDs of plectin and dystonin 
interacted with β4. Differences, however, 
were observed in the strength of binding, 
the ABD of plectin-1C149N and -1C149D 
binding more strongly than that of 
plectin-1A and dystonin-1, which in turn 
bound more strongly than that of 
dystonin-2 (Figure 2D).  
In summary, only the ABDs of plectin and 
dystonin bind to β4, whereas those of 
dystrophin, utrophin, α-actinin and 
filamin do not. 
 
Influence of the residues preceding the 
plectin-ABD on β4 binding 
The ABDs of plectin-1A and -1C are 
identical as well as those of dystonin-1 
and -2. However, they bind to β4 with 
different affinities (Figure 2D), suggesting 
that the sequences preceding the ABD 
affect the binding activity. To further 
study the influence of the N-terminal 
sequences on the binding of the plectin-

ABD to β4, the effects of removal of these 
sequences or their substitution by an 
unrelated sequence of the same length as 
the one encoded by exon 1C of the PLEC1 
gene were analyzed. Moreover, we tested 
whether the peptides encoded by exons 1A 
and 1C could mediate β4 binding, either 
by themselves or when fused to the ABDs 
of dystrophin, α-actinin, filamin-A or 
filamin-B. The data show that after the 
deletion or the replacement of the N-
terminal sequences of plectin-1C by an 
unrelated sequence, binding to β4 was 
reduced and even weaker than that of 
plectin-1A (Figure 2, B and D). However, 
neither the fragments encoded by exons 
1A and 1C, by themselves, nor when fused 
with the above proteins bound to β4 
(Figure 2B). From these data we conclude 
that the stretch of amino acids that 
precede the ABD of plectin-1A and -1C do 
not bind to β4 themselves, but modulate 
the binding activity of the plectin-ABD, at 
least as assessed in yeast two-hybrid 
assays. 
 
Introduction of an N149S/D150T 
mutation in the plectin-ABD abrogates 
binding to β4 
We have shown previously that binding of 
β4 and F-actin to plectin is mutually 
exclusive (Geerts et al., 1999). Because the 
ABS2 of the ABD was shown to be 
essential for binding to F-actin (Bresnick 
et al., 1990; Bresnick et al., 1991), we 
focused on this part of plectin to identify 
the residues that mediate binding to β4. 
Alignment of the ABS2 sequences from 
different actin-binding proteins, revealed 
the presence of a subregion of four amino 
acids that is conserved in the ABS2 of 
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plectin and dystonin, but not in that of the 
other actin-binding proteins (Figure 3). A 
double point mutation was generated, 
based on the difference between the ABDs 
of plectin and dystrophin. The 
substitutions N149S/D150T 
(corresponding to plectin-1C numbering) 
were introduced in the ABDs of plectin-1A 
and plectin-1C, and in the ABD construct 
lacking the N-terminal sequences 
(plectin-∆1). In all three constructs, the 
double point mutation completely 
abolished the interaction with β4 (Figure 
2, C and D). Further analysis of mutated 
ABDs revealed that N149, but not D150, is 
the critical residue for binding to β4. 
Substitution of N149 by serine, alanine or 
glycine, as present at this position in 
dystrophin, utrophin and α-actinin, 
reduced binding to β4 dramatically, 
whereas substitution of D150 by 
threonine, as present at this position in 
dystrophin, had no effect (Figure 2, C and 
D). Previous studies have shown that the 
plectin-ABD can interact with the ABD of 
another plectin molecule, but not with the 
ABD of dystrophin (Fontao et al., 2001). 
As shown in Figure 2, A and C, this ability 
of the plectin-ABD to form homodimers 
was not impaired by the double point 
mutation, indicating that residues other 
than those involved in β4 binding mediate 
binding of two plectin-ABDs to each 
other. Furthermore, these results show 
that the plectin-ABD mutant is expressed 
in yeast cells, and thus that the lack of β4 
binding was not caused by a defect in 
protein expression. Importantly, binding 
to β4 was not induced when the GST (95-
97) residues in the corresponding region 
of the ABD of dystrophin were replaced 

by RDD (148-150 in plectin-1C; Figure 
2C), suggesting that additional residues, 
other than N/D149, in the plectin-ABD 
are likely to be involved in binding to β4. 
 

 

 
 
Figure 3. Schematic representation of the 
plectin-ABD with an alignment of the amino acdi 
sequence of the ABS2 of different ABDs. The 
boxed region represents a stretch of four amino acids, 
which is not conserved among the ABDs of plectin, 
dystonin, dystrophin, utrophin, α-actinin, and filamin. 
 

 
Biochemical characterization of the 
plectin-ABD variants 
To confirm biochemically that the double 
point mutation in the plectin-ABD 
abrogates binding to β4, COS7 cells were 
transfected with different HA-tagged 
plectin-ABD constructs (wild-type or the 
N149S/D150T mutant) along with an 
IL2R/β4cyto chimera. This IL2R/β4cyto 
chimera is expressed at the cell surface 
independent of association with α6 
(Nievers et al., 1998). As shown in Figure 
4, the IL2R/β4cyto chimera was 
coprecipitated with the ABD of both wild-
type plectin-1A and -1C, as well as that of 
plectin-∆1. In contrast to the results of the 
yeast β-galactosidase assays, we found 
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that the ABD of plectin-∆1 (lacking the N-
terminal residues) binds most strongly to 
β4. Possibly, in the yeast two-hybrid 
assays, the bulky GAL4 binding domain, 
by steric interference, prevents efficient 
binding of the plectin-∆1 ABD to β4. 
Coprecipitation of the IL2R/β4cyto 
chimera with the N149S/D150T mutant 
plectin-ABDs was strongly reduced 
compared with that of the wild-type ABDs 
(Figure 4), but was not completely 
abrogated. Binding of the mutated 
plectin-∆1 ABD was still fairly strong, but 
because the binding of the ABD of wild-
type plectin-∆1 is much stronger than that  
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Figure 4. Biochemical analysis of the interaction 
of β4 with wild-type or mutant plectin-ABDs. The 
top two panels show precipitation of HA tagged plectin-
ABD and coprecipitation of IL2R-β4cyto. The bottom 
panel shows total lysates after transfection, indicating 
transfection efficiencies. The numbers indicate the 
relative strength of interaction between IL2R-β4cyto and 
the plectin-ABDs, with 1 representing the strongest 
interaction. The relative strength was calculated by 
determining the percentage of coprecipitated IL2R-β4cyto, 
compared with the total IL2R-β4cyto and correcting this 
value for the amount of precipitated HA-plectin-ABD. 
WT, wild-type; Mut, mutant (N149S/D150T). 

of plectin-1A and -1C, the reduction of 
binding also in this case was considerable. 
In conclusion, these results show that the 
substitution of asparagine and aspartate 
at position 149 and 150 in the ABS2 of the 
plectin-ABD by serine and threonine, 
respectively, significantly weakens, but 
does not completely abrogate binding to 
β4. 
 
Cell biological characterization of the 
plectin-ABD variants 
To determine the effect of the double 
point mutation on the colocalization of 
the isolated plectin-ABDs and of full-
length plectin with β4 in hemidesmoso-
mes, an HA-tagged plectin-ABD and full-
length plectin (wild-type or mutant) were 
expressed in keratinocytes from an MD-
EBS patient, who is homozygous for an 8-
bp duplication mutation in exon 31 of the 
PLEC1 gene, causing an early stop-codon 
to be introduced 14 base pairs down-
stream of the insertion (Smith et al., 
1996). Therefore, plectin variants 
containing the rod-domain (encoded by 
exon 31) are not expressed in these cells. 
However, we did observe the expression 
of a rod-less plectin variant, containing 
the N-terminal ABD and C-terminal 
sequences, which is also colocalized with 
β4 in hemidesmosomes (Koster et al., 
2004b). 
Transfection of these cells with the wild-
type ABDs of plectin-1A (Figure 5, A-C), 
plectin-1C (Figure 5, G-I), and plectin-∆1 
(Figure 5, M-O) results in weak 
colocalization of these ABDs with β4 in a 
minority of the cells. The weak and 
restricted colocalization with β4 is 
probably due to the high affinity of the 
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Figure 5. Distribution of plectin-ABDs in MD-EBS keratinocytes. MD-EBS keratinocytes were transfected 
with HA-tagged plectin-1A ABD (A-C), full-length plectin-1A (D-F), plectin-1C ABD (G-I), full-length plectin-1C (J-L), 
plectin-∆1 ABD (M-O), full-length plectin-∆1 (P-R), dystrophin ABD (S-U) or plectin-1C1-65/dystrophin-ABD11-

337/plectin339-4574 chimera (V-X). Cells were stained for HA-tagged proteins (A, D, G, J, M, P, S, V) and β4 (B, E, H, K, N, 
Q, T, W). Overlay images are shown in C, F, I, L, O, R, U, and X. Colocalization appears as yellow. 
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ABDs for F-actin. When full-length 
plectin-1A (Figure 5, D-F), plectin-1C 
(Figure 5, J-L) or plectin-∆1 (Figure 5, P-
R) were introduced, the colocalization 
with β4 was more pronounced, which is 
likely due to the presence of additional 
binding sites on plectin outside the ABD 
(Rezniczek et al., 1998; Koster et al., 
2004b). In accordance with the results of 
the in vitro binding assay, we found that 
the recruitment of the ABD of plectin-∆1 
into hemidesmosomes is more efficient 
than that of the naturally occurring 
plectin variants, 1A and 1C. Furthermore, 
only the plectin-ABD and not the 
dystrophin-ABD was colocalized with β4 
(Figure 5, S-U). A full-length chimera in 
which the plectin-ABD was replaced by 
the dystrophin-ABD, however, was weakly 
colocalized with β4, which also indicates 
the presence of additional, weak binding 
site(s) on plectin outside the ABD (Figure 
5, V-X). 
Next, the ability of plectin-1A, -1C and -
∆1, containing the N149S/D150T 
substitutions in the ABS2 of the ABD, to 
become colocalized with β4 in MD-EBS 
keratinocytes was tested. In agreement 
with our finding that binding was strongly 
reduced because of these substitutions 
(Figure 4), colocalization of the plectin-
1A, -1C and -∆1 N149S/D150T mutants, 
either as short ABD-fragments or as full-
length proteins, with β4 was also reduced, 
but not entirely absent (Figure 6). The 
remaining colocalization was most 

evident for those mutants, whose 
corresponding wild-type polypeptides had 
the strongest basic binding activity, i.e. 
N149S/D150T plectin-ABD and full-
length proteins, lacking the stretch of 
amino acids N-terminal of the ABD. 
Apparently, the residual binding activity 
of the mutant ABDs for β4 allows this 
weak colocalization with β4 in 
hemidesmosomes, or alternatively, the 
mutant plectin-ABDs are incorporated 
into hemidesmosomes by dimerization 
with the ABD of the endogenous rod-less 
plectin present in the MD-EBS cells.  
In conclusion, the cell biological data 
confirm the yeast two-hybrid and 
biochemical findings that the plectin-ABD 
specifically mediates binding to β4 and 
that N149 is involved in this interaction.  
 
Mapping of the mutated residues onto 
the three-dimensional structure of the 
plectin-ABD 
Mapping of the substituted amino acid of 
the ABS2 of the plectin-ABD (N149 in 
plectin-1C) onto the three-dimensional 
crystal structure of the plectin-ABD 
(García-Alvarez et al., 2003) showed that 
this amino acid is located at the beginning 
of helix F of the CH1 domain (Figure 7A). 
Because the fold of the CH1 domain of the 
ABD of plectin, (García-Alvarez et al., 
2003) is almost identical to that of 
dystrophin (Norwood et al., 2000) and 
utrophin (Keep et al., 1999), it is not to be 
expected that substitution of N149 by 

 

 
Figure 6. Distribution of mutant (N149S/D150T) plectin ABDs in MD-EBS keratinocytes. MD-EBS 
keratinocytes were transfected with HA-tagged mutant plectin-1A ABD (A-C), full-length mutant plectin-1A (D-F),  
mutant plectin-1C ABD (G-I), full-length plectin-1C (J-L), mutant plectin-∆1 ABD (M-O), or full-length mutant plectin-
∆1 (P-R). Cells were stained as described in Figure 5. 
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Figure 7. Comparison of the 
crystal structures and 
molecular surfaces of the ABDs 
from plectin, dystrophin and 
utrophin. (A) Ribbon diagrams and 
solvent-accessible surfaces of the 
ABDs of plectin, dystrophin and 
utrophin were created using the 
atomic coordinates derived by x-ray 
diffraction analysis (Keep et al., 1999; 
Norwood et al., 2000; García-Alvarez 
et al., 2003) and the program 
WebLab ViewerLite 3.20 (Molecular 
Simulations Inc.) for the ribbon 
diagrams and the program SPOCK 
(The Center for Macromolecular 
Design, Texas A&M University) for 
the solvent-accessible surface, 
colored according to electrostatic 
potential with values ranging from -
12 kT/e- (dark red) to +12 kT/e- (dark 
blue). The locations of N149 in 
plectin-1C and the corresponding 
amino acids in dystrophin and 
utrophin, as well as the CH1 and CH2 
domains are indicated. The ABS1 is 
colored in blue, ABS2 in yellow, and 
ABS3 in green. (B) Close-up of the 
structure and solvent accessible 
surface around N149, created with 
SPOCK and rendered with 
RASTER3D (Merritt and Bacon, 
1997), as in A. N149 forms the center 
of a shallow grove surrounded by 
polar residues Q128, Q131, D135, 
R138, R148, and D150. In the crystal 
structure, a water molecule occupies 
the small cavity. Most of the 
surrounding residues are conserved 
between plectin and dystonin, but 
not dystrophin, utrophin, α-actinin, 
and filamins A and B. The ABS2 
region, colored in yellow, partially 
overlaps with the β4 binding pocket. 
(C) Effect of mutations in the plectin-
ABD on binding to β4 with yeast two-
hybrid analysis. Indications are as in 
Figure 2. 

 

 
either glycine or serine, as present at this 
position in dystrophin and utrophin, 
would cause a major disruption of the 3D 

structure (Figure 7A). Therefore, it is 
improbable that the loss of binding to β4 
is due to a distortion of the 3D structure 
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of the ABD. Rather, N149 may contribute 
directly to the binding activity by 
contacting one or more residues on β4. As 
shown in Figure 7B, N149 is structurally 
well defined and accessible on the surface 
in the center of a shallow grove 
surrounded by polar residues including 
Q128, Q131, D135, R138, R148 and D150. 
The side chain of N149 forms a hydrogen 
bond with the side chain of Q131 and 
together with R138 coordinates a water 
molecule, located in a small cavity formed 
by these residues and D135 (García-
Alvarez et al., 2003; Figure 7B). 
Interestingly, like N149, Q131, D135 and 
R138 are conserved in dystonin (R138 
being a lysine in dystonin), but not in 

dystrophin, utrophin, α-actinin and the 
filamin isoforms. With the exception of 
D135, substitution of these residues (Q131 
and R138) by the amino acids present at 
this position in dystrophin abrogates 
binding to β4 in a yeast two-hybrid assay 
(Figure 7C). This finding further supports 
the idea that these amino acids form a 
small binding pocket for a side chain of a 
β4 residue.  
In summary, next to N149 also Q131 and 
R138 in the plectin-ABD are important for 
binding to β4, and mutation of these 
amino acids does not seem to affect the 
structure of the ABD. 
 
The plectin-ABD mutants can bind actin 
filaments 
We have shown previously that plectin 
has a functional ABD, capable of binding 

F-actin, both in vitro and in vivo (Fontao 
et al., 2001). To investigate whether the 
double point mutation (N149S/D150T) in 
the ABD of plectin affects the capacity of 
this domain to bind F-actin, we 
performed an actin cosedimentation assay 
(Figure 8A). Consistent with the findings 
of Fontao et al. (2001), the results of this 
assay showed that the plectin-∆1 ABD 
only poorly bound to F-actin, as shown by 
the presence of plectin-∆1 in the 
supernatant (Figure 8A, bottom panel). 
We found that the ABDs of both plectin-
1A and plectin-1C bind F-actin with 
similar efficiency (Figure 8A, upper and 
middle panels). Like the ABDs of wild-
type plectin-1A, plectin-1C and plectin-∆1, 
those carrying the N149S/D150T 
mutations were able to bind F-actin 
(Figure 8A).  
The distribution of the plectin-ABDs was 
also assessed in transfected REF52 cells, 
which do not express β4. In agreement 
with the results of the in vitro binding 
assay, all constructs, wild-type and 
mutant, are colocalized with actin stress 
fibers (Figure 8B). As expected, the 
plectin-∆1 wild-type and mutant 
constructs became colocalized with F-
actin less efficiently than the plectin-1A 
and plectin-1C constructs (Figure 8B). 
These results show that the mutated 
ABDs, whose capacity to bind β4 is 
strongly reduced, bind to F-actin as 
efficiently as the wild-type ABDs, further 
implicating that the fold of the ABD is not 
affected by the mutation. 
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Figure 8. Biochemical analysis of the interaction of F-actin with wild-type or mutant plectin-ABDs and 
distribution of wild-type and mutant plectin-ABDs in REF52 cells. (A) The wild-type and mutant 
(N149S/D150T) plectin-ABDs were incubated with or without F-actin and centrifuged at high speed. Equal amounts of 
pellet (P) and supernatant (S) were subjected to SDS-PAGE and visualized by Coomassie Blue staining. (B) REF52 cells 
were transfected with HA-tagged wild-type (A-C, G-I, and M-O) or mutant forms (D-F, J-L, and P-R) of plectin-1A ABD 
(A-F), plectin-1C ABD (G-L), and plectin-∆1 ABD (M-R). Cells were stained for HA-tagged proteins (A, D, G, J, M, P) 
and F-actin (B, E, H, K, N, Q). Overlay images are shown in C, F, I, L, O, and R. Colocalization appears as yellow. 
 

 
Discussion 
 

In this study we show that the ABD of 
plectin, and also that of dystonin, 
interacts with the integrin β4 subunit and 
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that the residues preceding the ABD 
dramatically influence the affinity of 
binding, although they themselves do not 
bind to β4. Furthermore, we have 
identified three residues that are critical 
for tight binding of the plectin-ABD to β4. 
One of these amino acids, N149 (as 
numbered in plectin-1C) is located in the 
ABS2 of the plectin-ABD, whereas the 
other two (Q131 and R135) reside in the 
region preceding this sequence. These 
amino acids are not present in the ABDs 
of dystrophin, utrophin and filamin-A and 
-B, and the ABDs of these proteins do not 
interact with β4. 
 
Characteristics of the ABD for binding to 
β4 integrin 
Plectin contains an ABD of the β-spectrin 
type, which is highly conserved among 
other ABD-containing proteins, such as 
dystonin, dystrophin, α-actinin, utrophin 
and filamins. Several of these ABD-
containing proteins are expressed in basal 
keratinocytes that also express α6β4. 
However, of these proteins, only plectin is 
recruited by β4 into hemidesmosomes in 
keratinocytes. Our results, which show 
that β4 binds to the plectin-ABD, but not 
to the ABDs of dystrophin, α-actinin, and 
filamin-A and -B, explain why plectin is 
the only of these proteins that is present 
in hemidesmosomes. Interestingly, also 
the dystonin-ABD interacts with β4. 
Other than plectin, dystonin is not 
expressed in keratinocytes, but in 
neuronal cells (Brown et al., 1995). 
Initially, dystonin was cloned and 
characterized as the neuronal variant of 
BP230, encoded by the BPAG1 gene. It 
was reported that dystonin (or BPAG1-n), 

like BP230 (or BPAG1-e), contains a 
plakin domain, a central rod-domain and 
C-terminal plakin repeats containing an 
intermediate filament-binding domain, as 
well as an N-terminal ABD (Brown et al., 
1995). However, recent studies indicated 
that not BPAG1-n, but BPAG1-a is the 
predominant product of the BPAG1 gene 
in neuronal cells. BPAG1-a shares the 
ABD and plakin domains with BPAG1-n, 
but its rod domain is composed of 
spectrin repeats and the C-terminal 
domain contains a Gas2-related 
microtubule-binding domain (Leung et 
al., 2001). Possibly, in previous studies on 
dystonin, BPAG1-a and not BPAG1-n was 
investigated. We only studied the N-
terminal part of dystonin, which is 
present in both BPAG1-n and BPAG1-a. 
Dystonin was reported to be essential for 
the polarization, matrix attachment and 
organization of the cytoskeleton in 
Schwann cells during myelination 
(Bernier et al., 1998). Interestingly, also 
α6β4 is expressed in Schwann cells 
(Sonnenberg et al., 1990; Einheber et al., 
1993; Niessen et al., 1994a), its expression 
requiring continuous axon-Schwann cell 
interactions and its localization is only 
polarized during myelination (Feltri et al., 
1994). Feltri and coworkers already 
suggested a possible function of α6β4 in 
providing polarity and communication of 
the basal lamina with the cytoskeleton in 
order to generate the mechanical force 
necessary for Schwann cell myelination. 
However, the possibility of physical 
interactions between α6β4 and 
intermediate filaments (vimentin, nestin 
or neurofilaments) and/or microtubules 
in Schwann cells had to be explored. Our 
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current findings suggest that in Schwann 
cells it may be dystonin/BPAG1-a that 
links the α6β4 integrin to the 
cytoskeleton. 
 
The effect of the residues preceding the 
plectin-ABD 
The PLEC1 gene encodes a wide variety of 
plectin splice variants. Only some of these 
variants are expressed in keratinocytes, 
most strongly plectin-1A and plectin-1C 
and more weakly, plectin-1 and plectin-1B 
(Fuchs et al., 1999). Recently, Andrä and 
coworkers reported that only plectin-1A is 
present in basal keratinocytes of the 
mouse and recruited into 
hemidesmosomes, whereas plectin-1C is 
not (Andrä et al., 2003). However, the 
PA-JEB and MD-EBS keratinocyte cell 
lines, which are derived from human 
basal keratinocytes, contain in addition to 
plectin-1A also plectin-1C transcripts, 
albeit at lower levels (Figure 1B). Because 
we lack splice variant-specific antibodies, 
we cannot test whether both variants are 
expressed at the protein level and whether 
they both are located in 
hemidesmosomes. Our results with the 
ABD of plectin, in which the N-terminal 
sequence of residues had been deleted or 
exchanged with an unrelated sequence, 
confirm that the residues preceding the 
ABD can affect its affinity for β4. 
Furthermore, in the yeast two-hybrid 
assay plectin-1C bound to β4 with much 
higher efficiency. However, although in 
both the in vitro binding assay and the 
immunofluorescence experiment the 
binding of plectin-1A to β4 appeared to be 
slightly more efficient than binding of 
plectin-1C to β4, the difference in β4 

binding between plectin-1A and plectin-
1C in these experiments was not 
significant. Most likely, other factors in 
the cell play an important role in the 
binding of plectin to β4, such as the 
binding of plectin to other 
hemidesmosomal components or a 
regulation of its affinity for F-actin and β4 
by post-translational modifications. 
Furthermore, in both MD-EBS and PA-
JEB/β4 cells dimerization of the 
exogenously introduced ABDs with the 
ABD of endogenous plectin may play a 
role in binding to β4 and thus their 
recruitment into hemidesmosomes 
(Fontao et al., 2001).  
The N-terminal sequences of amino acids 
do not only influence the binding of the 
plectin-ABD with β4, but also the binding 
of plectin to F-actin. Deletion of the N-
terminal residues specific for plectin-1A 
or -1C results in decreased binding of the 
plectin-ABD to F-actin, as evaluated in an 
actin-polymerization assay and in 
transfection experiments with REF52 
cells. Similar observations were made 
with the ABD of utrophin, whose affinity 
for F-actin is reduced by a factor four 
after deletion of the N-terminal residues 
(Keep et al., 1999). Interestingly, although 
deletion of the N-terminal sequences 
reduces the affinity of the plectin-ABD to 
F-actin, it increases the binding activity 
for β4. This is suggested by the 
observation that plectin constructs 
lacking the sequences N-terminal of the 
ABD localized more efficiently into 
hemidesmosomes than the corresponding 
plectin-1A and -1C constructs. Thus, it 
seems that binding of the plectin ABD to 
either F-actin or β4 can be regulated via 
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the N-terminal sequence of amino acids 
in an apparently opposite manner, i.e. a 
decrease in binding to F-actin and an 
increase in binding to β4, and vice versa. 
Further work is needed to identify the 
signals that regulate this affinity switch. 
 
The effect of mutating N149 in plectin on 
β4 binding 
Our observations that a double point 
mutation in the ABS2 of the plectin-ABD 
is sufficient to completely abrogate 
binding to β4 in yeast, but not to prevent 
its colocalization with β4 in transfected 
MD-EBS cells, cannot be explained by the 
possibility that we have introduced a 
putative phosphorylation site. In yeast, 
phosphorylation of serine at this site may 
result in a different binding affinity of 
plectin for β4. However, by substituting 
the critical asparagine residue at position 
149 by alanine or glycine instead of 
serine, we exclude such a mechanism. 
Importantly, a complete loss of binding of 
the plectin-ABD mutants to β4, as 
observed in the yeast two-hybrid assay, 
was not found in the in vitro binding 
assay. Together these findings indicate 
that the substituted amino acid at 
position 149, although important for 
binding to β4, is not solely responsible for 
the interaction of the plectin-ABD with 
β4. Indeed, we found that also glutamine 
and arginine at positions 131 and 138, 
respectively, are critical for binding to β4. 
Furthermore, an asparagine residue at 
position 149 of the plectin-ABD permits 
binding to β4, but also an aspartate 
residue allows β4 binding. Together these 
results indicate that multiple residues on  
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Figure 9. Solvent-accessible surfaces of the 
plectin-ABD and the first pair of FNIII domains 
of β4 colored as described in Figure 7. The basic 
cleft in the plectin-ABD extends along the interdomain 
contact, and is flanked by negatively charged patches. 
The acidic groove in β4 has shape complementarity to 
the basic belt in the plectin-ABD and is flanked by 
positively charged residues. 
 

 
the plectin-ABD are involved in the 
binding to β4. 
 
Structure of the plectin-ABD 
García-Alvarez et al. (2003) observed a 
basic “belt” in plectin around the 
interdomain waist and the helix G of CH1, 
which is surrounded by acidic residues, 
one of which is N149 (Figure 9). The 
shape of the basic belt is such that it fits 
well in the acidic V-shaped groove formed 
at the interface between the first and 
second FNIII repeat of β4 (de Pereda et 
al., 1999). Interestingly, the residues 
R1225 and R1281 of β4 that are critical for 
binding to the plectin-ABD (Koster et al., 
2001) lie at the edge of this acidic groove 
(Figure 9). García-Alvarez et al. (2003) 
already suggested that the plectin-β4 
interaction involves the interdomain 

 51



Chapter 2 

surfaces in both pairs of tandem CH and 
FNIII domains. If so, either R1225 or 
R1281 in β4 may come into close 
proximity with Q131, R138 or N149 in 
plectin-1C, allowing a direct contact 
between one or more of these amino 
acids.  
In the crystal structure of the plectin-
ABD, the residues Q131, R138 and N149, 
together with D135 form a small cavity in 
which a well-ordered water molecule is 
present. There is direct contact between 
N149 and Q131, and between R138 and 
D135, while R138 and N149 are involved 
in coordinating the water molecule 
located in this cavity (García-Alvarez et 
al., 2003; Figure 7B). Possibly, this water 
molecule is displaced when a side chain 
from a β4 residue docks into the pocket. 
Alternatively the water molecule may 
form part of the complex and mediate a 
specific contact with β4. Interestingly, 
only the residues forming contacts with 
either N149 (Q131) or the water molecule 
(R138), but not D135, which contacts 
R138, are crucial for binding to β4. 
Mutation of residue D150 that like the 
above residues, is available at the surface 
of the structure, but located somewhat 
outside the putative binding pocket, does 
not affect binding to β4 in a yeast two-
hybrid assay (Figure 2C). Additionally, 
other regions in the ABD may be involved 
in the interaction with β4. The interaction 
requires both CH domains of plectin 
(Geerts et al., 1999), suggesting that CH2 
harbors additional contact sites. The first 
pair of FNIII domains of β4 adopts an 
extended conformation in the crystal 
structure (de Pereda et al., 1999), and no 
significant interdomain bending is likely 

to occur upon binding to plectin, because 
the linker between the FNIII domains is 
very short. Therefore the binding 
interface in plectin is likely to extend over 
only one of the faces of the ABD. The area 
of CH2 around the ABS3 is oriented on 
the same side of the molecule as Q131, 
R138 and N149 (Figure 7A). In fact the 
ABS2-ABS3 face of the ABD contains 
most of the solvent exposed residues 
conserved among plectin and dystonin 
but not in the other ABDs. Thus, the 
ABS2-ABS3 face of the plectin-ABD, 
including N149, is presumably the side of 
the plectin-ABD involved in binding to 
β4. The fact that N149 is part of the β4 
binding pocket but also of the ABS2, and 
the close proximity of this pocket to 
ABS2, explains how by steric interference 
the binding of the plectin-ABD to β4 and 
F-actin is mutually exclusive.  
Comparison of the crystal structures of 
the ABDs of plectin (García-Alvarez et al., 
2003), utrophin (Keep et al., 1999) and 
dystrophin (Norwood et al., 2000; Figure 
7A), shows that the fold of the CH1 
domain is very similar in these ABDs. 
Hence, the substitution of Q131, R138 or 
N149 for residues as they occur in 
utrophin or dystrophin, most likely does 
not induce large structural differences. 
However, the position of the CH2 domain 
relative to the CH1 domain is different in 
the crystal structures of these three ABDs 
(Figure 7A) because of the dimerization 
by domain swapping of the ABDs of 
utrophin and dystrophin. Despite the high 
degree of structural conservation in the 
backbone of the CH1 and CH2 domains, 
the solvent exposed residues are not 
conserved among the three ABDs, leading 
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to specific surface details in each 
molecule. As a consequence, the 
electrostatic surfaces of the molecules are 
different (Figure 7A). Therefore lack of 
binding to β4 by ABDs other than plectin 
and dystonin may be due to loss of 
specific contacts, loss of charge 
complementarity or variations in the 
relative orientation of CH domains. The 
presence of multiple interaction sites 
within the ABD may explain why the 
substitution of the three amino acids GST 
(position 95-97) in the ABS2 of 
dystrophin by RDD as present in plectin, 
does not induce binding to β4. The 
structure of the amino acid stretch 
preceding the ABD is not modeled. 
Because we found the stretch of amino 
acids preceding the ABD to be important 
in regulating the binding of the plectin-
ABD to β4, we hypothesize that these 
residues may spatially interfere with the 
binding site for β4, e.g. the basic belt or 
the surrounding acidic residues. 
 
 
Materials & methods 
 
Cell Lines and Antibodies 
The immortalized keratinocyte cell lines derived from 
PA-JEB and MD-EBS patients have been described 
previously (Schaapveld et al., 1998; Geerts et al., 1999). 
These keratinocyte cell lines were maintained in 
keratinocyte serum-free medium (Life Technologies, 
Rockville, MD) supplemented with 50 µg/ml bovine 
pituitary extract, 5 ng/ml EGF, 100 U/ml penicillin and 
100 U/ml streptomycin. Rat embryo fibroblasts (REF52) 
and COS7 cells were grown in DMEM (Life Technologies) 
containing 10% fetal calf serum (FCS).  
REF52 cells and MD-EBS keratinocytes were transiently 
transfected with cDNA constructs using Lipofectin (Life 
Technologies) according to the manufacturer’s 
instructions. COS7 cells were transiently transfected with 
cDNA constructs using the DEAE-dextran method (Seed 
and Aruffo, 1987). 

The rabbit polyclonal antibodies against the extracellular 
domain of β4 (H-101), the IL2-Rα (N-19) and the 
hemagglutinin (HA)-epitope (Y-11), and the mAb 12CA5 
against the HA-epitope were purchased from Santa Cruz 
Biotechnology, Inc. (Santa Cruz, CA). The mAb 346-11A 
against β4 was purchased from Pharmingen (San Diego, 
CA). The rabbit polyclonal antibody against filamin-B 
was a kind gift from Dr. S. Shapiro (Thomas Jefferson 
University, Philadelphia, PA), and the rabbit polyclonal 
antibody (P2) against plectin was a generous gift from 
Dr. H. Herrmann (German Cancer Research Center, 
Heidelberg, Germany). Donkey anti-rabbit horseradish 
peroxidase-conjugated antibody was purchased from 
Amersham Biosciences (Piscataway, NJ), and FITC-
conjugated goat anti-mouse antiserum from Rockland 
(Gilbertsville, PA). Goat anti-rabbit and anti-mouse 
Texas Red-conjugated antibodies, and Alexa 568-
conjugated phalloidin were obtained from Molecular 
Probes (Eugene, OR). 
 
cDNA Constructs 
All nucleotide and amino acid positions have been given 
a number with the ATG initiation codon at position 1. 
Plasmid inserts were generated by PCR, using the 
proofreading Pwo DNA polymerase (Roche Molecular 
Biochemicals, Indianapolis, IN) and gene-specific sense 
and antisense primers containing restriction site tags. All 
plasmid inserts were verified by sequencing, and protein 
expression and their size were confirmed by Western 
blotting. 
The GAL4 fusion plasmids used in this study are 

depicted in Figures  2 and 7C. The construction of β41115-

1457 and plectin-1C1-339, fused in-frame to the GAL4 
activation domain (AD) of the pACT2 vector (Clontech, 
Palo Alto, CA), and of plectin-1C1-339, plectin-∆165-339, 
dystrophin1-337, plectin-1C1-65/dystrophin11-337 and 
dystonin-21-336, fused in-frame to the GAL4 DNA-binding 
domain (BD) of the pAS2.1 vector (Clontech), has been 
described previously (Geerts et al., 1999; Fontao et al., 
2001). Plectin-1A1-312 was generated from a human 
keratinocyte cDNA library by PCR using appropriately 
synthesized pairs of oligonucleotide primers with BamHI 
and SalI sites at the 5’ and 3’ end and cloned into the 
corresponding site of the pAS2.1 vector. In a similar way, 
a chimeric β4/plectin construct (unrelated sequence 
(URS)1-65/plectin65-339) was created by inserting a PCR-
amplified cDNA fragment of β4753-818 in front of plectin-
∆165-339. Exon 1A and 1C of the PLEC1 gene were 
amplified by PCR, using plectin 1A1-312 and plectin 1C1-339 
as templates. The various plectin point mutants were 
generated by the PCR overlap extension method. 
Dystonin-11-388 was obtained by RT-PCR on mRNA 
isolated from SK-N-MC cells (ATCC HTB-10), and 
filamin-A1-365, filamin-B1-338, utrophin1-363 and α-actinin1-

337 by PCR using full length cDNAs for these proteins as 
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templates. The full-length cDNA for utrophin was kindly 
provided by Dr. S.J. Winder (University of Glasgow, 
Glasgow, UK), and that for α-actinin was a kind gift from 
Dr. D.R. Critchley (University of Leicester, Leicester, 
UK). Chimeras of the filamin-A and-B, utrophin, and α-
actinin ABDs with the peptides encoded by exon 1A or 1C 
of the PLEC1 gene were generated by cloning the exonic 
sequences of 1A or 1C in front of the cDNAs for these 
ABDs. The plectin-1A1-38/dystrophin11-337 chimera was 
made by replacing the exonic 1C sequence in plectin-1C1-

65/dystrophin11-337 with that of exonic 1A.  
Full-length plectin-1C in pcDNA3-HA, a derivative of the 
eukaryotic expression vector pcDNA3 (Invitrogen Corp., 
Carlsbad, CA) that contains an extra sequence 5’ of the 
multiple cloning site encoding the HA tag, was 
assembled in several steps. First, the fragments 1-296 
and 284-606 were generated by PCR using plectin-1C1-339 
and pPLEC (a kind gift from Dr. T. Magin, University of 
Bonn, Germany) as templates. These products were then 
fused by overlap extension PCR and cloned into 
pcDNA3-HA, resulting in plectin-1C1-606. Subsequently, 
plectin-1C1-2532 was obtained by cloning an EcoRI-BstEII 
fragment from the pPLEC clone and a fragment of 
plectin2443-2532 obtained by PCR on a keratinocyte cDNA 
library using primers containing BstEII and BamHI 
restriction sites, into the EcoRI/BamHI site of plectin-
1C1-606. The final fragment plectin2532-4574 was isolated 
from pPLEC by sequential digestion with EcoRI, Klenow 
fragment and HindIII. This fragment was then ligated 
into plectin-1C1-2532, by using XbaI (with blunt end) and 
HindIII restriction sites, generating a full-length plectin-
1C1-4574 cDNA clone. To construct the full-length plectin-
1A and plectin-∆1 cDNA constructs, PCR fragments of 
plectin-1A1-312 and plectin-∆165-339 were amplified with an 
EcoRV site in the upstream primers and digested with 
EcoRV. Subsequently, the EcoRV-fragment from plectin-
1C1-4574, using the EcoRV-site at position 332 of the ABD 
DNA, was replaced with the PCR derived EcoRV 
fragments of plectin-1A and -∆1. Plectin-1C1-339 in 
pcDNA3-HA has been described previously (Geerts et al., 
1999). The other plectin ABD constructs were prepared 
by exchanging EcoRV-fragments as described above. 
Dystrophin1-337 in pcDNA3-HA was generated by PCR 
and subsequent cloning into pcDNA3-HA. Full-length 
plectin-1C/dystrophin-ABD was generated by exchanging 
the plectin-ABD in full-length plectin-1C with the 
dystrophin-ABD. 
The IL2R/β4cyto chimera in pCMV has been described 
previously (Nievers et al., 1998). 
The plectin-ABD constructs were isolated from pAS2.1 
plectin-ABD (described above) and inserted into the 
bacterial GST-fusion protein expression vector pRP261, a 
derivative of the pGEX-3X vector (Amrad Corp. Ltd., 
Melbourne, Australia) that contains a slightly modified 

multiple cloning site for the production of recombinant 
GST fusion proteins. 
 
Immunohistochemistry  
Cryosections of mouse epithelial tissue (5-6 µm thick) 
placed on glass slides were fixed for 5 min in acetone at -

20°C. Nonspecific binding was blocked by incubating the 
sections for 45 min in PBS containing 2% bovine serum 
albumin (BSA). After rinsing in PBS, the slides were 
incubated with primary antibodies, washed three times 
with PBS and subsequently incubated with secondary 
antibodies. The sections were washed again and 
coverslips were then mounted onto the glass slides with 
VectaShield antifade (Vector Laboratories, Inc., 
Burlington, CA). 
 
RT-PCR 
Immortalized PA-JEB/β4 (PA-JEB cells in which β4 has 
been reconstituted by retroviral introduction; Sterk et al., 
2000) and MD-EBS keratinocytes were grown for 3 d in 
keratinocyte SFM, supplemented with bovine pituitary 
extract and EGF (low Ca2+ medium) or in a 1:3 mixture of 
Ham’s F12 and DMEM supplemented with 5% (vol/vol) 
FCS (high Ca2+ medium). RNA was isolated using RNA-
Bee (Tel-test, Inc., Friendswood, TX) and cDNA was 
made using Superscript reverse transcriptase (Invitrogen 
Corp.). The cDNA was used for PCR with plectin-1A- or 
plectin-1C-specific primers. 
 
Yeast Two-Hybrid Assay 
Yeast strain Saccharomyces cerevisiae PJ69-4A (a gift 
from Dr. P. James, University of Wisconsin, Madison, 
WI), which contains the genetic markers trp1-901, leu2-
3, his3-200, gal4∆, gal80∆, LYS2::GAL1-HIS3, GAL2-
ADE2 (James et al., 1996), was used as the host for the 
two-hybrid assay. It contains two tightly regulated 
reporter genes, his and ade, making it suitable for the 
sensitive detection of protein-protein interactions. The 
use of PJ69-4A was essentially as described by 
Schaapveld et al., 1998) and Geerts et al., 1999). Equal 
aliquots of transformed cells were spread out on plates 
containing yeast synthetic complete medium lacking leu 
and trp (vector markers; SC-LT) or lacking leu, trp, his 
and ade (vector and interaction markers; SC-LTHA). The 

plates were scored after 5 and 10 d of growth at 30°C. 
The plating efficiencies on SC-LTHA plates, as compared 
with the plating efficiency on SC-LT plates were used as a 
measure of the strength of the signal generated by the 
two-hybrid interaction. Expression of the fusion proteins 
was analyzed by immunoblotting with antibodies against 
the GAL4 Activation Domain (AD) or GAL4 DNA-
binding Domain (BD; sc-1663 and sc-510 respectively; 
Santa Cruz Biotechnology). As a quantitative method to 
measure the strength of interactions, we used a yeast β-
galactosidase assay kit (Pierce Chemical, Rockford, IL), 
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essentially as described by the manufacturer. In short, 
three times 5 yeast colonies were picked from the SC-
LTHA plates if possible, otherwise from the SC-LT plates 
and grown to OD660 of 0.6-0.8 in SC-LT medium. After 
measuring the OD, 100 µl of the cultures was pipetted in 
triplo into a 96-wells plate and 100 µl of the β-
galactosidase assay mixture was added. OD405 was 
measured at several time points. 
 
Immunofluorescence microscopy 
MD-EBS keratinocytes, grown on glass coverslips, were 
transfected with HA-tagged constructs and switched to 
Ham’s F12/DMEM (1:3) containing 5% (vol/vol) FCS, 24 
hours before incubation with antibodies. The cells were 
fixed with freshly prepared 1% (wt/vol) 
paraformaldehyde in PBS for 10 min at room 
temperature and permeabilized with 0.5% (vol/vol) 
Triton X-100 in PBS for 5 min at room temperature. 
After rinsing in PBS and blocking with 2% (wt/vol) BSA 
in PBS for 60 min at room temperature, the cells were 
incubated with primary antibodies (rabbit anti-β4 and 
mouse anti-HA) in PBS containing 2% BSA for 45 min at 
room temperature. After washing with PBS, cells were 
incubated with FITC-labeled anti-mouse IgG and Texas-
Red-labeled anti-rabbit IgG for 45 min at room 
temperature. 
REF52 cells were transfected with HA-tagged plectin-
ABD constructs. Immunolabeling was essentially as 
described above for MD-EBS cells, except that the cells 
were fixed with 3% (wt/vol) paraformaldehyde in PBS. 
Instead of rabbit anti-β4 and Texas-Red-labeled anti-
rabbit IgG, Alexa 568-conjugated phalloidin was used in 
order to stain F-actin. 
After rinsing in PBS, the coverslips were mounted onto 
glass slides in Mowiol mounting medium (Calbiochem, 
San Diego, CA) containing 2.5% DABCO (Sigma-Aldrich, 
St. Louis, MO). Immunofluorescence images were taken 
using a Leica confocal laser scanning microscope. 
 
In vitro binding assay and immunoblotting 
COS-7 cells were transiently transfected with IL2R/β4cyto 
chimera and different plectin-HA-tagged ABD 
constructs. Thirty-two hours after transfection, cells were 
lysed with m-Per buffer (Pierce), containing a cocktail of 
protease inhibitors (Sigma-Aldrich). After the lysates 
were cleared by centrifugation at 14,000 x g for 10 min at 

4°C, mAb 12CA5 was added and the mixture was 

incubated o/n at 4°C. GammaBind G Sepharose 
(Amersham Biosciences), preincubated with BSA to 
block nonspecific binding sites, were incubated with the 

lysates for 1 h at 4°C. The beads were washed three times 
with m-Per buffer, dissolved in SDS-sample buffer and 
analyzed by SDS-PAGE. Proteins were transferred to 
Immobilon-PVDF membranes (Millipore Corp., Bedford, 
MA) and after incubation with 2% nonfat dried milk, 

dissolved in TBS containing 0.05% Tween-20, to block 
nonspecific binding sites, the blots were incubated with 
first and secondary antibodies. As a substrate for the 
horseradish peroxidase enzyme, SuperSignal West Dura 
(Pierce) was used. 
 
Purification of Recombinant Fusion Proteins 
The Escherichia coli strain BL21(DE3) (Novagen, 
Madison, WI) was transformed with different 
recombinant pRP261 plasmids. Colonies obtained were 
used to inoculate Luria Bertani medium containing 100 
µg/ml ampicillin and cultures were grown overnight at 

37°C. Cultures were then diluted 1:20 in fresh medium, 

grown to an OD600 of 0.7 at 37°C and induced by the 
addition of isopropyl-1-thio-β-D-galactopyranoside 

(IPTG) to 0.2 mM overnight at 25°C. Bacteria were 
harvested by centrifugation at 4,000 x g, resuspended in 
column buffer (50 mM Tris-HCl, pH 7.6, 100 mM NaCl, 1 
mM EDTA, 0.1% [vol/vol] Triton X-100, 10% [vol/vol] 
glycerol and a cocktail of protease inhibitors), and 
subjected to sonication. Lysates were cleared by 

centrifugation for 30 min at 10,000 x g and 4°C, and the 
supernatants were incubated with glutathione Sepharose 
beads (Amersham Biosciences). Beads with affinity-
bound proteins were washed with column buffer, 
equilibrated with elution buffer (50 mM Tris-HCl, pH 
8.0, 100 mM NaCl, 1 mM EDTA, 0.1% [vol/vol] Triton X-
100, 10% [vol/vol] glycerol and protease inhibitors), and 
eluted in elution buffer containing 10 mM glutathione. 
Buffers containing the eluted fusion-proteins were 
exchanged in PBS containing 5% glycerol by dialysis, and 
proteins were concentrated using Centricon 10 filters 
(Millipore Corp.). 
 
Actin Binding Assay 
Prior to assaying the binding of recombinant proteins to 
F-actin, they were clarified by centrifugation at 150,000 

x g for 1 h at 24°C and kept on ice in PBS. Actin 
cosedimentation assays were performed with a 
Nonmuscle Actin Binding Protein Biochem kit 
(Cytoskeleton Inc., Denver, CO) as described by the 
supplier. In brief, actin was allowed to polymerize for 1 h 
at room temperature. Actin filaments were incubated 
with the different GST-plectin-ABD proteins for 30 min 
and subsequently pelleted by centrifugation at 150,000 x 

g for 1.5 h at 24°C. Equal amounts of pellet and 
supernatant were resolved by SDS-PAGE and proteins 
were visualized by Coomassie Brilliant Blue staining. 
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Plectin-β4 complex 

Modeling and Experimental Validation of the Binary 
Complex of the Plectin Actin-Binding Domain and the 

First Pair of FNIII Domains of the β4 Integrin 
 
Sandy H.M. Litjens, Kevin Wilhelmsen, José M. de Pereda, Anastassis Perrakis and 
Arnoud Sonnenberg 
 
 
The binding of plectin to the β4 subunit of the α6β4 integrin is a critical 
step in the formation of hemidesmosomes. An important interaction 
between these two proteins occurs between the actin-binding domain 
(ABD) of plectin and the first pair of fibronectin type III (FNIII) domains 
and a small part of the connecting segment (CS) of β4. Previously, a few 
amino acids, critical for this interaction, were identified in both plectin and 
β4 and mapped on the crystal structures of the ABD of plectin and the first 
pair of FNIII domains of β4. In the present study, we used this biochemical 
information and protein-protein docking calculations to construct a model 
of the binary complex between these two protein domains. The top scoring 
computational model predicts that the calponin-homology 1 (CH1) domain 
of the ABD associates with the first and the second FNIII domains of β4. 
Our mutational analysis of the residues at the proposed interface of both 
the FNIII and the CH1 domains is in agreement with the suggested 
interaction model. Computational simulations to predict protein motions 
suggest that the exact model of FNIII and plectin CH1 interaction might 
well differ in detail from the suggested model due to the conformational 
plasticity of the FNIII domains, which might lead to a closely related but 
different mode of interaction with the plectin-ABD. Furthermore, we show 
that S1325 in the CS of β4 appears to be essential for the recruitment of 
plectin into hemidesmosomes in vivo. This is consistent with the proposed 
model and previously published mutational data. In conclusion, our data 
support a model in which the CH1 domain of the plectin-ABD associates 
with the groove between the two FNIII domains of β4. 
 
 
Introduction 
 
Several kinds of skin blistering diseases 
are known to be due to defects in the 
adhesion of basal cells of the epidermis to 

the underlying basement membrane. A 
severe and fatal skin blistering disease 
called pyloric atresia associated with 
junctional epidermolysis bullosa (PA-
JEB) is caused by the loss of expression of 
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either the α6 or the β4 integrin subunit 
(Vidal et al., 1995; Ruzzi et al., 1997). In 
addition, missense mutations in the gene 
encoding β4 have been described in 
patients with a non-lethal form of 
epidermolysis bullosa (EB) (Pulkkinen et 
al., 1998; Nakano et al., 2001). These 
mutations (R1225H and R1281W) have 
been shown to result in a failure of β4 to 
recruit the intermediate filament linker 
protein plectin into the epithelial adhesive 
superstructures called hemidesmosomes 
(Koster et al., 2001). Similarly, the loss or 
a reduced expression of plectin results in 
a skin blistering disorder called 
epidermolysis bullosa simplex associated 
with muscular dystrophy (MD-EBS). This 
further confirms the importance of the 
interaction of α6β4 with plectin in 
maintaining epithelial integrity (Gache et 
al., 1996; McLean et al., 1996; Smith et 
al., 1996; Andrä et al., 1997). 
Hemidesmosomes are protein complexes 
that mediate the stable anchoring of basal 
cells to the basement membrane in 
epithelial tissues (Koster et al., 2004a). 
Two types of hemidesmosomes can be 
distinguished, type I and type II. Type I 
hemidesmosomes are present in 
squamous and complex epithelia and 
have a complex ultrastructure consisting 
of an inner and outer dense plaque, 
separated by an electron-lucent region. 
They contain at least six distinct proteins: 
the two subunits of the integrin α6β4 
(Stepp et al., 1990; Sonnenberg et al., 
1991; Jones et al., 1991), plectin (Hieda et 
al., 1992; Gache et al., 1996), the bullous 
pemphigoid antigens BP180 (Giudice et 
al., 1992) and BP230 (Skalli et al., 1994), 
and the tetraspanin CD151 (Sterk et al., 

2000). Type II hemidesmosomes are 
present in simple epithelia, such as that of 
the gut, and consist of clusters of α6β4 
bound to its substrate laminin-5, plectin, 
and possibly CD151. These less complex 
hemidesmosomes demonstrate the 
importance of the interaction of plectin 
with β4 in the assembly of 
hemidesmosomes. Indeed, studies with 
cultured keratinocytes have shown that 
the incorporation of BP180 and BP230 
into hemidesmosomes requires the prior 
recruitment of plectin by α6β4 (Koster et 
al., 2003; Koster et al., 2004b). 
Plectin binds to β4 via its N-terminal 
actin-binding domain (ABD), and as a 
result, the association of the ABD with F-
actin is prevented (Geerts et al., 1999; 
Litjens et al., 2003). The plectin-ABD has 
previously been shown to interact with 
the first pair of fibronectin type III 
(FNIII) domains of β4 (Geerts et al., 1999; 
Litjens et al., 2003). However, the 
resulting association is not sufficient for 
efficient recruitment of plectin into 
hemidesmosomes. Additional interactions 
of the plectin plakin domain with sites in 
the connecting segment (CS) and C-tail of 
β4 must occur to stabilize the association 
and to enable plectin to be recruited into 
hemidesmosomes (Koster et al., 2004b). 
The crystal structures of both the plectin-
ABD and the first pair of FNIII domains 
of β4 have been determined (García-
Alvarez et al., 2003; de Pereda et al., 
1999, Sevcik et al., 2004), but not the 
structure of the complex of the two 
proteins.  
To predict critical residues of β4 and the 
plectin-ABD that are involved in their 
interaction, we constructed a 
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computational model based on the 
individual crystal structures using the 3D-
Dock programs (Gabb et al., 1997). One of 
the top scoring solutions, as suggested by 
the scoring function implemented in 3D-
Dock, satisfied all biochemical 
information that was available at the 
time. On the basis of that model, we 
tested residues on the predicted protein-
protein interface through mutagenesis 
followed by yeast two-hybrid and pull-
down assays. This analysis, combined 
with computational simulations to predict 
protein-protein motions, confirmed the 
proposed model. In addition to validating 
the computational model, we identified 
S1325 of β4 (which was not included in 
the model, as the β4 crystal structure only 
comprises residues 1126-1320) as a 
critical residue necessary for the 
interaction of β4 and plectin in vivo. 
 
 
Results 
 
Computational model of the complex of 
the plectin-ABD with β4. 
Since the complex of plectin with β4 has 
not been crystallized, we used the 
separate crystal structures of plectin 
(1MB8) and β4 (1QG3) and the 3D-Dock 
program suite (Gabb et al., 1997) to 
construct possible models of their binary 
complex. The best documented 
biochemical data available suggested that 
N149 of plectin and R1225 and R1281 of 
β4 are essential for their interaction 
(Koster et al., 2001; Litjens et al., 2003). 
From the 3D-Dock solutions scored by the 
residue level pair potential empirical 
score (RPscore), we first selected those 

that satisfied a criterion for proximity of 
N149 to β4 residues. After filtering the list 
of solutions for proximity of R1281 to 
plectin, most top RPscore ranking 
solutions were maintained. Filtering for 
proximity of R1225 eliminated the top 
ranking solutions. Filtering the initial list 
of solutions with either N149 or R1281 
alone, or with the two together, the same 
top ranking solution was selected. 
Notably, this solution had the third 
overall RPscore (5.024) and the second 
best overall Surface Complementarity 
score (SCscore, 242). Thus we decided to 
examine that model manually, ignoring 
the criterion for proximity of R1225. It 
became immediately obvious that the side 
chain of R1225 of β4 could easily adopt a 
conformation that would allow 
interaction with plectin residues. Given 
that the relatively high atomic 
displacement factor (B value) for the 
R1225 atoms (between 26 and 31 Å2, 
compared to an overall B value from the 
Wilson plot of around 14) and the lack of 
specific interactions with any other atoms 
in the β4 structure, it is very likely that 
this residue can indeed adopt alternative 
conformations and interact with plectin, 
whereas the overall model is preserved. 
Thus we decided to use that model 
(shown in Figure 1A) as a guide to further 
predict residues that are likely to be 
involved in the β4-plectin interaction. The 
region of β4 predicted to interact with the 
plectin-ABD extends over an interdomain 
region that includes the C-C’ and E-F 
loops in the first FNIII and the lower part 
of the ABE sheet and the B-C loop of the 
second FNIII domain. Furthermore, the 
CH1 domain, but not the CH2 domain, of 
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Figure 1. A schematic representation 
of a general view of the complex 
between the first two β4 FNIII 
domains and the plectin-ABD. (A) The 
two FNIII domains are in cyan, the CH1 of 
the ABD is in magenta, and the CH2 is in 
red. The residues discussed in the text are 
drawn as stick models. All nitrogens are 
bright blue, and oxygens are bright red, 
whereas the carbon atoms are: yellow for 
the residues known to be important for 
binding and were used as anchor points in 
docking; orange for residues that were 
known to be important for binding, were 
not used as anchor points in docking, but 
gave initial indications that the docking was 
correct; green for residues mutated in the 
present study; their mutation abrogated 
binding, and thus they directly confirm the  
model; dark red for residues mutated in the 
present study but that do not confirm the 
model; and dark blue for residues that were 
mutated in the present study or previously 
and had no effect on binding, thus 
confirming the model indirectly. N- and C-
termini as well as imortant secondary 
structure elements are labeled. (B) A stereo 
view close to the one in panel A. The color 
scheme is identical to the latter panel, but 
all residues are now also labeled. (C) A 
schematic representation of suggested 
relative protein motions of the FNIII 
domains. The orange arrows indicate the 
suggested rotations, whereas the 
approximate rotation axes are in black. (D) 
A suggested mode of binding of the CS to 
the CH2 or CH1 domains of plectin. 

 

 

the plectin-ABD was predicted to be 
involved in direct binding to this 
interdomain region of β4. The region of 
the CH1 domain of plectin predicted to 
bind to β4 contains helices E and F and 
the loop preceding helix C, which is in 
close proximity to helix E. Apart from 
N149 in plectin and R1225 and R1281 in 
β4, Q131 and R138 in plectin had 
previously been reported to be important 
for the interaction with β4, whereas D135 

was shown not to be essential for binding 
(Litjens et al., 2003). Indeed, D135 was 
not predicted to be involved in the 
binding, and Q131 was calculated to 
interact with D1166 in β4 (Figure 1B). 
However, in our model R138 was not 
shown to be close to any of the residues in 
β4. It was, however, possible that the 
E1170 in β4 could adopt a conformation 
that would allow the formation of a salt 
bridge with R138, and thus E1170 was 
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chosen as a putative binding partner of 
R138 in plectin. The model also confirms 
that the amino acids of the plectin-ABD, 
that were shown not to be required for 
binding to β4 in yeast two-hybrid assays 
(D113, V178, E183, D184, K188, E189, 
E200, Q203, D208), are indeed not 
essential (S.H.M. Litjens, unpublished 
results).  
 
Verification of the critical residues in the 
binding sites on plectin. 
Based on the predicted interactions 
between amino acids, we generated 
plectin mutants that were tested in a yeast 
two-hybrid assay (Figure 2A). The amino 
acids in plectin were replaced by the 
corresponding amino acids in the 
dystrophin-ABD, which does not bind to 
β4 (Geerts et al., 1999; Litjens et al., 
2003). Each single point mutation of the 
indicated amino acids (E95S, R98Q, 
R121S, R123W, R123E and K126A) 
completely abrogated the binding of the 
plectin-ABD to β4 in yeast two-hybrid 
assays. R123, which is conserved in 
plectin and dystrophin, was replaced by a 
tryptophan to introduce a bulky side 
chain, or a glutamic acid to introduce an 
opposite charge. These two mutations had 
the same effect, i.e. they abrogated 
binding to β4. It is unlikely that the loss of 
binding is a result of destruction of the 
structure of the ABD since all mutants, 
except E95S, were still able to form 
dimers with the wild-type plectin-ABD 
(Figure 2A; Fontao et al., 2001). Since the 
expression of the plectinE95S-ABD mutant 
could be confirmed in yeast, its size was 
as expected, and E95 is highly exposed to 
the solvent, this residue is probably im- 
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Figure 2. Verification of the plectin-binding 
surface. Binding of the plectin-ABD mutants to wild- 
type (wt) β4 and wild-type plectin-ABD in yeast two-
hybrid assays (A) or to IL2R-β4 in pull-down assays (B). 
(+) scoring of the interaction in A indicates plating 
efficiencies on selective plates greater than 80% of those 
on non-selective plates at 5 days of growth. (-) scoring 
indicates no colonies after 10 days of growth. IP, 
immunoprecipitation; WB, Western blot. 
 

 
portant for the dimerization of the ABD, 
rather than critical for its correct folding. 
The yeast two-hybrid results were 
confirmed by pull-down assays using HA-
tagged plectin mutants and the 
IL2R/β4cyto chimera, as described 
previously (Litjens et al., 2003). As shown 
in Figure 2B, almost all of the plectin-
ABD mutants did not at all bind, or only 
very poorly, to the IL2R-β4 chimera. The 
plectinR121S-ABD mutant however, showed 
clear binding activity towards the 
IL2R/β4cyto chimera, but much less than 
the wild-type plectin-ABD.  
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Figure 3. Verification of the β4-binding surface. Binding of the β4 mutants (mut.) to wild-type (wt) plectin-ABD 
in yeast two-hybrid assays (A, B, and D) and in pull-down assays (C and D). (+) scoring of the interaction in A and D 
indicates plating efficiencies greater than 70% at 5 d of growth. (-) scoring indicates no colonies at 5 d of growth or an 
efficiency of less than 10% at 10 d of growth. The values representing the quantitative β-galactosidase assay (B) are 
arbitrary and representatives of multiple assays. The negative control (Neg. Contr.) is represented by the interaction 
after cotransfection of the plectin-ABD in pAS2.1 and a mock pACT2 vector (Mock). The positive control (Pos. Contr.) 
is represented by the interaction between PTP1-1 and PVA3-1. The values in C and D indicate the relative strength of 
interaction, calculated by determining the percentage of coprecipitated IL2R-β4, as compared with the total IL2R-β4 
and correcting this value for the amount of precipitated HA-plectin-ABD. AD, activation domain; BD, binding domain; 
IP, immunoprecipitation; WB, Western blot. 
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These findings confirm that combining 
the model constructed by the 3D-Dock 
program together with the initial 
biochemical data correctly predicts the 
critical residues in the binding surface on 
the plectin-ABD molecule. 
 
Verification of the critical residues in the 
binding sites on β4 
Based on the predicted interactions, we 
generated β4 mutants and tested them in 
a yeast two-hybrid assay (D1166W, 
E1170W, Y1187W, P1243W, A1244W and 
E1245W; Figure 3A). We chose to initially 
replace all these amino acids by a bulky 
tryptophan residue, to create as much 
“steric expulsion” as possible while 
eliminating available hydrogen bond 
donors and acceptors. Since not all of 
these mutations in β4 abrogated the 
binding to the plectin-ABD in yeast two-
hybrid assays, which were quantified 
using a β-galactosidase assay (Figure 3B), 
we opted for a second round of mutations 
(loop 1164-QGDSESE-1170 in the first 
FNIII domain was replaced by amino 
acids 1260-VNDDNRPIGP-1269 of the 
complementary loop in the second FNIII 
domain, Y1187R/C1190R, R1141E and 
R1214E) to further test our hypothesis 
(Figure 3D). Because the interdomain 
orientation of the two FNIII domains may 
be flexible, mutations were generated in 
all three loops and the linker between the 
two FNIII domains. The results of the 
yeast two-hybrid assays were confirmed 
in pull-down assays using a wild-type HA-
tagged plectin-ABD and mutants of the 
IL2R/β4cyto chimera (Figure 3, C and D). 
Replacement of P1243 and A1244 in β4 
resulted in a complete and significant loss 

of binding to plectin, respectively. 
Substitution of E1245 had no effect on the 
binding. However, although it lies next to 
A1244, this residue points away from the 
interface in the suggested model. 
Mutation of E1170 did not affect binding, 
but the hypothesis that E1170 is involved 
in the binding to plectin R138 was not 
directly suggested by the model (see 
above). Substitution of Y1187 by 
tryptophan did not result in loss of 
binding, but we suggest that it maintained 
a hydrophobic contact of the aromatic 
ring with R123 of the plectin-ABD. 
Therefore, Y1187 was mutated to arginine, 
along with the neighboring C1190, which 
together bracket the EF loop. In support 
for our hypothesis, the Y1187R/C1190R 
mutant was unable to bind plectin. 
Mutation of D1166, predicted to interact 
with N149 and Q131 in the plectin-ABD, 
or substitution of the whole 1164-1170 
loop had only little effect on the binding. 
The replacement of D1166 by tryptophan 
is expected to induce important changes 
in the β4 surface, and the fact that it does 
not influence the binding of β4 to the 
plectin-ABD implies that D1166 is not 
involved in the direct binding to the 
plectin-ABD. Moreover, the fact that 
substitution of the whole CC’ loop to 
which D1166 belongs has no profound 
effect on binding, confirms the idea that 
this loop does not make crucial contacts 
with the plectin-ABD. Substitution of 
R1141 in the AB loop and R1214 in the G2 
β-strand preceding the linker between the 
two FNIII domains to glutamic acids had 
no effect on binding, which is in support 
of our model.  
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Our data collectively suggest that 
although some conformational flexibility 
and deviations from the proposed model 
are likely, they should not be significant 
enough to bring totally different surface 
areas of the FNIII domains in contact 
with the plectin ABD. Probably, 
conformational flexibility of the two FNIII 
domains allows them to adopt different 
orientations in solution, one of which is 
“frozen” in the crystal structure. 
Alternatively, their relative orientation 
may be different in the full-length protein 
or there may be an induced fit upon 
complex formation with the plectin-ABD. 
In summary, our results indicate that the 
EF loop of the first FNIII domain that 
contains Y1187 and C1190 and the BC 
loop of the second FNIII domain that 
contains the amino acids P1243 and 
A1244 are important for the interaction 
with the plectin-ABD.  
 
Predictions of protein motion 
To support the idea that the relative 
orientation of the two FNIII domains may 
vary, we performed computational 
simulations of protein dynamics. Two 
opposing “screw” movements of each 
domain along the long interdomain axis 
compose the major motion between the 
two FNIII domains (Figure 1C, left 
picture). Such a movement, even if small, 
can dramatically change the area that is 
available for complex formation. This 
provides an excellent explanation for our 
biochemical findings showing that the 
interacting residues of the second FNIII 
domain of β4 were predicted correctly but 
that the prediction of residues of the first 
FNIII domain was only partially correct. 

A small rearrangement, such as the 
movement along the interdomain axis, 
might lead to the presentation of different 
residues on the first FNIII domain for 
binding to the plectin-ABD. The two other 
predicted major motions correspond to 
two orthonormal “bending” motions of 
the region between the two FNIII 
domains (Figure 1C, middle and right 
pictures), which would also lead to the 
presentation of other residues for plectin 
binding. The predicted motions for the 
plectin-ABD, which change the relative 
orientation of the CH1 and CH2 domains, 
are minor and do not allow any further 
significant conclusions (not shown). 
 
Role of the CH2 domain of plectin, the 
sequence preceding the plectin-ABD, and 
the connecting segment of β4. 
The predicted model does not implicate 
the CH2 domain of plectin in the 
association with β4. Nevertheless, we 
have shown previously that the presence 
of the CH2 domain is essential for the 
interaction with β4 (Geerts et al., 1999). 
To test the hypothesis that the CH2 
domain might be required for the proper 
folding of the plectin-ABD, we swapped 
the CH2 domain of plectin with that of 
dystrophin, which does not bind to β4 
(Litjens et al., 2003). We would expect 
that the chimeric ABD still binds to β4 if 
the CH2 domain of plectin is only 
necessary for structural reasons. Binding 
was tested in a yeast two-hybrid assay 
(Figure 4A). The CH1 plectin-1C/CH2 
dystrophin chimera did not bind to β4, 
indicating that the correct plectin-CH2 
domain is essential for the interaction 
with β4, either directly or indirectly.  
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The two crystal structures used for the 
modeling lack the sequence preceding the 
ABD of plectin and the CS of β4. 
However, the sequence preceding the 
plectin-ABD has been found to be an 
important modulator of the affinity of this 
protein for β4 (Litjens et al., 2003). Our 
model does suggest that this sequence will 
be in close proximity to the actual binding 
site (Figure 1A), and therefore, does 
support the concept that this sequence 
modulates affinity. Furthermore, the CS 
of β4 was found to be extremely 
important for the interaction with plectin. 
In fact, deletion of 27 amino acids of the 
CS from position 1328 to 1355 abrogates 
the ability of β4 to recruit plectin into 
hemidesmosomes in vivo (Schaapveld et 
al., 1998; Geerts et al., 1999). Since the CS 
was not present in the crystal structure of 
β4, this part of the actual binding surface 
between β4 and plectin could not be 
modeled. However, analogous to the 

sequence preceding the plectin-ABD, the 
entire CS of β4 is ideally placed for 
interaction with the plectin-ABD (Figure 
1A).  
So both the N-terminal sequence of 
plectin and the CS of β4 are in close 
proximity of the binding interface and 
may therefore regulate this interaction. 
 
Identification of S1325 in the β4 CS as 
important residue for interaction with 
plectin in vivo 
To determine residues present within the 
CS of β4 that are important for the 
regulation of the interaction with plectin, 
we first decided to mutate serine residues 
that are present in consensus sequences 
of protein kinases. It is well documented 
that serine phosphorylation can modulate 
protein-protein interactions. S1325 is part 
of a consensus site for phosphorylation by 
protein kinase A (PKA) and Cam Kinase II 
(CaMKII) and is located in the region that 
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Figure 4. Role of the CH2 domain of plectin and the CS of β4. (A) Yeast two-hybrid analysis of the interaction 
between β4 and a plectin-1C CH1/dystrophin CH2 chimera. (B) Biochemical analysis of the interaction between 
plectin-ABD and β4S1325A/E mutants. WB, Western blot; IP, immunoprecipitation; wt, wild-type. (C) Recruitment of 
plectin into hemidesmosomes by β4S1325A/E mutants in PA-JEB/β4 cells. PA-JEB/β4, PA-JEB/β4S1325A and PA-
JEB/β4S1325E cells were stained for β4 (red) and plectin (green). Colocalization appears as yellow. 
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was previously shown to be critical for 
high affinity binding to β4 (Geerts et al., 
1999; Koster et al., 2004b). To establish 
whether S1325 is involved in regulating 
the interaction between the plectin-ABD 
and β4, we replaced this residue by 
alanine to prevent phosphorylation and to 
glutamic acid to mimic phosphorylation. 
The mutants were tested for plectin 
binding in pull-down assays and for their 
ability to recruit plectin into 
hemidesmosomes (Figure 4, B and C). In 
pull-down assays, binding to plectin-1A 
was completely lost with the S1325A 
mutation and completely lost or 
significantly decreased with the S1325E 
mutation, depending on the experiment 
(Figure 4B). On the other hand, only the 
alanine, but not the glutamic acid 
mutation, decreased binding to plectin-1C 
(Figure 4B). This difference in binding of 
plectin-1A and plectin-1C to the mutants, 
once more indicates the importance of the 
sequences preceding the plectin-ABD. In 
addition, both mutations had a strong 
effect on the recruitment of plectin into 
hemidesmosomes (Figure 4C). Hardly any 
endogenous plectin was found in the 
hemidesmosomes of the PA-JEB/β4S1325A 
or PA-JEB/β4S1325E mutant cell lines, 
which is in agreement with the 
observation that mainly plectin-1A is 
present in hemidesmosomes of 
keratinocytes (Andrä et al., 2003). These 
results indicate that S1325 is crucial for 
the recruitment of plectin into 
hemidesmosomes. In the very few 
hemidesmosomes in which plectin was 
present (Figure 4C, arrow), it was possibly 
recruited by BP180 and/or BP230. 

The fact that both the alanine and 
glutamic acid mutants had similar effects 
in vivo suggests that either glutamic acid 
does not mimic a phosphorylated serine 
residue in this case or S1325 is not a 
phosphorylation site. To further 
investigate this, we stimulated PA-JEB 
keratinocytes, expressing the S1325A 
mutant or wild-type β4, with calyculin A 
in the presence of [32P]orthophosphate 
and subjected the phosphorylated β4 
subunit to phosphopeptide mapping 
analysis (Figure 5). Calyculin A inhibits 
the serine/threonine phosphatases PP1 
and PP2A, which results in an increase in 
the phosphorylation of serine and 
threonine on proteins (Ishihara et al., 
1989; Resjo et al., 1999). We saw no 
phosphopeptides disappear in the β4S1325A 
mutant map, indicating that S1325 is not 
an in vivo phosphorylation site (Figure 5, 
right panels). However, we cannot rule 
out the possibility that an as yet 
unidentified phosphatase, which is not 
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Figure 5. In vivo phosphopeptide mapping of 
wild-type and mutant β4S1325A. PA-JEB or PA-JEB 
cells expressing either wild-type β4 or β4S1325A were 
treated with 100 nM calyculin A for 15 min at 37°C in the 
presence of 2 mCi of [32P]orthophosphate. β4 was 
isolated by immunoprecipitation, and samples were run 
on an SDS-PAGE gel. The dried gel was exposed to film 
for 3 h at room temperature (left panel). The calyculin A-
treated samples were isolated from the gel and subjected 
to phosphopeptide mapping, as described under 
“Materials and Methods” (right panels). 

 68



Plectin-β4 complex 

inhibited by calyculin A, is responsible for 
the regulation of phosphorylation at this 
site. Nevertheless, in addition, 
comparison of phosphopeptide maps of 
wild-type β4 and β4S1325A, in vitro 
phosphorylated with PKA, did not reveal 
significant changes in phosphorylation of 
any of the peptides.  
Together, these findings indicate that 
sequences that are not present in the 
crystal structures do have a major impact 
on the binding of β4 to plectin, consistent 
with previously published data (Koster et 
al., 2004b). 
 
Discussion 
In this study, we have used a model 
obtained by computational modeling of 
protein-protein interactions assisted by 
biochemical data to predict which 
residues are involved in the interaction 
between the plectin-ABD and the first 
pair of FNIII domains of β4. We have 
validated this model by mutagenesis 
experiments.  
It was correctly predicted which amino 
acids on the plectin-ABD are involved in 
the binding to β4, i.e. the CH1 domain of 
the plectin-ABD is clearly involved in this 
binding. The model did not predict that 
the CH2 domain binds directly to β4. 
However, deletion or replacement of the 
CH2 domain by the CH2 domain from 
another ABD, which is known not to 
interact with β4, abolishes interaction 
with β4, suggesting that the CH2 domain 
at least contributes to the binding. The 
CH2 domain might interact directly with 
sequences of β4 that are not present in 
the crystal structure, such as the CS. 
Indeed, the position of the CS is such that 

it might interact with the CH2 domain of 
the ABD (further discussed below). 
Alternatively, the CH2 domain might be 
indirectly involved in the interaction by 
correctly folding and positioning the CH1 
domain for interaction with the two FNIII 
domains. 
The predicted binding surface on β4 
appears to be largely correct, but not 
entirely. In agreement with our model, 
the EF loop of the first FNIII domain, 
containing amino acids Y1187 and C1190, 
and the BC loop of the second FNIII 
domain, containing amino acids P1243 
and A1244, are clearly vital for the 
interaction with plectin. However, the CC’ 
loop in the first FNIII domain that was 
predicted to be involved in the interaction 
is clearly not essential. One explanation 
for this could be that the CC’ loop is on 
the outside of the interface and can be 
“pushed away” without affecting binding. 
This hypothesis, however, is not fully 
satisfactory because this would mean that 
N149 of the plectin-ABD is not crucial for 
binding, whereas it was actually shown to 
be so (Litjens et al., 2003). In the second 
FNIII domain, P1243 is mostly buried 
under the BC loop. Therefore the 
mutation P1243W is likely to create a 
distortion affecting the whole loop, 
reinforcing the importance of this entire 
loop for the binding to the plectin-ABD. 
Replacement of E1245 by tryptophan does 
not abrogate binding. This does not 
actually contradict the model since E1245 
is oriented away from the interface and 
the tryptophan substitution could 
therefore be tolerated at that position. 
In an attempt to provide possible 
explanations for the fact that our 
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biochemical data do not fully validate the 
model, we performed a protein motion 
prediction computational experiment. 
Those data supports the idea that there is 
conformational freedom of the two FNIII 
domains, which could explain why the 
binding interface between β4 and plectin 
is different from that suggested by the 
model. Interestingly, a recent report 
showed that the binding of integrins to 
fibronectin is strongly dependent on the 
interdomain tilt between the ninth and 
tenth FNIII domains of fibronectin 
(Altroff et al., 2004). Furthermore, the 
flexibility in our model might be 
combined with an induced fit of the FNIII 
domain structure upon binding to the 
plectin-ABD. Indeed, there is an example 
of a pair of FNIII domains from the 
human growth hormone-binding protein 
(hGHbp), which show a bent structure 
when bound to ligand (de Vos et al., 
1992). However, since the structure of 
hGHbp when it is not bound to its ligand 
is not known, we have no strong 
arguments to support the assumption of 
an induced fit. Finally, the relative 
orientation of the two domains in the 
crystal structure may be different from 
that in the full-length protein. Whatever 
the exact explanation, it is likely that a 
new binding site for the plectin-ABD is 
exposed on the first FNIII domain when it 
binds to plectin, whereas the binding 
surface on the second FNIII domain is 
maintained. Furthermore, as we have 
shown previously, the plectin-ABD can 
form dimers (Fontao et al., 2001), which 
was not taken into account while 
modeling the plectin-β4 complex. 
Although measurement of the interaction 

between β4 and the plectin-ABD in 
solution by isothermal titration 
calorimetry (ITC) suggests that binding of 
β4 to the plectin-ABD occurs in a one-to-
one stoichiometry (García-Alvarez et al., 
2003), dimerization of the ABD might 
affect the binding interface. Lastly, it 
should be noted that the plectin-ABD can 
adopt an open or a closed conformation. 
Binding to β4 occurs when its 
conformation is closed as in the crystal 
structure used (García-Alvarez et al., 
2003).  
In this study, we also show that S1325 in 
the CS of β4 (which is not included in the 
model) is critical for the interaction 
between the plectin-ABD and β4. This is 
consistent with previously published data 
from our laboratory, which showed that 
other residues in the CS, P1330 and 
P1333, are also important for the 
interaction (Koster et al., 2004b). We 
have two hypotheses for the binding of 
the CS of β4 to the plectin-ABD. Firstly, 
the CS might bind to the CH2 domain of 
plectin, thereby confirming the 
importance of the CH2 domain in direct 
binding. Indeed, the last residue in the 
structure of β4, P1320, is oriented in such 
a way that the following sequence projects 
from the FNIII domain in a direction 
optimal for contacting the helices E and F 
and the EF loop of the CH2 domain 
(Figure 1, A and D, left panel). Moreover, 
mutations in other regions of the CH2 
domain did not have an effect on binding 
to β4 (Figure 1A). In this model, the 
residue S1325 may make direct contact 
with the CH2 domain of the plectin-ABD. 
Alternatively, due to the many proline 
residues in the region 1320-1355 of the 
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CS, this part of the CS may fold back onto 
the second FNIII domain of β4, allowing 
S1325 to directly contact the CH1 domain 
of the plectin-ABD (Figure 1D, right 
panel). Indeed, preliminary results 
indicate that the second hypothesis, i.e. 
the CS binding to the CH1 domain of 
plectin, is most likely the correct one 
(J.M. de Pereda, not shown). 
Although we identified S1325 as a 
putative phosphorylation site for PKA or 
CaMKII, the importance of S1325 for 
binding to the plectin-ABD appears to be 
independent of phosphorylation. Using 
phosphopeptide mapping we could not 
prove that S1325 is phosphorylated in 
vivo. However, it is worth noting that we 
consistently saw that the intensity of 
several phosphopeptides in the S1325A 
maps had decreased as compared to that 
of the corresponding peptides in the wild-
type maps. It is possible that the S1325A 
mutation somehow disrupts the β4 
structure, thereby decreasing the 
accessibility of these phosphorylation 
sites for kinases. It is equally possible that 
S1325 actually is a phosphorylation site, 
but that due to the presence of additional 
phosphorylation sites on the mutated 
tryptic peptide, the effects of the mutation 
on the phosphorylation of S1325 becomes 
masked. However, the migration of the 
lower intensity peptides is not 
significantly different from that of the 
same phosphopeptides in the wild-type 
β4 map, as would be expected if a charged 
phosphate group is replaced by a more 
hydrophobic alanine. In addition, in the 
phosphopeptide maps of wild-type β4 and 
β4S1325A, in vitro phosphorylated with 
PKA, we saw no obvious tryptic peptides 

that could possibly contain a 
phosphorylated S1325 (data not shown). 
These results together suggest that S1325 
is not a phosphorylation site but that, 
nevertheless, the residue is clearly 
necessary for the interaction of β4 with 
plectin in cells.  
 
Materials and methods 
Construction of a model for the plectin-ABD and β4 
complex 
We used the crystal structures of plectin (1MB8) and β4 
(1QG3) and the 3D-Dock program suite (Gabb et al., 
1997) to construct a theoretical model of their binary 
complex. The solutions from 3D-Dock were sorted by the 
residue level pair potential empirical score (RPscore). 
The final model on which biochemical experiments were 
based, had the third overall RPscore of 5.024, and the 
second best overall Surface Complementarity score 
(SCscore) of 242. In addition, it was compatible with all 
biochemical data available at that time.  
 
Predictions of protein motion 
To predict possible motions of the FNIII domains and 
the plectin-ABD, which could cause conformational 
alterations that facilitate the binding, we used the 
Dynamite server (Barrett et al., 2004). In this procedure, 
the ensemble of possible conformations is created by a 
non-Newtonian method (de Groot et al., 1997). The 
trajectory was analyzed with GROMACS (Lindahl et al., 
2001) to obtain the principal components of predicted 
protein motions. For the FNIII structure the three largest 
eigenvalues were 20.2, 5.1 and 4.8 (and the motions 
suggested by the corresponding eigenvectors were 
considered to be significant and are presented), whereas 
the fourth eigenvalue was 1.51. For the ABD, the first two 
eigenvalues were 6.1 and 5.2, and the third eigenvalue 
was 1.6. Motions were visualized with the VMD program 
(Humphrey et al., 1996). 
 
Cell lines and antibodies 
COS7 cells were grown in Dulbecco’s modified Eagle’s 
medium (Invitrogen) containing 10% fetal bovine serum, 
100 U/ml penicillin and 100 U/ml streptomycin. They 
were transiently transfected with cDNA constructs using 
the DEAE-dextran method (Seed and Aruffo, 1987). The 
PA-JEB keratinocyte cell lines (Schaapveld et al., 1998) 
were maintained in keratinocyte serum-free medium 
(Invitrogen) supplemented with 50 µg/ml bovine 
pituitary gland extract, 5 ng/ml epidermal growth factor, 
100 U/ml penicillin and 100 U/ml streptomycin. Stable 
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integration of β4 integrin mutants was performed as 
described previously (Geuijen and Sonnenberg, 2002). 

pLZRS-β4S1325A and pLZRS-β4S1325E were obtained by 
cloning β4 cDNA fragments derived by site-directed 
mutagenesis into the retroviral vector pLZRS-IRES-zeo 
(Sterk et al., 2000). All PCR fragments were generated 
using the proofreading Pwo DNA polymerase (Roche 
Molecular Biochemicals, Indianapolis, IN). All plasmids 
were verified by sequencing, and protein expression and 
size were confirmed by Western blotting. 

The rabbit polyclonal antibodies against the extracellular 
domain of IL2Rα (N-19), the hemagglutinin (HA)-
epitope (Y-11), and the extracellular domain of β4 (H-
101), the mouse monoclonal antibodies against the HA-
epitope (12CA5), the GAL4 Activation Domain, and the 
GAL4 DNA-binding Domain were purchased from Santa 
Cruz Biotechnology (Santa Cruz, CA). The mouse 
monoclonal antibody 450-11A against β4 was purchased 
from Pharmingen. Donkey anti-rabbit and goat anti-
mouse horseradish peroxidase-conjugated antibodies 
were purchased from Amersham Biosciences. 
Fluorescein isothiocyanate-conjugated goat anti-mouse 
antiserum was obtained from Rockland (Gilbertsville, 
PA) and goat anti-rabbit Texas Red-conjugated 
antibodies were obtained from Molecular Probes 
(Eugene, OR). 

 
Yeast two-hybrid assay 
Yeast strain Saccharomyces cerevisiae PJ69-4A (a gift 
from Dr. P. James, University of Wisconsin, Madison, 
WI), containing the genetic markers trp1-901, leu2-3, 
his3-200, gal4∆, gal80∆, LYS2::GAL1-HIS3, and GAL2-
ADE2 (James et al., 1996), was used as the host for the 
two-hybrid assay. The use of PJ69-4A was essentially as 
described previously (Schaapveld et al., 1998; Geerts et 
al., 1999). As a quantitative method to measure the 
strength of interactions, we used a yeast β-galactosidase 

assay kit (Pierce), as described by the manufacturer. 3 × 
5 yeast colonies of each transformation were measured in 
triplicate. 

 
cDNA constructs 
The GAL4 fusion plasmids used in this study are 
depicted in Figures 2A, 3 (A and D), and 4A. The 

construction of β41115-1355, fused in-frame to the GAL4 
activation domain of the pACT2 vector (Clontech), and of 
plectin-1C1-339, fused in-frame to the GAL4 DNA-binding 
domain of the pAS2.1 vector (Clontech), has been 
described previously (Geerts et al., 1999). The various 
point mutants were generated by the PCR overlap 
extension method. 

 
In vitro binding assay and immunoblotting 
COS7 cells were transiently transfected with wild-type 
IL2R/β4 chimera and different plectin-HA-tagged ABD 
constructs, or alternatively, with wild-type HA-tagged 
plectin-ABD and different IL2R/β4 chimera mutants. 
Lysis of the cells, immunoprecipitation with mAb 12CA5 
and immunoblotting were performed as described 
(Litjens et al., 2003). 

Plectin-1C1-339 in pcDNA3-HA and the IL2R/β4cyto 
chimera have been described previously (Geerts et al., 
1999; Nievers et al., 1998). To construct the plectin-1C1-

339 mutants in pcDNA3-HA, the plectin mutants in 
pAS2.1 were amplified using an upstream primer 
containing an EcoRV restriction site and a downstream 
primer in plectin containing the EcoRV restriction site at 
position 526 of the plectin-1C cDNA. These fragments 
were exchanged with the EcoRV fragment of wild-type 
plectin-1C1-339 in pcDNA3-HA. To construct the IL2R/β4 
mutants in pCMV, ScaI-BssHII fragments were isolated 
from the β41115-1355 mutants in pACT2, and together with a 
wild-type BglII-ScaI β4 fragment, exchanged with the 
BglII-BssHII fragment of wild type IL2R/β4 in pCMV. 
The plectin-1C CH1/dystrophin CH2 chimera in pAS2.1 
was generated by ligation of two separate fragments into 
pAS2.1. The first fragment (CH1 domain of plectin-1C) 
was obtained by digestion of plectin-1C1-339 with BstXI, 
subsequent blunt ending with T4 DNA polymerase 
without addition of dNTPs, followed by digestion with 
NdeI. The second fragment (CH2 dystrophin) was 
obtained by PCR using forward oligonucleotides 5’-
GTAAATATCATGGCTGGGATTGCAACAAACC-3’ (sense) 
and 5’-CCGCGTCGACGGACTCTCCATCAATGAACTGCC-
3’ (anti-sense) containing a SalI site. 

 
In vivo phosphopeptide mapping experiments 
PA-JEB cells were phosphate-starved for 1 h. 2 mCi 
[32P]orthophosphate was then added to the cells and 
incubated for an additional 3 h. Calyculin A (Cell 
Signaling, Inc., Beverly, MA) was added at a final 
concentration of 100 nM for 15 min at 37°C. β4 was 
isolated with the monoclonal antibody 450-11A as 
described above. The entire sample was loaded onto an 
SDS-PAGE gel, run and then dried. The film was exposed 
for 3 h at room temperature. The radioactive β4 bands 
were then isolated and digested with trypsin, and 
phosphopeptide mapping was performed as described 
previously (Wilhelmsen et al., 2002; van der Geer and 
Hunter, 1993). 
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The mechanisms that regulate the disassembly of hemidesmosomes are 
poorly understood. Growth factors, such as EGF, have been reported to 
cause hemidesmosome disassembly through different pathways involving 
serine/threonine or tyrosine phosphorylation. In this study we show that 
serine/threonine phosphorylation of the β4 cytoplasmic domain 
predominantly occurs in the connecting segment (CS) that separates two 
pairs of fibronectin type III (FNIII) domains. Two serine residues in this 
region, S1360 and S1364, are phosphorylation sites for PKC and PKA, 
respectively. Consistent with Rabinovitz and coworkers (2004), 
substitution of these two serines, in conjunction with S1356, by 
phosphomimic aspartic acid residues results in the partial disassembly of 
hemidesmosomes. We show that this is due to the inability of β4 to bind to 
the actin binding domain (ABD) of plectin. Treatment of keratinocytes with 
PKC and PKA activators causes an increase in phosphorylation at their 
respective sites on β4. Furthermore, a PKC activator induces partial 
hemidesmosome disassembly. We also found that PKD1 can phosphorylate 
S20/21 in plectin-1A and that co-expression of β4 with the plectin-1A ABD 
and PKD1, decreases the binding between the two hemidesmosomal 
proteins. This suggests that the phosphorylation of hemidesmosomal 
proteins other than β4 can contribute to hemidesmosome disassembly in 
cells. Together, our studies indicate that multiple kinases act in concert to 
abrogate the structural integrity of hemidesmosomes. 
 
 
Introduction 
 
Hemidesmosomes are adhesive 
superstructures in the basal cells of 
epithelial layers. They guarantee stable 
adhesion of these cells to the underlying 
basement membrane. Mature type I 

hemidesmosomes are present in complex 
and (pseudo) stratified epithelia and are 
composed of at least six proteins; the two 
subunits of the integrin heterodimer α6β4 
(Stepp et al., 1990; Sonnenberg et al., 
1991; Jones et al., 1991), the bullous 
pemphigoid antigens 180 (BP180) 
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(Giudice et al., 1992) and 230 (BP230) 
(Skalli et al., 1994), the cytoskeletal linker 
protein plectin (Hieda et al., 1992; Gache 
et al., 1996), and the tetraspanin CD151 
(Sterk et al., 2000). The integrin α6β4 
binds to its ligand laminin-5 in the 
basement membrane, while the two 
plakin family members plectin and BP230 
link the two cell surface receptors α6β4 
and BP180 to the intermediate filament 
cytoskeleton, which ensures resistance of 
the adhesion to mechanical stress. The 
interaction between plectin and α6β4 is 
essential for the integrity of the adhesive 
complex, as indicated by patient 
mutations in the β4 subunit and plectin 
preventing this interaction (Gache et al., 
1996; McLean et al., 1996; Smith et al., 
1996; Andrä et al., 1997; Pulkkinen et al., 
1998; Nakano et al., 2001; Koster et al., 
2001). Furthermore, the recruitment of 
plectin by α6β4 is one of the first steps in 
hemidesmosome assembly (Koster et al., 
2004b). The plectin ABD binds to the first 
pair of fibronectin type III (FNIII) 
domains and a small region of the 
connecting segment (CS) of β4 (Geerts et 
al., 1999). This interaction is strengthened 
by the binding of the plectin plakin 
domain to the CS and C-tail of β4 
(Rezniczek et al., 1998; Koster et al., 
2004b).  
Although hemidesmosomes are adhesive 
protein complexes, they are not static. On 
the contrary, hemidesmosomes are 
dynamic structures in which the 
components are rearranged during cell 
processes such as migration and division. 
However, the interaction between plectin 
and β4 reduces the dynamics of 
hemidesmosomes when laminin-5 is 

clustered underneath the cell (Geuijen 
and Sonnenberg, 2002). Many studies 
have focused primarily on the interaction 
between plectin and β4 in type II 
hemidesmosomes, which lack BP180, 
BP230 and CD151. EGF and PMA have 
been implicated in the disassembly of 
these hemidesmosomes through signaling 
pathways that result in the 
phosphorylation of the β4 cytoplasmic 
domain (Rabinovitz et al., 1999; Mariotti 
et al., 2001). One of these pathways 

implicates protein kinase Cα (PKCα), 
which has been shown to phosphorylate 
serine residues in the β4 CS (Rabinovitz 
et al., 1999; Rabinovitz et al., 2004). 
Disassembly of type I hemidesmosomes is 
probably more complex, because 
interactions between more proteins need 
to be altered. In addition, other kinases 
are likely to be involved in the 
disassembly of both type I and II 
hemidesmosomes since they cannot be 
completely dissolved by PMA alone. 
Protein kinase A (PKA) and PKC are well 
known enzymes described to play a role in 
many cellular processes, such as 
migration. PKC is involved in migration 
by inducing hemidesmosome disassembly 
through phosphorylation of β4 
(Rabinovitz et al., 1999; Santoro et al., 
2003; Rabinovitz et al., 2004; ). In 
addition, PKC can phosphorylate BP180, 
which causes its dissociation from 
hemidesmosomes (Kitajima et al., 1999). 
The role of PKA in migration has been 
reviewed thoroughly (Howe, 2004). PKA 
can exert both positive and negative 
influence on migration in various cell 
types. In keratinocytes, PKA activity is 
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crucial for their directional migration, but 
does not affect general cell motility 
(Pullar et al., 2001). In addition, 
increased PKA activity is associated with 
increased proliferation and migration of 
keratinocytes due to enhanced β-catenin 
signaling (Hildesheim et al., 2005). 
Besides this, little is known about the role 
of PKA in keratinocyte migration. 
Protein kinase D 1 (PKD1) was discovered 
relatively recently and its function in 
different biological events is just now 
becoming apparent (Johannes et al., 
1994; Valverde et al., 1994). PKD1, 
originally thought to belong to the PKC 
family of kinases, is now classified as a 
novel subgroup of the 
calcium/calmodulin-dependent protein 
kinases (CAMK), together with its 
homologues PKD2 and PKD3 (reviewed 
by Rykx et al., 2003; Rozengurt et al., 
2005). In metabolically inactive cells, a 
large fraction of PKD1 resides in the 
cytoplasm. In response to specific stimuli, 
PKD1 can be recruited to multiple cellular 
compartments, such as the plasma 
membrane, the membranes of the Golgi 
apparatus or the nucleus. PKD1 has been 
implicated in various biological processes, 
such as mitosis, migration, fission of the 
trans-Golgi network, cell survival, and 
differentiation (Rennecke et al., 1999; 
Bollag et al., 2004). Since some of these 
events require the disassembly of 
hemidesmosomes, PKD1 may have a role 
in their negative regulation. 
In this study we set out to investigate the 
role of serine/threonine phosphorylation 

of β4 in hemidesmosome disassembly. We 
searched for enzymes involved in the 

regulation of hemidesmosomes, specifi-
cally concentrating on the essential inter-

action between plectin and β4. We found 
that the previously reported PKC-phos-
phorylation of the β4 CS occurs solely on 
S1360. In addition, we found that PKA 
phosphorylation of S1364 contributes to 
hemidesmosome disassembly. Further-
more, we show that the phosphorylation 
of S20/21 by PKD1 in the amino-terminal 
sequence of plectin-1A abrogates the 

association with β4. This suggests that the 
phosphorylation of hemidesmosomal 

proteins other than β4 contribute to 
hemidesmosome disassembly.  
 
 
Results 
 
Serine/threonine phosphorylation of the 
β4 subunit occurs mainly in the CS. 
To define the regions of the β4 subunit 
that are serine and threonine 
phosphorylated, various β4 deletion 
mutants were expressed in COS7 cells 
(Figure 1A, top panel) and subsequently, 
the cells were treated with calyculin A in 
the presence [32P]orthophosphate. 
Calyculin A inhibits protein phosphatase-
1 and -2A, which together account for a 
majority of the serine/threonine 
phosphatase activity in the cell. Their 
inhibition results in an increase in serine 
and threonine phosphorylation of 
proteins. The β4 deletion mutants were 
isolated and subjected to phosphopeptide 
mapping analysis. The results show that 
deletion of the extreme C-tail (β4∆1671) 
results in the loss of two minor 

 77



Chapter 4 

S S S S S S

TTT S S S S S S TS S T

TS S S ST S

S T S T ST T T TT ST S S

β4

T829

T837

T1113

S1441

T1393 T1727

T1736

CH1 CH2Plectin

C H 1 C H 2MSQHRLRVPQPEGLGRKRT EDNLYLAVLRASEGKKSSPlectin-1A ABD:
20 21

C-tailCS

FNIII domains

N-terminal
sequence

ABD plakin domain rod domain plakin repeats

∆1671∆1487∆1382∆1355

A

1320-

1390- -1456

I II III IV

B WT 4β

Origin

β4∆1 671

Origin

β4∆1 487

Origin

β4∆1 382

Origin

β4∆1 355

Origin

H
yd

ro
p

h
ob

ic
it

y

Charge
+ -

 
Figure 1. Serine/threonine phosphorylation of the β4 cytoplasmic domain. (A) Schematic drawings of β4 
and plectin. Structural domains are indicated and deletion mutants of β4 used in B are shown. Putative PKD1 
phosphorylation sites on both β4 and plectin are indicated. In addition, putative serine/threonine phosphorylation 
sites in the CS of β4 (residues 1320-1456) are indicated in red, while serines/threonines not predicted to be 
phosphorylation sites are indicated in green. Putative phosphorylation sites for PKC, PKA, CamKII, and GSK-3 are 
indicated. FNIII, fibronectin type III domain; CS, connecting segment; ABD, actin binding domain; CH, calponin 
homology domain. (B) In vivo phosphopeptide maps of wild type β4 and four deletion mutants, which are expressed in 
COS7 cells that are treated with calyculinA. 
 

 

phosphopeptides (Figure 1B). Further 
deletion of the cytoplasmic domain until 
amino acid 1487 (β4∆1487) does not result 
in the obvious loss of any other 
phosphopeptides. However, when the 
third FNIII domain and part of the CS 

were further deleted (β4∆1382), four 
phosphorylated peptides were lost (Figure 
1B, arrows) and one was gained (Figure 
1B, arrowhead). This new phosphopeptide 
is most likely due to compensatory 
phosphorylation. This phenomenon is 
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known to occur after mapping point or 
deletion mutations and is probably due to 
an increased accessibility for 
phosphorylation of some residues. The 
three remaining phosphopeptides were 
lost after further deletion of the β4 
cytoplasmic domain to residue 1355 
(β4∆1355). These results indicate that the 
majority of the serine and threonine 
phosphorylation on β4 occurs between 
residues 1487 and 1355, which comprises 
a large part of the CS. The CS contains 137 
amino acids and is predicted to have no 
secondary structure. Therefore, it is likely 
that this sequence is exposed and 
available for phosphorylation by kinases 
that associate with the β4 cytoplasmic 
domain. A Prosite search identified 
several serine and threonine residues in 
this region that are in a consensus for 
known kinases.  Of these, the serine at 
position 1360 is in the consensus 
sequence for phosphorylation by PKC (S-
X-R, Woodgett et al., 1986). Furthermore, 
several phosphorylation sites were 
identified for PKA, CAM Kinase II 
(CAMKII), glycogen synthase kinase-3 
(GSK-3) and PKD1 (Figure 1A, top panel). 

 

PKC phosphorylation of β4 CS 
As reported previously, PKC has been 
implicated in the phosphorylation of β4. 
To verify these results, [32P]ortho-
phosphate treated PA-JEB keratinocytes 
expressing full-length β4 were serum-
starved and then either left untreated or 
treated with the PKC activator phorbol 12-
myristate 13-acetate (PMA) and 
phosphopeptide mapping was performed. 
Increased phosphorylation of two major 

peptides occurred after treatment of the 
cells with PMA (Figure 2A). These 
appeared to be the same two 
phosphopeptides that disappeared in the 

map of β4∆1355 after deletion of the region 

1355-1382 from β4∆1382 (Figure 1B). Since 
this region contains a putative PKC 
phosphorylation site (S1360), we mutated 
this residue to alanine and stably 
transduced the mutant β4S1360A into PA-
JEB cells. The intensity of the two afore 
mentioned phosphopeptides is 
significantly reduced in the 
phosphopeptide maps from the PA-
JEB/β4S1360A cells after treatment with 
PMA and comparable to that of the same 
spots in the unstimulated cells (Figure 
2A). The laddering pattern in which the 
two phosphopeptides appear is typical for 
that of two differentially phosphorylated 
versions of the same tryptic peptide, with 
the more hydrophilic peptide migrating to 
the lower left corner. In contrast to 
Rabinovitz and coworkers (2004), our 
results indicate that there is only one PKC 
phosphorylation site in the β4 
cytoplasmic domain, at S1360. In 
addition, the fact that the two 
phosphopeptides do not completely 
disappear after mutation of S1360 
indicates that other kinases than PKC are 
capable of phosphorylating this region of 
the β4 CS.  

 

PKA phosphorylation of β4 CS 
We next set out to identify other kinases 
that might phosphorylate this peptide. 
S1358 and S1364 are putative PKA 
phosphorylation sites. We focused on 
S1364, since S1358 is not conserved 
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Figure 2. PKC and PKA phosphorylation of S1360 and S1364 in the β4 CS. (A) In vivo phosphopeptide maps 

of PA-JEB/β4 cells that are either serum starved or treated with PMA, and PAJEB/β4S1360A treated with PMA. The left 
panel shows which residues on the corresponding peptides can be phosphorylated in each spot and how this changes in 

case of the β4S1360A mutant. The individual spots not only move up-right due to changes in charge and hydrophobicity, 
they also move slightly upward due to a slight mass change, which is indicated by the lines in the two right panels. The 

tryptic peptide containing S1360 is indicated. (B) In vitro phosphopeptide maps of wild type IL2R-β4, IL2R-β4S1360A, 

and IL2R-β4S1364A, isolated from COS7 cells and phosphorylated with PKA. (C) In vivo phosphopeptide maps of COS7 

cells expressing empty vector, IL2R-β4, or IL2R-β4S1364A, either serum starved or treated with Forskolin/IBMX. 
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across species and S1364 has previously 
been shown to be involved in hemidesmo-
some regulation (Rabinovitz et al., 2004). 
To determine whether PKA can phospho-
rylate this residue, in vitro kinase 
reactions were done in the presence of 
IL2R-β4WT or IL2R-β4S1364A and PKA. 
PKA reactions in the presence of IL2R-
β4S1360A and IL2R- b4S1360A/S1364A were used 
as specificity controls. Phosphopeptide 
mapping revealed that S1364 is indeed a 
substrate for PKA in vitro (Figure 2B). To 
determine whether S1364 can be phos-
phorylated by PKA in vivo, we treated 
COS7 cells transiently expressing either 
β4WT or β4S1364A with forskolin and IBMX. 
The results show that two phosphopep-
tides increase in intensity after treatment 
with the compounds (Figure 2C, arrow 
and arrowhead). However, we believe the 
lower migrating peptide is derived from a 
protein other than β4 because it is also 
present in the control phosphopeptide 
map that is derived from the same 
molecular weight region of the protein gel 
in a lane not containing β4 (Figure 2C, 
arrowhead). These results indicate that 
S1364 in the β4 CS is a PKA phosphoryla-
tion site. 
 
Phosphorylation of S1356, S1360 and 
S1364 affects hemidesmosome formation 
Previously, Rabinovitz and coworkers 
(2004) showed that substitution of the 
three serine residues, S1356, S1360 and 
S1364 by aspartic acid in β4, partially 
prevent the formation of hemidesmoso-
mes in transfected COS7 cells. To 
investigate the role of these serines in the 
assembly of hemidesmosomes under 
more physiological conditions, we genera-

ted PA-JEB keratinocytes stably expres-
sing β4S1356/1360/1364A or β4S1356/1360/1364D. In 
addition, we investigated the effect of 
EGF or PMA stimulation on hemidesmo-
some formation. As evidenced by the 
colocalization of plectin and α6β4, 
hemidesmosomes are formed in PA-JEB 
keratinocytes, stably expressing wild type 
β4 (PA-JEB/β4) (Figure 3A, panel b-d). 
The degree of colocalization of plectin and 
α6β4 was determined by plotting the 
intensity of each pixel in both channels. 
When the colocalization between two 
proteins is perfect, all pixels will align 
along the diagonal in the scatter plot. The 
more pixels deviate from this line, the 
weaker the colocalization between the two 
proteins. Scatter plots of unstimulated 
PA-JEB/β4 cells show a strong colocaliza-
tion of α6β4 and plectin (Figure 3A, panel 
e). After stimulation with PMA or EGF, 
hemidesmosomes are still formed (Figure 
3A, panel g-i and l-n) but, as shown in the 
scatter plots, populations of pixels appear 
that lie off the diagonal, which represent 

either non-colocalized α6 or non-
colocalized plectin molecules (Figure 3A, 
panels j and o). Analysis of their 
subcellular distribution revealed that, like 
the colocalized α6 and plectin pixels 
(blue) on the diagonal, the non-colocali-

zed α6 pixels (red) appear in clusters, 
whereas the non-colocalized plectin pixels 
(yellow) are diffusely spread over the 
cytoplasm (panel k and p, red and yellow 
respectively). These results indicate that 
both PMA and EGF stimulation cause 
partial disruption of hemidesmosomes, 
possibly through phosphorylation by 

PKC. In PA-JEB/β4S1356/1360/1364A cells,
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colocalization of α6 and plectin is strong 
(Figure 3A, panel q-u). Stimulation of 
these cells with EGF does not alter their 
colocalization significantly, indicating 
that phosphorylation of S1356, S1360 
and/or S1364 is required for the partial 
disassembly of hemidesmosomes by EGF 
(Figure 3A, panel a’-e’). By contrast, 

stimulation of the PA-JEB/β4S1356/1360/1364A 
cells with PMA, results in some re-
localization of plectin into the cytoplasm, 
indicating that PMA induces partial 
hemidesmosome disassembly, which is 
independent of phosphorylation of S1356, 
S1360 and S1364 (Figure 3A, panel v-z). 
Interestingly, in cells expressing 
β4S1356/1360/1364D, formation of 
hemidesmosomes is severely reduced, i.e. 
considerably less plectin is colocalized 

with α6β4, resulting in a significant 
amount of pixels deviating from the 
diagonal in the scatter plot (Figure 3A, 
panel k’-o’). Moreover, the most obvious 
effect of the triple S1356/1360/1364D 
mutation is the decrease in clustering of 
α6β4, resulting in an overall broader 
distribution of the pixels in the scatter 
plot (Figure 3A, panel f’-j’). Stimulation of 
these cells with either PMA or EGF does 
not alter the clustering (not shown) or the 
colocalization of α6β4 and plectin (Figure 
3A, panel p’-y’). Together, these results 
indicate that EGF induces partial 

hemidesmosome disassembly, which 
requires phosphorylation of S1356, S1360 
and/or S1364, possibly by PKC and PKA. 
Furthermore, PMA-dependent hemides-
mosome disassembly may occur via 
phosphorylation of S1356, S1360 and/or 
S1364, however PMA can induce partial 
hemidesmosome disassembly indepen-
dent of phosphorylation of these residues. 
Activation of PKA by stimulating PA-
JEB/β4 cells with Forskolin/IBMX does 
not have a profound effect on 
hemidesmosome formation. In fact, 
hemidesmosomal clustering even seems 
increased in these cells (not shown). 
Since the binding between plectin and β4 
is essential in the formation of 
hemidesmosomes, we looked at the effect 
of phosphorylation of S1356, S1360 and 
S1364 on their interaction in vitro. 
Plectin-1A ABD was cotransfected with 
wild type IL2R-β4, IL2R-β4S1356/1360/1364A 
or IL2R-β4S1356/1360/1364D into COS7 cells. 
IL2R-β4 and IL2R-β4S1356/1360/1364A were 
efficiently co-precipitated with plectin-1A 
ABD, whereas IL2R-β4S1356/1360/1364D was 
hardly coprecipitated (Figure 3B). This 
result indicates that mimicking phos-
phorylation on these three serine residues 
affects the affinity for the plectin ABD, 
which may (in part) explain the effect on 
hemidesmosome formation. We also 
investigated the effect of mimicking

 

 
Figure 3. The effect of S1356/S1360/S1364 phosphorylation on hemidesmosome formation and plectin 
binding. (A) Immunofluorescence staining of PA-JEB/β4, PA-JEB/β4S1356/1360/1364A, and PA-JEB/β4S1356/1360/1364D 
either non-treated or treated with PMA or EGF. α6 is stained with GOH3 and indicated in green; plectin is stained with 
HD1/121 and indicated in red. Colocalization appears as yellow. Scatter plots are produces as described in the materials 
and methods section and show the amount of colocalization between α6 and plectin. In the right panels, high intensity 
colocalizing pixels are shown in blue, non-colocalizing high intensity α6 pixels are shown in red, while non-colocalizing 
high intensity plectin pixels are shown in yellow. (B) Co-immunoprecipitation of IL2R-β4, IL2R-β4S1356/1360/1364A, and 
IL2R-β4S1356/1360/1364D with plectin-1A ABD. WCL, whole cell lysate. 
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phosphorylation on S1360 and S1364 

alone (β4S1360D, β4S1364D, and β4S1360/1364D). 
However, the effect on hemidesmosome 
formation in vivo is less strong than with 

β4S1356/1360/1364D (not shown). Therefore, 
also phosphorylation of S1356, possibly 
by GSK-3, is important for 
hemidesmosome disassembly. However, 
GSK-3 needs a phosphorylated residue on 
the +4 position, making identification of 
S1356 as a GSK-3 phosphorylation site 
technically difficult.  
 
PKD1 decreases binding between plectin 

and β4 
Since mimicking phosphorylation of 
S1356/1360/1364 is not sufficient for the 
complete disassembly of 
hemidesmosomes, we hypothesized that 
other events are required for a total 
disassembly. These events may include 
phosphorylation of other residues on β4, 
but also phosphorylation of other 
hemidesmosomal components. Since 
PMA could induce partial 
hemidesmosome disassembly through a 
pathway independent of phosphorylation 
of S1356, S1360 and/or S1364, we looked 
at kinases that can be activated by PKC. 
Moreover, since PMA reduced co-
localization of plectin with α6β4 and the 
interaction between α6β4 and plectin is 
essential for hemidesmosome formation, 
we searched for a kinase that can disrupt 
the binding between plectin and β4. Using 
co-immunoprecipitation assays, we found 
that PKD1 can decrease the binding 

between plectin and IL2R/β4, (Figure 4A, 
lanes 3 and 4). Interestingly, PMA was 
essential for PKD1 to influence the bind- 
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Figure 4. PKD1 decreases binding between 

plectin and IL2R-β4. (A) Co-immunoprecipitation of 

IL2R-β4 with plectin-1A ABD in the presence of PKD1 
and in the presence or absence of PMA. WCL, whole cell 
lysate. (B) Activity of transfected PKD1 in COS7 cells and 
its subcellular localization in COS7 or PA-JEB/β4 cells in 
the presence and absence of PMA. 
 

 
ing between plectin and β4; PKD1 alone, 
or PMA stimulation alone was not 
sufficient to reduce the interaction 
between plectin-1A ABD and IL2R-β4 
(Figure 4A). Overexpression of PKD1 in 
COS7 cells is sufficient to activate the 
enzyme, as seen by auto-phosphorylation 
of the kinase in the presence of γ32P-ATP 
(Figure 4B, top panel), so PMA is not 
essential for activation of PKD1. Instead, 
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we believe that PMA is necessary for 
localization of PKD1 to the plasma 
membrane. Indeed, in unstimulated cells 
PKD1 is localized in the cytoplasm, 
whereas stimulation with PMA rapidly 
translocates PKD1 to the plasma 
membrane (< 1 min), both in COS7 cells 
and in human keratinocytes (Figure 4B, 
bottom panel and supplementary figure 
S1). Indeed, activation and translocation 
of PKD1 have previously been described 
to be separate features (Iglesias et al., 
1998; Iglesias and Rozengurt, 1999).  
 

PKD1 phosphorylates plectin, but not β4 
Since not many PKD1 substrates have 
been described so far, a consensus site for 
phosphorylation has been hard to 
determine. However using peptide 
libraries, the optimal substrate sequence 
for PKD1 was resolved (Nishikawa et al., 
1997). A basic residue at the –3 position 
and a leucine, or alternatively a valine, at 
the –5 position seem to be the most 
important determinants for PKD1 
phosphorylation. We looked for putative 
PKD1 phosphorylation sites in the β4 
cytoplasmic domain. We identified T829 
and T837 in the membrane proximal 
region, T1113 right before the first FNIII 
domain, T1393 and S1441 in the CS, and 
T1727 and T1736 in the C-tail as putative 
PKD1 phosphorylation sites (Figure 1A). 
T829, T837, S1441, T1727 and T1736 are 
conserved between human, mouse and 
rat, whereas T1113 and T1393 are not. To 

see whether β4 can be phosphorylated by 
PKD1 in vivo, constitutive active (CA) and 
kinase dead (KD) GFP-PKD1 were stably 
expressed in PA-JEB/β4 cells, resulting in 

PA-JEB/β4/CA GFP-PKD1 and PA-

JEB/β4/KD GFP-PKD1 cell lines. The 
cells were stimulated with PMA in the 
presence of [32P]orthophosphate, and 
phosphopeptide mapping on the isolated 
β4 protein was performed. CA PKD1 
without PMA stimulation results in a few 
phosphorylated background peptides 
(Figure 5A, left panel), comparable to 

those from β4 in starved PA-JEB/β4 cells 
(Figure 2A). Two spots are induced when 

the PA-JEB/β4/CA GFP-PKD1 cells are 
stimulated with PMA (Figure 5A, middle 
panel). However, the same two spots are 
visible when the PA-JEB/β4/KD GFP-
PKD1 cells are stimulated with PMA 
(Figure 5A, right panel), indicating that 
these spots are probably due to PMA 
induced phosphorylation of S1360, rather 
than PKD1 phosphorylation. Although 
this result indicates that PKD1 

phosphorylation of β4 is probably not 
important in the regulation of its 
interaction with plectin, in vitro 
phosphopeptide mapping showed that 
PKD1 can phosphorylate T1736 in the C-
tail, but not T1727 or S1441 
(supplementary figure S2 and not shown). 
To see whether PKD1 can phosphorylate 
the plectin-ABD, we isolated plectin-1A, 

plectin-1C and plectin-∆1 ABDs from 
COS7 cells, and in vitro phosphorylated 
them with PKD1 in the presence of γP32-
ATP. Interestingly, PKD1 phosphorylates 
the plectin ABD isoform specifically; i.e. 
PKD1 phosphorylates plectin-1A, but not 

plectin-1C or plectin-∆1 ABDs (Figure 5B). 
In plectin-1A two serine residues at 
positions 20 and 21 in the N-terminal 
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Figure 5. PKD1 phosphory-

lates plectin, but not β4. (A) In 
vivo phosphopeptide maps of β4 

isolated from PA-JEB/β4/CA 

PKD1 or PA-JEB/β4/KD PKD1, 
either serum starved or treated 
with PMA. (B) In vitro 
phosphorylation of plectin-1A, 
plectin-1AS20/21A, plectin-1C and 

plectin-∆1 by PKD1. (C) Co-
immunoprecipitation of IL2R-β4 

with plectin-1A or plectin-∆1. 
WCL, whole cell lysate. 

 

 
sequence preceding the plectin-1A ABD 
are putative PKD1 phosphorylation sites 
(Figure 1A). Both residues are conserved 
between human and mouse plectin-1A. 
When these two serines are substituted by 
alanines, phosphorylation of plectin-1A 
ABD by PKD1 no longer occurs (Figure 
5B). To check whether phosphorylation of 
these sites is important for the regulation 
of the interaction with β4 by PKD1, we 
performed co-immunoprecipitation 
experiments using plectin-∆1 ABD, 
lacking the N-terminal sequence 

preceding the ABD. Indeed PKD1 is 
unable to reduce the binding between 

plectin-∆1 and IL2R/β4 (Figure 5C). 
Deletion of the N-terminal sequence of 
plectin-1A is sufficient to prevent 
regulation of its binding to β4 by PKD1, 
suggesting that phosphorylation of plectin 
by PKD1 is necessary to decrease binding 

to β4. Even though β4 is most likely not 
phosphorylated by PKD1 in vivo, also 
phosphorylation of the β4 CS (probably 
by PKC) is essential for the regulation of 
the binding to plectin (Figure 5C). 
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Figure 6. The effect of PKD1 on hemidesmosome formation. Immunofluorescence staining of PA-JEB/β4/WT 
PKD1 either serum starved or treated with PMA. GFP-PKD1 is shown in green, plectin (HD1/121) is shown in red and 
α6 (GOH3) is shown in blue. Co-localization between α6 and plectin appears as magenta in the overlay image. Scatter 
plots and co-localization images are described with Figure 3. 
 

 
Effect of PKD1 on hemidesmosome 
formation 
To investigate the effect of PKD1 
expression on hemidesmosome forma-
tion, PA-JEB/β4 cell lines stably 
expressing WT GFP-PKD1 were 
generated. The cells were either serum 
starved or treated with PMA, and 
hemidesmosome formation was visuali-
zed by α6 and plectin staining (Figure 6). 
Without PMA stimulation, hemidesmoso-
me formation in PA-JEB/β4/GFP-PKD1 
is not as efficient as in PA-JEB/β4 cells 
(compare Figure 6 a-g and Figure 3 b-f). 
With PMA stimulation, hemidesmosome 
formation is even less efficient; clustering 
of α6β4 is decreased (not shown) and 
recruitment of plectin is reduced (Figure 
6 h-n). Moreover, hemidesmosome 
formation after PMA stimulation is less 
efficient in PA-JEB/β4/GFP-PKD1 cells 
than in PA-JEB/β4 cells (compare Figure 
6 h-n and Figure 3 g-k). These results 
indicate that PMA stimulation and PKD1 
activation have an additive effect in 
hemidesmosome regulation. 

Discussion 
 
In this study we have assessed the 
importance of serine phosphorylation of 

β4 and plectin for the disassembly of 
hemidesmosomes. We have shown that 
PKC and PKA stimulation induces phos-
phorylation of S1360 and S1364 in β4 
respectively and that this phosphorylation 
causes a partial disassembly of hemides-
mosomes. Furthermore, we provide evi-
dence that phosphorylation of these sites 
is important, but not sufficient to cause a 
complete disassembly of hemidesmoso-
mes, and thus activation of additional 
enzymes is necessary. Indeed, we identi-
fied PKD1 as a putative player in hemi-
desmosome disassembly by phosphoryla-
tion of plectin, and possibly β4. 
Furthermore, we have shown that hemi-
desmosomes in keratinocytes are only 
partially disassembled by EGF or PMA. 
 
Phosphorylation of β4 by PKC and PKA 
Independently of the group of Dr. A.M. 
Mercurio, we identified S1360 as an 
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important PKC phosphorylation site in β4 
(Rabinovitz et al., 2004). In addition, we 
also found that the peptide containing 
S1360 can be phosphorylated on multiple 
residues. In contrast to the interpretation 
by Rabinovitz and coworkers, we believe 
that there is only one PKC 
phosphorylation site in this peptide. 
Firstly, there is only one bona fide PKC 
phosphorylation site present in the CS, 
i.e. S1360 (S/T-X-R/K). Secondly, our 
data suggest that only S1360 in this 
peptide is phosphorylated after PMA 
stimulation. Although PMA stimulation 
increases the intensity of two peptide 
spots in the in vivo phosphopeptide 
maps, both these spots are decreased to 
background levels when S1360 is 
substituted by alanine, indicating that 
S1360 is the only PKC phosphorylation 
site in the peptide. In vitro 

phosphorylation of β4∆1392 by PKCα, 
shown by Rabinovitz and coworkers, also 
resulted in two phosphorylated peptides, 
which both disappear when using the 
triple mutant β4∆1392 S1356/1360/1364D. The 
authors conclude that two of the three 
residues must have been phosphorylated 

by PKCα. However, because of problems 
with background phosphorylation, it 
cannot be excluded that the isolated 
β4∆1392 mutant already carried some 
phosphorylated S1356 and/or S1364 
residues. Therefore, the experiment does 
not definitively prove that, in addition to 
S1360, a second residue is 

phosphorylated by PKCα in this peptide. 
Hence, we are confident that other 
enzymes are responsible for 
phosphorylation of the other residues in 

this peptide. Indeed, we identified PKA as 
a kinase for phosphorylation of S1364. 
Rabinovitz and coworkers reported that 
EGF stimulates phosphorylation of S1356, 
S1360 and S1364 in the β4 CS. Therefore, 
not only PKC, but also PKA needs to be 
activated after EGF stimulation. Indeed, 
many reports have described cross-talk 
between the EGF receptor signaling 
pathway and the cAMP-PKA signaling 
pathway. In fact, PKA has been shown to 
be a downstream target of EGF receptor 
signaling (reviewed by Ciardiello and 
Tortora, 1998; and shown in later 
reports). For instance, EGF was shown to 
activate PKA through cAMP activation, 
which resulted in serine phosphorylation 
of the EGF receptor and subsequent 
downregulation of EGF receptor signaling 
(Barbier et al., 1999), which is similar to 
what has been described for PKC (Hunter 
et al., 1984; Davis, 1988). Another report 
showed that in fibroblasts expressing a 
dominant negative PKA subunit, EGF-
induced migration was inhibited (Edin et 
al., 2001). Thus, EGF may indeed activate 
both PKC and PKA to regulate 
hemidesmosome disassembly. PKA is an 
extremely promiscuous enzyme, 
implicated in many different cellular 
processes by phosphorylating many 
distinct target proteins. Because of the 
many, sometimes contradictory, roles that 
have been assigned to PKA, its activity 
must be tightly controlled in vivo. Specific 
spatial and temporal activation of PKA 
can be achieved through the A-kinase 
anchoring proteins, AKAPs (Diviani and 
Scott, 2001; Michel and Scott, 2002). 
Interestingly, various AKAPs have been 
found to bind PKCs and are therefore able 
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to integrate PKA and PKC signaling. 
Hence, assembly of multi-enzyme 
complexes containing PKC and PKA may 
regulate hemidesmosome disassembly 
and subsequent migration of epithelial 
cells.  
Activation of PKA by stimulating cells 
with Forskolin/IBMX, had little effect on 
hemidesmosome formation. This may 
reflect the requirement of PKC activity for 
hemidesmosome disassembly. In 
addition, phosphorylation of S1356, apart 
from S1360, might be more important for 
hemidesmosome disassembly than phos-
phorylation of S1364. 
 
Putative phosphorylation of β4 by GSK-3 
Not only S1360 and S1364, but also S1356 
was described to become phosphorylated 
after EGF stimulation (Rabinovitz et al., 
2004), and to be essential for hemides-
mosome disassembly. In our enzyme 
prediction analysis, S1356 was assessed to 
be a putative GSK-3 phosphorylation site. 
Although we did not show that GSK-3 can 
indeed phosphorylate S1356, it is an 
interesting hypothesis that is supported 
by the finding that GSK-3 may be a 
central regulatory molecule in keratino-
cyte migration during wound healing. 
Even though in fibroblasts, endothelial 
cells and cancer cells phosphorylated, and 
therefore inactive, GSK-3 has been 

implied in cell motility through β1, β3 and 

β5 integrins (Byzova et al., 2000), in 
keratinocytes active GSK-3 was found to 
be essential for migration (Koivisto et al., 
2003). After epidermal injury, migration 
of keratinocytes is rapidly initiated. The 
cells migrate over a provisional fibronec-

tinrich matrix, which is initiated by the 
formation of long lamellipodia. Lamelli-
podia formation and migration are 
dependent on the coordinated assembly 
of actin filaments. In addition, the activity 
of GSK-3 has been shown to be essential 
for EGF-induced lamellipodia formation 
en keratinocyte migration. Obviously, the 
adhesive hemidesmosomal structures, 
which are still present in keratinocytes on 
laminin-5, need to be disassembled before 
the cells can migrate into the wound. 
Indeed, no hemidesmosomes were found 
in the keratinocytes migrating into the 
wound (Koivisto et al., 2003). 
Interestingly, the integrin α6β4 was 
shown to become localized in the actin-
rich protrusions after EGF-induced 
hemidesmosome disassembly and subse-
quent migration (for review see Mercurio 
et al., 2001). These findings together 
suggest that one of the tasks of GSK-3 
during keratinocytes migration might be 
the phosphorylation of β4, subsequent 
disassembly of hemidesmosomes and 
relocation of the integrin. 
 
Phosphorylation of plectin and possibly 
β4 by PKD1 
Phosphorylation of S1356, S1360 and 
S1364 is important in hemidesmosome 
disassembly, and their substitution with 
aspartate residues reduces the binding to 
plectin both in vivo and in vitro. 
However, the effect on hemidesmosomes 
is moderate, indicating either that 
aspartate residues are not good mimics of 
phosphorylation in this case, or that other 
events must contribute to hemidesmo-
some disassembly. Such events may 
include phosphorylation of other residues 
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in the β4 cytoplasmic domain, affecting 
the binding with plectin, BP180 and/or 
BP230. Alternatively, phosphorylation of 
hemidesmosomal components other than 
β4 may occur. Indeed, here we have 
shown that PKD1 can phosphorylate the 
N-terminus of plectin-1A in vitro, but not 
plectin-1C or plectin-∆1. Furthermore, 
PKD1 can phosphorylate the C-tail of β4, 
but we did not find evidence for β4 
phosphorylation by PKD1 in vivo. 
Interestingly, PKD1 has been described to 
bind 14-3-3 proteins through its 
regulatory domain (Hausser et al., 1999; 
Zhang et al., 2005). More intriguingly, 

also β4 has been described to bind 14-3-3 

after PKCα phosphorylation of the CS 
(Santoro et al., 2003). Since PKCα 
activation and subsequent phosphory-
lation of S1360 in β4 is not sufficient to 
disassemble hemidesmosomes, additional 
events need to occur. Therefore, 14-3-3 

binding of β4 after PKCα phosphorylation 
may recruit PKD1, thereby further driving 
the balance toward hemidesmosome 
disassembly. Although in T cells 14-3-3 
has been described to inhibit PKD1 
activity (Hausser et al., 1999), in 
endothelial cells 14-3-3 binding to PKD1 
has been found necessary for its activity 
(Zhang et al., 2005). Therefore, 14-3-3 
may be involved in activation and 
recruitment of PKD1 to α6β4, to drive 
hemidesmosome disassembly. Subse-
quently, 14-3-3 may also inactivate PKD1 
to force a negative feedback loop once 
PKD1 has phosphorylated plectin and 
possibly β4. Alternatively, instead of 14-3-
3 proteins, AKAPs may act as integrators 
of various signals, as described above. For 

instance, AKAP-Lbc has been found to 
form a multi-protein complex with PKA, 

PKCη and PKD1, which facilitates PKD1 
activation and translocation (Carnegie et 
al., 2004). Since not only PKC is involved 
in hemidesmosome regulation, but also 
PKA phosphorylation of β4 may 
contribute to hemidesmosome disassem-
bly, an anchoring complex, such as AKAP-
Lbc, may be required for localization of 
PKD1 activity in hemidesmosomes. By 
contributing to hemidesmosome disas-
sembly on the plasma membrane, PKD1 
may facilitate proliferation, migration or 
even differentiation of keratinocytes. 
PKD1 also plays an important role in 
Golgi organization and function. 
Interestingly, PKD1 has been shown to be 
involved in PDGF-dependent recycling of 
αvβ3 integrin, thereby influencing cell 
migration (Woods et al., 2004). 
Obviously, linking the intermediate 
filament system to α6β4 while it is on the 
Golgi membrane or recycling endosomes 
needs to be prevented, thus binding of 
plectin should be avoided during 
transport of the integrin to the plasma 
membrane. Therefore, PKD1 might also 
be involved in preclusion of plectin 
binding to α6β4 while it is on transport 
vesicles. Although we have not found 
evidence for such a role for PKD1, this 
remains to be further investigated. 
 
Isoform specific phosphorylation of 
plectin 
The finding that PKD1 can phosphorylate 
the N-terminus of plectin and that 
phosphorylation is isoform specific has 
two important implications; firstly, it 
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shows that not only β4 phosphorylation is 
important, but that efficient hemides-
mosome disassembly can be achieved 
through phosphorylation of several 
components. Secondly, it shows how 
plectin isoforms may be differentially 
regulated through phosphorylation by 
different kinases. In addition to PKD1, we 

found that PKCα can specifically 
phosphorylate plectin-1C, but not plectin-

1A or plectin-∆1 in vitro (not shown). 
Interestingly, PKCα specific phosphoryla-
tion of plectin-1C may provide an 
explanation for the fact that mostly 
plectin-1A, but not plectin-1C, is found in 
hemidesmosomes in vivo (Andrä et al., 
2003), whereas binding of plectin-1C to 
β4 does occur in vitro (Litjens et al., 
2003). Accordingly, specific phosphoryla-
tion of plectin-1A by PKD1 may be a way 
to specifically regulate plectin in 
hemidesmosomes, whereas plectin in 
other parts of the cell is unaffected.  
 
Model for HD regulation 
Even though binding of the plectin ABD 

to β4 does not require the plectin N-
terminal sequence and only involves the 
first two FNIII domains and first part of 

the CS of β4 (amino acid 1115-1355), 
regulation of this interaction occurs via 
sequences outside these binding regions; 
i.e. phosphorylation of the plectin N-

terminus and β4 CS after residue 1355 are 
involved in hemidesmosome regulation. 
How is this regulation possible? Clearly, 

electrostatic repulsion between the 
negatively charged plectin N-terminus 
and β4 CS may prevent, or at least 
weaken, their interaction (Figure 7, left 
bottom panel). Alternatively, phosphory-
lation of the β4 CS may increase its 
affinity for a third protein, which 
competes with plectin for binding to β4 
(Figure 7, left upper panel). In addition, 
the β4 cytoplasmic domain may adopt a 
different conformation upon phosphory-
lation of the CS. We have shown 
previously that the conformation of the β4 
cytoplasmic domain may be important for 
plectin recruitment (Koster et al., 2004b). 
Phosphorylation of the CS may induce a 
conformation that is suboptimal for 
plectin binding (Figure 7, right upper 
panel). Lastly, the phosphorylated CS may 
compete with plectin for binding the first 
pair of FNIII domains. The second FNIII 
domain contains two arginine residues 
that are essential for plectin binding 
(R1225 and R1281; Koster et al., 2001). In 
fact, mutation of these residues in human 
patients causes a non-lethal form of 
junctional epidermolysis bullosa (JEB; 
Pulkkinen et al., 1998; Nakano et al., 
2001). It is spatially possible that two of 
the three phosphorylated residues in the 
CS bind to these arginine residues, 
thereby sterically interfering with plectin 
binding, and thus regulating the 

interaction between plectin and β4 
(Figure 7, right bottom panel). 
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Figure 7. Different models for preventing the interaction between α6β4 and plectin after their 
phosphorylation. Phosphorylation of the CS of β4 may increase the affinity for a third protein binding to the CS. 
This may lead to intermolecular steric hindrance, preventing the plectin-ABD from binding to the first pair of FNIII 
domains (upper left panel). Alternatively, phosphorylation of the β4 CS, and possibly the C-tail, may alter the 
intramolecular folding of the β4 cytoplasmic domain, creating a suboptimal binding conformation for the plectin-ABD 
(upper right panel). Thirdly, phosphorylation of both the β4 CS and the N-terminal sequence of plectin may lead to 
electrostatic repulsion (bottom left panel). Lastly, phosphorylation of the β4 CS may create a binding site for the first 
pair of FNIII domains, thereby inducing intramolecular steric hindrance for the plectin-ABD. Two arginine-residues in 
the first pair of FNIII domains are essential for binding to the plectin-ABD; these may also be involved in the 
intramolecular binding to the CS (bottom right panel). 
 

 
Concluding remarks 
To summarize, disassembly of hemi-
desmosomes in keratinocytes happens 

most likely through a complex mecha-
nism. Possibly, signaling complexes 
containing multiple enzymes are involved 
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in phosphorylation of α6β4, plectin and 
perhaps other hemidesmosomal compo-
nents. These multiple phosphorylation 
events may lead to hemidesmosome 
disassembly and relocation of the integrin 
to lamellipodia to allow efficient 
migration of keratinocytes. 
 
 
Materials and methods 
 
Cell lines 
PA-JEB (β4-null) keratinocytes have been described 
previously (Schaapveld et al., 1998) and were maintained 
in  keratinocyte serum-free medium (Life Technologies, 
Rockville, MD) supplemented with 50 µg/ml bovine 
pituitary gland extract, 5 ng/ml EGF, 100 U/ml 
penicillin, and 100 U/ml streptomycin. Stable 
integration of β4 mutants was performed as described 
previously (Sterk et al., 2000; Geuijen and Sonnenberg, 
2002). COS7 cells were grown in DMEM (Life 
Technologies) containing 10% fetal bovine serum, 100 
U/ml penicillin and 100 U/ml streptomycin. They were 
transiently transfected using the DEAE-dextran method 
(Seed and Aruffo, 1987). 
 
cDNA constructs 
For PCR the proofreading Pwo DNA polymerase (Roche 
Molecular Biochemicals, Indianapolis, IN) was used. All 
plasmids were verified by sequencing, and protein 
expression and size were confirmed by Western blotting. 

The full length β4 cDNA in pUC18 has been described 
before (Niessen et al., 1997b). Point mutants were 
generated by the PCR overlap extension method. 

Subsequently β4 was isolated using the EcoRI restriction 
site and ligated into the retroviral LZRS-IRES-zeo vector 
as described before (Sterk et al., 2000). BssHII-EcoRV 
fragments were used for exchange with fragments from 

IL2R-β4 in pCMV (Nievers et al., 1998) to generate 

IL2R-β4 mutants. IL2R-β4∆1670 has been described 

previously (Koster et al., 2004b). IL2R-β4∆1355 was 

generated by exchanging a PCR product of β41297-1355 with 

the BssHII-XbaI fragment from wild type IL2R-β4. Full 

length β4 and deletion mutants of β4 in pCMV have been 
described before (Niessen et al., 1997a). Plectin-1A, 

plectin-1C and plectin-∆1 ABDs in pcDNA3-HA, and 

GST-plectin-∆1, GST-plectin-1A and GST-plectin-1C 
ABDs in pRP261 have previously been described (Litjens 
et al., 2003). 
 

Phosphopeptide mapping 
For in vivo phosphopeptide mapping experiments, PA-
JEB or COS7 cells expressing β4 were phosphate-starved 

for 1h, 37°C. Subsequently, 2 mCi of [32P]orthophosphate 

was added and incubated for 3h, 37°C. 100 nM Calyculin 
A (Cell Signaling, Inc., Beverly, MA), 1 mM PMA (Sigma-

Aldrich, St. Louis, MO), or 25 µM forskolin (Calbiochem) 
and 0.1 mM 3-isobutyl-1-methylxanthine (IBMX; 
Calbiochem) were added for 15 min at 37°C. β4 was 
immunoprecipitated with the mAb 450-11A (PharMingen 
International, San Diego, CA). 
For in vitro phosphopeptide mapping experiments, β4 
was immunoprecipitated with 450-11A from PA-JEB 
expressing β4 or COS7 expressing IL2R-β4. 
Subsequently, the isolated protein was phosphorylated in 
vitro with PKCα (Upstate Biotechnology) or PKA (Sigma) 

in the presence of 50 µCi γP32-ATP for 2h at 30°C. In 

vitro phosphorylation was carried out for 1h at 30°C with 

20 U PKCα in 50 mM Tris, pH 7.5, 10 mM MgCl2, 1 mM 

DTT, 20 µg/ml PS, 8 µg/ml DAG and 0.2 mM CaCl2. The 
reaction with 20 U PKA was performed in 40 mM Hepes, 
pH 7.5, 3 mM MnCl2, 10 mM MgCl2, and 1 mM DTT. 
The samples were subjected to SDS-PAGE and the gel 
was dried. The film was exposed at room temperature for 
10 min for in vitro phosphorylations or o/n for in vivo 
phosphorylations. Radioactive β4 was isolated from the 
gel and digested with trypsin. Phosphopeptide mapping 
was performed as described previously (Wilhelmsen et 
al., 2002; van der Geer and Hunter, 1993). 
 
Immunofluorescence 
PA-JEB/β4 keratinocytes were seeded on glass coverslips 
in keratinocyte serum free medium. After 24h the 
medium was changed to high calcium medium (Ham’s 
F12/DMEM, 1:3) in the absence of serum. After o/n 
incubation, cells were stimulated with 1 mM PMA or 100 
ng/ml EGF for 30 min at 37°C. Cells were fixed and 
permeabilized as described before (Litjens et al., 2003). 
Primary antibodies used were the rat mAb GoH3 against 
α6 (Sonnenberg et al., 1987) and mouse mAb 121 against 
plectin/HD1 (Hieda et al., 1992), which was a kind gift 
from Dr. K. Owaribe. Secondary antibodies were FITC-
conjugated goat anti-rat antibodies, purchased from 
Rockland (Gilbertsville PA), and Cy5-coupled donkey 
anti-rat and Texas Red-coupled donkey anti-mouse 
antibodies, obtained from Jackson Immunolabs. 
Secondary antibodies were selected for minimal cross-
reactivity against the other species. The coverslips were 
mounted onto glass slides in Mowiol mounting medium 
(Calbiochem, San Diego, CA) containing 2.5% DABCO 
(Sigma). Immunofluorescence images were taken using a 
Leica confocal laser scanning microscope. 
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Scatter plots and colocalization images 
Colocalization between α6 and plectin images (8-bit 
grayscale values) was analyzed within a custom-made 
Visual Basic (v6.0) program. Pixel intensity for α6 was 
plotted against the pixel intensity for plectin in a scatter 
plot. Multiple occurrences of identical coordinates are 
color coded as indicated in Figure 3. For a pair of 
colocalizing images, the scatter plot shows a distribution 
along the diagonal with some divergence because of 
photon noise. Non-colocalizing structures appear as off-
diagonal clusters. Superimposed on a grayscale overlay 
image, the bright colocalizing pixels, the non-colocalizing 

α6 pixels and the non-colocalizing plectin pixels are 

shown in color as indicated in Figure 3. Further details 
are available on request from J.v.Rheenen.   
 
Pull-down assay 
COS7 cells were transfected with indicated cDNA 
constructs. When indicated, cells were stimulated with 1 
mM PMA. Cells were lysed in mPer buffer (Pierce), 
containing 1 mM sodiumvanadate and a cocktail of 
protease inhibitors (Sigma-Aldrich, St. Louis, MO). 
Immunoprecipitation with mAb 12CA5 (Santa Cruz 
Biotechnology, Santa Cruz, CA) and subsequent SDS-
PAGE and immunoblotting with anti-IL2R or anti-HA 
polyclonal antibodies (Santa Cruz) were performed as 
described previously (Litjens et al., 2003). 

 

 

t=1 t=2 t=10 t=30  
Supplementary Figure S1. Time course of PA-JEB/β4/ 
WT GFP-PKD1 stimulated with PMA. Images were taken at t=0, 1, 2, 10 and 30 min after PMA stimulation of PA-
JEB/β4/WT GFP-PKD1 cells. Within 1 min PKD1 appears on the membrane. Within 2 min translocation is complete 
and PKD1 stays on the membrane for >30 min. By this time PKD1-containing vesicles have appeared. 
 

 

O rigin O rigin

+ PKD1

Control WT IL2R- 4β IL2R- 4β T1736A

 
 

Supplementary Figure 
2. T1736 of β4 is in vitro 
phosphorylated by 
PKD1. Phosphopeptide 
maps of wild type β4 and 
β4T1736A, in vitro 
phosphorylated with PKD1. 
Mutation of T1736 results in 
the disappearance of one 
spot (arrow), indicating that 
this residue is a PKD1-
phosphorylation site in 
vitro. 
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Nesprin-3, a Novel Outer Nuclear Membrane Protein, 
Associates with the Cytoskeletal Linker Protein Plectin 

  
Kevin Wilhelmsen*, Sandy H.M. Litjens*, Ingrid Kuikman, Ntambua Tshimbalanga, 
Hans Janssen, Iman van den Bout, Karine Raymond and Arnoud  Sonnenberg 
 
 
Despite the importance for cell biology, the mechanisms that maintain the 
nucleus in its proper position in the cell are not well understood. This is 
primarily due to an incomplete knowledge of the proteins in the outer 
nuclear membrane (ONM) that can associate with the different cytoskeletal 
systems. Two related ONM proteins, nuclear envelope spectrin repeat 
(nesprin)-1 and -2, are known to make direct connections with the actin 
cytoskeleton through their NH2-terminal actin-binding domain (ABD). We 
have now isolated a third member of the nesprin family that lacks an ABD 
and instead binds to the plakin family member plectin, which can associate 
with the intermediate filament (IF) system. Overexpression of nesprin-3 
results in a dramatic recruitment of plectin to the nuclear perimeter, which 
is where these two molecules are colocalized with both keratin-6 and -14. 
Importantly, plectin binds to the integrin α6β4 at the cell surface and to 
nesprin-3 at the ONM in keratinocytes, suggesting that there is a 
continuous connection between the nucleus and the extracellular matrix 
through the IF cytoskeleton. 
 
 
Introduction 
 
The three cytoskeletal filament systems of 
eukaryotic cells are composed of actin 
filaments, intermediate filaments (IFs) 
and microtubules (MTs). They are 
responsible for such diverse functions as 
transport and positioning of organelles in 
the cytoplasm, the segregation of the 
chromosomes during mitosis, cell shape, 
cell movement, and the structural 
integrity of the membranes (Fuchs and 
Karakesisoglou, 2001). The three systems 
are connected to each other through the 
members of the plakin family of 

cytoskeletal crosslinkers (Sun et al., 2001; 
Jefferson et al., 2004). Three members of 
this family are the bullous pemphigoid 
antigen-1 (BPAG1), the MT-actin 
crosslinking factor (MACF) and plectin. 
MACF is primarily responsible for cross-
linking the actin filaments and MTs (Sun 
et al., 2001), whereas plectin can directly 
cross-link the actin and IF cytoskeletal 
systems (Wiche, 1998). Of BPAG1, there 
are several different tissue-specific splice 
variants that are capable of cross-linking 
the actin and MT systems (Leung et al., 
2001). These molecules are very large 
(834 [BPAG1b], 520 [plectin] and 608 kD 
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[MACF]) and the binding domains for the 
different cytoskeletal systems are on 
opposite ends of the proteins, which may 
allow for a physiologically important 
spacing between the different structural 
systems.   
Plakins can also mediate the binding of 
the cytoskeleton to membrane-bound 
protein complexes within a cell (Fuchs 
and Karakesisoglou, 2001). The NH2-
terminal sequences of the 11 known 
plectin isoforms, which result from 
alternative splicing, are important for the 
cytoplasmic localization of these molecu-
les (Fuchs et al., 1999; Rezniczek et al., 
2003). For example, the actin- binding 
domain (ABD) of plectin-1A and -1C can 
bind to the cytoplasmic domain of the 
integrin β4 subunit at the plasma 
membrane to initiate the formation of 
hemidesmosomes, which are adhesion 
structures that allow for the firm 
attachment of the basal epithelial cells to 
the underlying basement membrane 
(Borradori and Sonnenberg, 1999; Koster 
et al., 2004a). In addition, plectin-1F can 
become localized at focal contacts (FCs), 
while plectin-1B is associated with 
proteins of the mitochondria (Rezniczek 
et al., 2003). The binding properties of 
these two latter isoforms suggest that 
plectin can mediate the linkage of the IF 
system to proteins in lipid bilayers other 
than those of the plasma membrane. 
BPAG1-e (also known as BP230) also 
links the IF cytoskeleton to hemidesmoso-
mes and there is evidence that BPAG1 can 
associate with transmembrane glycopro-
teins on the plasma membrane (Guo et 
al., 1995; Nakayama et al., 2002; Koster 
et al., 2003). MACF, on the other hand, 

has been reported to be localized at the 
plasma membrane at cell-cell contacts 
and recently, to membranes of the Golgi 
apparatus (Karakesisoglou et al., 2000; 
Kakinuma et al., 2004; Lin et al., 2005). 
Together, the evidence shows that the 
plakin family members, in addition to 
their role as crosslinkers of the 
cytoskeleton, can form a bridge between 
membrane-bound proteins and the 
various cytoskeletal systems. However, no 
plakin family members have been 
reported to associate with proteins of the 
nuclear envelope (NE). 
The NE separates the nucleoplasm from 
the cytoplasm and consists of two lipid 
bilayers, the inner nuclear membrane 
(INM) and the outer nuclear membrane 
(ONM). The INM contains a distinctive 
set of integral membrane proteins that 
interact with chromatin through 
associated proteins such as the nuclear 
lamins, which form a meshwork of IF 
proteins that underlies the INM (Burke 
and Stewart, 2002). Lamins themselves 
can also bind chromatin and play an 
essential role in maintaining the 
structural integrity of the NE (Hutchison, 
2002; Gruenbaum et al., 2005). The 
proper position of the nucleus in a cell is 
thought to be maintained through the 
linkage of ONM proteins to the different 
cytoskeletal systems. In vertebrates, the 
only ONM proteins known to make 
associations with the cytoskeleton are the 
related integral membrane proteins NE 
spectrin repeat (nesprin)-1 and -2, which 
bind to actin through their NH2-terminal 
ABDs (Zhang et al., 2002). However, in 
Caenorhabditis elegans, UNC-83 can link 
the nucleus to the MT cytoskeleton (Starr 
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et al., 2001). This suggests that in higher 
organisms, there are ONM proteins that 
can link the nucleus not only to the actin 
cytoskeleton, but also to MTs. 
The type II ONM proteins nesprin-1 and -
2 (also known as Myne-1 and -2 [Mislow 
et al., 2002], Syne-1 and -2 [Apel et al., 
2000], or Enaptin and Nuance [Zhen et 
al., 2002; Padmakumar et al., 2004]) 
contain a central rod domain with a 
variable number of spectrin repeats (SRs), 
flanked by an NH2-terminal ABD and a 
conserved C-terminal domain (Zhang et 
al., 2001; Zhang et al., 2002). The NH2-
terminal ABD is of the type found in β-
spectrin and consists of two calponin 
homology domains. The conserved 
COOH-terminal domain, which includes 
the transmembrane (TM) domain and the 
COOH-terminal amino acids present in 
the periplasmic space of the NE, shares a 
homologous region with the Drosophila 
melanogaster protein Klarsicht and is 
therefore referred to as the 
Klarsicht/ANC-1/Syne-1 homology 
(KASH) or Klarsicht-like domain. 
However, apart from this domain there 
are no other features shared with the D. 
melanogaster protein (Mosley-Bishop et 
al., 1999). In humans, both nesprin-1 and 
nesprin-2 are giant proteins with 
molecular masses of ~976 and 764 kD, 
respectively. Because of the presence of 
an ABD, it has been suggested that 
nesprins play an important role in nuclear 
positioning. Indeed, the single homologue 
of nesprin in C. elegans, ANC-1, is 
required for the proper anchorage of 
nuclei to actin in syncytial cells (Starr and 
Han, 2002; Starr and Han, 2003) and 
recently, overexpression of the KASH 

domain in mice highlighted the 
importance of Syne-1 for the proper 
position and localization of synaptic 
nuclei (Grady et al., 2005). 
We have now identified a new member of 
the nesprin family that can bind to the 
plakin family member plectin at the 
ONM. This protein was isolated in a yeast 
two-hybrid (Y2H) screen using the ABD 
of plectin-1C as bait. Like the other two 
known nesprins, nesprin-3 is a type II 
transmembrane protein of the ONM and 
contains a COOH-terminal KASH domain 
and a series of SRs related to those in 
nesprin-1 and -2. Unlike the other two 
full-length nesprins, nesprin-3 lacks an 
ABD and is therefore not able to associate 
with actin, but instead may associate with 
the IF cytoskeleton through plectin. 
Nesprin-3 is ubiquitously expressed in all 
cell lines and tissues tested. Expression of 
nesprin-3 strongly recruited endogenous 
plectin to the ONM in cells, where it was 
colocalized with both keratin-6 and -14 
filaments. Nesprin-3 is the first ONM 
protein with an established link to the IF 
cytoskeletal system and it seems certain 
that its discovery will increase our 
knowledge of the function of the NE 
during mitosis and proper nuclear 
positioning during quiescence and cell 
migration. 
 
 
Results 
 
Identification of a novel protein that 
interacts with the plectin ABD 
It is well documented that the integrin β4 
subunit is bound to plectin in 
hemidesmosomes (Borradori and 
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Sonnenberg, 1999). We have shown 
previously that the critical binding site 
between plectin and β4 occurs through 
the first pair of fibronectin type III 
(FNIII) domains of β4 and the NH2-
terminal ABD of plectin (Geerts et al., 
1999); Litjens et al., 2003; Koster et al., 
2004b). We were curious to find out if 
additional proteins could bind to the 
plectin ABD. For this purpose, we 
performed a Y2H genetic screen using the 
human plectin-1C ABD as bait. We 
identified several novel interactions with 
known and previously unidentified 
proteins. Of the unknown proteins, one 
showed homology with the related type II 
ONM proteins, nesprin-1 and nesprin-2. 
We then tested the ability of the nesprin-
related protein sequence to bind to other 
ABDs in a Y2H assay, using the previously 
published results for the first pair of 
FNIII domains of β4 to bind the same 
ABDs as a control (Litjens et al., 2003). 
The results show that, like β4, the nesprin 
 

 

 
Figure 1. Y2H analysis of the interaction between 
either the nesprin-related Y2H sequence or the 
first pair of FNIII domains of β4 with several 
different ABDs. Interactions were scored (+) when the 
plating efficiencies on selective SC-LTHA plates were 
>30% of those on nonselective SC-LT plates at 5 d of 
growth. Interactions were scored (-) when no colonies 
were detected at 10 d of growth. The percent homology of 
the other ABDs to the plectin ABD is shown in the 
column on the left. The result for the interactions of the 
first pair of FNIII domains with the ABDs listed have 
been reported previously (Litjens et al., 2003). 

-related sequence binds to the plectin-1C 
ABD and the BPAG1-n ABD, which is 
highly homologous to the plectin ABD 
(76% homology). However, the nesprin-
related protein sequence, also like β4, did 
not bind to the ABDs of dystrophin, α-
actinin-1 and filamin-A and -B (Figure 1). 
We conclude that the nesprin-related 
sequence has the same binding specificity 
as the β4 subunit for the different ABDs. 
 
Genomic organization of nesprin-3 
A basic local alignment search tool 
(BLAST) search with the novel plectin-1C 
ABD binding sequence showed stretches 
of nucleotide sequences identical with an 
Institute of Physical and Chemical 
Research (RIKEN) cDNA (4831426I19) 
and homology to a region in nesprin-1 
and -2 containing a variable number of 
SRs. In the mouse genome, the nesprin-1 
gene is on chromosome 10A1 (human 
homologue 6q25) and the nesprin-2 gene 
is on chromosome 12C3 (human 
homologue 14q23.2). Software analysis 
revealed that the gene for the novel 
nesprin-related sequence is also on 
chromosome 12, but in a different 
location than nesprin-2, in region 12E 
(human homologue 14q32.13, showing 
72% homology). Database searches 
revealed that the cDNA for the nesprin-
related protein sequence is also present in 
cDNA libraries of several other species, 
including the rat, chimpanzee, dog and 
chicken (68, 68, 50 and 43% homology, 
respectively). Furthermore, the RIKEN 
clone contained a COOH-terminal KASH 
domain that was similar to that found in 
nesprin-1 and -2 (51 and 61% protein  
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Figure 2. Sequence analysis of nesprin-3. (A) Scaled diagrams of the nesprin-1, -2, -3α, and -3β, ANC-1, UNC-83, 
and D. melanogaster Klarsicht protein are presented. The sequence alignment of the KASH domain of the different 
murine nesprins, ANC-1 and UNC-83, with the conserved domain in the D. melanogaster Klarsicht protein is shown 
with similar amino acids shaded gray. (B) Organization of the nesprin-3 genome. The 18 exons are labeled as E1-E18 
and are depicted as closed bars, except the exon unique to nesprin-3α (E3), which is depicted as an open box. The 
translation start sites for nesprin-3α and nesprin-3β are shown in E2. The distances are drawn to scale with the 
measurement bar. (C) SRs 1, 3, 5, and 7, and 2, 4, 6, and 8 of nesprin-3α are shown aligned with the 13th and 14th SRs of 
spectrin-β2, respectively. Dark gray boxes depict alignment of more than three similar amino acids in an alignment set. 
Light gray boxes depict similar amino acids to a majority of those in the opposing alignment set. A diamond indicates 
that residues are conserved in only one alignment set, and an asterisk indicates residues that are conserved in both 
sets. Below the SR alignment the structure of nesprin-3α and -3β are shown. The location of the exons are denoted by 
bars and labeled in between each accordingly as E1-E18. The region of nesprin-3α encoded by the cDNA found in the 
Y2H screen is underlined, as is the sequence for nesprin-3β (RIKEN clone 4831426I19) found in the database. The SRs 
are depicted as open boxes. In exon 18, the RIKEN sequence continues for another 2,198 nucleotides after the stop 
codon. The NH2 terminus is to the left and the COOH terminus is to the right. The distances are drawn to scale. 
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sequence homology, respectively; Figure 
2A). These database analyses indicate that 
the nesprin-related cDNA sequence enco-
des a novel nesprin family member, which 
will now be referred to as nesprin-3.  
Comparison of the RIKEN cDNA 
4831426I19 and the nesprin-3 Y2H 
nucleotide sequences with the mouse 
genomic sequence on chromosome 12 
revealed that these two ORFs represent 
splice variants of the nesprin-3 gene 
because we identified alternatively spliced 
exon 1 sequences for the Y2H and the 
RIKEN sequences, labeled exons 1a and 
1b, respectively, and an additional 173- 
nucleotide exon in the Y2H sequence 
(exon 3; Figures 2B and S1, A and B). 
Additionally, both sequences contain an 
identical exon 2, but the reading frame is 
different in this exon for the two nesprin-
3 splice variants; therefore, these proteins 
have different NH2-terminal sequences 
(Figure S1A). RT-PCR analysis on total 
mRNA from several cell lines suggests 
that after exon 3 the nucleotide (and 
protein) sequence is the same in the two 
splice variants and is encoded by exons 4-
18 (Figures 2B, 3C and S1A). Because the 
nesprin-3 Y2H sequence was the 
originally discovered sequence and may 
represent a longer nesprin-3 variant, we 
will now refer to this variant as nesprin-
3α, while the RIKEN cDNA encoded 
polypeptide will be referred to as nesprin-
3β.  
Using the simple modular architecture 
research tool (SMART) motif scanning 
software, we identified several SRs in 
nesprin-3. The protein sequence showed 
25% homology with the same region in 
both mouse and human nesprin-1 and 

22% homology with the same region in 
human nesprin-2. Manual inspection of 
the nesprin-3α cDNA sequence showed 
the presence of eight related SRs, some of 
which were not recognized by the SMART 
software (Figures 2C and S1A). The first 
SR is encoded by the nesprin-3α 
alternative reading frame in exon 2 and 
the nesprin-3α specific exon 3.  Therefore, 
nesprin-3β does not have the first SR, but 
does contain SRs 2-8 (Figures 2C and 
S1A).  
To determine if longer variants of 
nesprin-3 exist, we performed 5’-rapid 
analysis of cDNA ends (RACE) analysis on 
mRNA from the Rac-11P and mTSC cell 
lines. The results indicate that the original 
nesprin-3 Y2H sequence contains the true 
start site of translation for nesprin-3α 
because the longest transcript detected 
containing exon 1a did not have any 
methionines that are in-frame with the 
nesprin-3α Y2H polypeptide (Figure S1A). 
Although exon 1a was the most frequently 
detected first exon in both cell lines, we 
did identify multiple other exon 1 splice 
variants of nesprin-3 (exons 1c, 1c’, 1d, 1e 
and 1f; Figure S1B). Three of the 
alternative exon 1 sequences, exons 1c’, 1d 
and 1e, contain upstream in frame stop 
codons that preclude the possibility of any 
additional start sites for translation, but 
two exon 1 sequences, exons 1c and 1f, 
contain other potential start sites of 
translation which would encode for an 
additional 38 and 30 amino acids 
upstream of the initiation methionine of 
nesprin-3α, respectively (Figure S1B). 
Longer nesprin-3 variants in the nesprin-
3β reading frame are not possible due to a 
stop codon in exon 2 just upstream of the 
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starting methionine (Figure S1A). The 
results of the 5’-RACE analysis suggest 
that transcript variants equivalent to the 
long isoforms of nesprin-1 and -2 do not 
exist of nesprin-3. 
 
Distribution of nesprin-3 in cell lines and 
tissues 
 

To further characterize the nesprin-3 
protein, rabbit polyclonal antibodies 
(pAbs) were generated against the 
seventh SR of murine nesprin-3 and 
subsequently, the pAbs were tested for 
their specificity to nesprin-3 (Figure S2). 
We first tested the expression of nesprin-
3 in 14 different mouse-derived cell lines.

 
 

 

Figure 3. Tissue and cell line 
distribution of nesprin-3. (A) The 
indicated mouse-derived cell lines were lysed 
with RIPA buffer to extract NE components. 
Whole cell lysates (WCLs) of untransfected, 
nesprin-3α cDNA-transfected, or nesprin-3β 
cDNA-transfected COS7 cells were included 
as controls. WCL samples were loaded and 
run in a 4-20% SDS-PAGE gel, transferred to 
PVDF membrane, and probed for the 
presence of nesprin-3 using the GST-nesprin-
3-SR7-derived antibodies. A protein blot for 
β-actin was used as a loading conrol. (B) The 
indicated mouse tissues were dounce 
homogenized in RIPA buffer. WCLs of these 
samples were analyzed as in A. A protein blot 
for α-tubulin was used as a loading control. 
(C) To determine the selectivity of nesprin-3α 
and -3β expression, the mouse cell lines 
NMK-1, mTSC, and mBCC-1 were used. 
Primers annealing on either side of the 
nesprin-3α-specific exon 3 (primers 1 and 2) 
were used to determine the presence of either 
variant in these cell lines (top; see Results). 
Primers that would amplify exons 15-18 of 
nesprin-3 (primers 3 and 4) were used as a 
control for mRNA fidelity and specificity 
(middle). Nesprin-3α and 3β cDNAs were 
used as controls in these PCR reactions. A 
PCR of GAPDH was also included as a control 
for nesprin-3 expression levels and mRNA 
fidelity (bottom). Schematic representations 
(Figure 2C) of the regions of nesprin-3α and -
3β amplified by primer pairs are shown next 
to the image. Only part of nesprin-3 is 
depicted, for simplicity. 
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A band of ~110 kD, corresponding to 
nesprin-3α, was detected in all 14 cell 
lines tested, suggesting that this variant of 
nesprin-3 is ubiquitously expressed 
(Figure 3A). We did not detect any higher 
molecular mass bands in any of these cell 
lines, which is consistent with the notion 
that we are dealing with the full-length 
nesprin-3 protein. 
We next tested the expression of nesprin-
3 in several different mouse tissues and in 
all these tissues we detected the 110-kD 
protein (Figure 3B). A 97 kD protein 
reacting with the nesprin-3 antibody 
likely is a degradation product of nesprin-
3α because this band is also present in the 
lysates of the vesicular stomatitis virus 
(VSV)-nesprin-3α transfected COS7 cells. 
These results indicate that nesprin-3 is 
ubiquitously expressed in tissues and 
most likely represents the largest and 
most widely expressed splice variant of 
nesprin-3. 
To verify this at the mRNA level, we used 
an RT-PCR-based method to detect the 
presence of either nesprin-3α or -3β in 
three different cell lines. We used primers 
that anneal in exon 2 and exon 4, thus 
encompassing the nesprin-3α specific 
exon 3. A PCR band of 228 bp represents 
nesprin-3β and one of 401 bp represents 
nesprin-3α because of the inclusion of the 
173 bp of exon 3. We also performed a 
control RT-PCR reaction that would 
amplify a region of nesprin-3 from exon 
15-18, which includes the KASH domain- 
encoding sequence (Figure 3C). For both 
primer pairs, PCRs of the nesprin-3α and 
-3β cDNA-containing plasmids were 
included as controls (Figure 3C). The 
results showed that in three different 

mouse-derived cell lines, NMK-1, mTSC 
and mBCC-1, the predominant nesprin-3 
splice variant was 3α, although its 
expression level differed (Figure 3C). This 
is consistent with the results obtained 
from the western blots of the same mouse 
cell lines (Figure 3A).   
 
Nesprin-3 is localized at the ONM 
To determine the subcellular location of 
nesprin-3, we transiently transfected PA-
JEB keratinocytes with constructs 
expressing GFP- or VSV-tagged nesprin-
3α and -3β. The results indicate that GFP-
nesprin-3α and -3β are localized at the 
NE, although there is some staining 
within the nucleus, which is likely caused 
by the folding of the NE. The location of 
nesprin-3 was confirmed by colocalization 
studies with endogenous lamin A, which 
is a structural protein known to reside at 
the nucleoplasmic side of the INM (Figure 
4A). Immunofluoresence studies of VSV-
tagged nesprin-3α and -3β and endo-
genous nesprin-3 also showed localization 
at the NE and in some cells, at the RER 
(Figure 5B and not depicted). Together, 
these results definitively show that 
nesprin-3 is a NE component. The results 
also indicate that the GFP and VSV tags 
do not affect the localization of the 
nesprin-3 proteins. Because confocal 
microscopy is not sensitive enough to 
determine which lipid bilayer of the NE 
contains nesprin-3, we used EM analysis 
on PA-JEB cells stably expressing either 
GFP-nesprin-3α or -3β. Using antibodies 
directed against the GFP moiety, we were 
able to show that, like nesprin-1 and -2, 
nesprin-3 is present in the ONM (Starr 
and Han, 2002; Zhen et al., 2002; Figure 
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4B). Furthermore, some cells showed 
strong staining of nesprin-3 in the RER 
(Figures 4B), which was always correlated 
with a higher level of nesprin-3 
expression in individual cells (Figure 5B). 
 

  

 
 
Figure 4. Subcellular localization of nesprin-3α 
and -3β. (A) To determine the subcellular location of 
nesprin-3, PA-JEB keratinocytes were transiently 
transfected with either GFP-nesprin-3α or -3β cDNA, 
and the expression pattern was analyzed by fluorescence 
microscopy. Immunofluorescence studies of endogenous 
lamin A were  performed using mAb 133A2. Bar, 20 µm. 
Four cells are shown in each image. (B) To determine 
which lipid bilayer of the NE contains nesprin-3, 
ultrathin sections of PA-JEB cells stably expressing 
either nesprin-3α (top and middle) or -3β (bottom) were 
labeled with rabbit pAbs against GFP, followed by 
incubation with 15-nm gold-conjugated protein A. NPC, 
nuclear pore complex. 

Nesprin-3α is associated with plectin at 
the ONM 
To verify the results of the Y2H assay, we 
coexpressed cDNAs of VSV-nesprin-3α 
and -3β, along with cDNAs encoding 
either an HA-tagged plectin-1A or -1C 
ABD, an HA-tagged MACF ABD, which 
has an ABD similar to that of plectin (76% 
homology), or an HA-tagged α-actinin-1 
ABD in COS7 cells. To test the ability of 
nesprin-3 to bind to the different ABDs, 
immunoprecipitations were prepared 
with anti-HA antibodies and tested for the 
presence of the different nesprin-3 splice 
variants. Consistent with the findings 
shown in figure 1, the results of the pull-
down assay show that nesprin-3α strongly 
interacts with the ABDs of plectin-1A and 
-1C, but not with that of α-actinin-1. 
Interestingly, nesprin-3α can also interact 
with the MACF ABD (Figure 5A). 
Unexpectedly, nesprin-3β only weakly 
interacted with any of the ABDs tested. 
This result suggests that the first SR is 
critical for the high affinity binding of 
nesprin-3α to the plectin and MACF 
ABDs and we have therefore named this 
region of nesprin-3α the plakin-binding 
domain. These results were later 
confirmed by using a cDNA of nesprin-3α, 
of which the upstream noncoding 
sequences that were present in the 
original Y2H clone had been removed, 
verifying the importance of the SR1 in 
mediating binding to the plectin and 
MACF ABDs (Figure S1A and not shown). 
The results thus far indicate that nesprin-
3α can directly associate with plectin at 
the ONM. To verify these results, we used 
immunofluorescence studies on these 
proteins in cells. We first looked at the  
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Figure 5. Nesprin-3α associates with plectin in cells. (A) COS7 cells were transiently transfected with either the 
nesprin-3α (lanes 1-5) or -3β (lanes 6-10) cDNA constructs, or a control plasmid (lanes 11-15) and expression contructs 
for the HA-plectin-1A ABD (lanes 1, 6, and 11), HA-plectin-1C ABD (lanes 2, 7, and 12), HA-MACF ABD (lanes 3, 8, and 
13), HA-α-actinin-1 ABD (lanes 4, 9, and 14), or a control plasmid (lanes 5, 10, and 15). The cells were lysed in RIPA 
buffer and HA-IPs were probed for the presence of nesprin-3 (top) and the HA-tagged ABDs (middle). WCLs were
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location of endogenous nesprin-3 and 
plectin in MEF cells. The results show 
that nesprin-3 is indeed present at the 
NE, but that plectin is not obviously 
concentrated at the nuclear perimeter, 
but is present throughout the cytoplasm 
(Figure 5B). One possibility for the 
relatively low concentration of plectin at 
the NE may be the ability of the actin 
cytoskeleton to bind and sequester plectin 
(Wiche, 1998), thereby limiting the 
amount of plectin available for interacting 
with nesprin-3α. To test this notion, we 
stably overexpressed GFP-nesprin-3α or -
3β into PA-JEB or PA-JEB/β4 cells and 
performed colocalization studies with 
plectin. We hypothesized that nesprin-3α, 
but not nesprin-3β, when overexpressed 
competes with actin for binding to plectin, 
resulting in the sequestration of plectin at 
the NE. To determine whether plectin, 
when bound to nesprin-3α, can also 
associate with IFs, we also labeled cells 
with antibodies that recognize keratin-6 
and -14.  The results show that nesprin-3α 

can strongly recruit plectin to the ONM in 
both the PA-JEB and PA-JEB/β4 cells 
and, consistent with the findings shown in 
figure 5A, nesprin-3β did not recruit 
plectin to the NE. Keratin-6 and -14 IFs 
are also strongly stained at the nuclear 
perimeter, which infers that plectin may 
mediate the association of the IFs to 
nesprin-3α at the NE (Figure 5C). In 
addition, a closer magnification of the 
nucleus showed almost equally strong 
staining of nesprin-3α, plectin and 
keratin-6 at the ONM (Figure 5C). We 
also performed EM studies to determine 
the exact location of plectin and GFP-
nesprin-3α in PA-JEB cells. The results 
confirm that nesprin-3α and plectin are 
situated together at the ONM (Figure 5D). 
These findings clearly demonstrate that 
nesprin-3α can bind plectin at the ONM 
in cells. Intriguingly, the results also 
suggest that plectin may mediate the 
linkage of nesprin-3α with the keratin-
6/16 and -5/14 IF systems. 
We also decided to make use of a GFP- 

 

 
probed for expression levels of the two different nesprin-3 isoforms (bottom). (B) MEF cells were stained for 
endogenous plectin using the mAb 121 (A) and nesprin-3 using rabbit pAbs (D). The location of the nucleus was 
visualized using Topro staining (B and E). C is a composite of A and B, and F is a composite of D and E. Bar, 20 µm. (C) 
PA-JEB (A-T) or PA-JEB/β4 (U-X) were stably transduced with retroviral constructs expressing either GFP-nesprin-3α 
(A-D, I-L, and Q-X) or GFP-nesprin-3β (E-H and M-P). Fluorescence studies were done to locate the GFP moiety (A, E, 
I, M, Q, and U), along with immunofluorescence studies of endogenous plectin (B, F, J, N, R, and V) and keratin-6 (C 
and G) or keratin-14 (K, O, S, and W). The far right image of each row depicts the composite image of the first three 
images in each row (D, H, L, P, T, and X). Four cells are shown in each image except for images Q-T, which show a 
higher magnification of the nucleus. All images are maximum projections. Bars: (A-P and U-X) 20 µm; (Q-T) 10 µm. 
(D) To determine the subcellular localization of nesprin-3 and plectin at the NE, ultrathin sections of PA-JEB cells 
stably expressing nesprin-3α were labeled with rabbit pAbs against the plectin-ABD (D16), followed by incubation with 
10-nm gold-conjugated protein A. The sections were then fixed in 1% glutaraldehyde and reprobed with rabbit pAbs 
against GFP, followed by incubation with 15-nm gold-conjugated protein A. Arrows indicate areas where plectin and 
GFP-nesprin-3α are colocalized at the ONM (bottom). Control labeling was done in the same way, except that after 
plectin labeling and fixation in glutaraldehyde, the sections were reprobed with 15-nm gold-conjugated protein A only 
(top). Note that no labeling with 15-nm gold was seen at the NE. (E) PA-JEB/β4 cells stably expressing either GFP-
nesprin-3α (A-F) or GFP-nesprin-3β (G-I) were visualized for GFP (A, D, and G) and plectin (B, E, and H). The far right 
image of each row depicts the composite image of the first two images in each row (C, F, and I). All images are 
maximum projections. Bar, 20 µm. 
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nesprin-3α construct, which lacks the 
KASH domain, but contains the sequence 
present in the original Y2H clone (GFP-
nesprin-3α∆KASH; Figure 2C). This clone 
retains the sequences necessary to bind 
plectin, but due to the absence of the 
KASH domain, it is not localized at the 
ONM and instead displays a filamentous 
cytoplasmic and nuclear distribution 
(Figure S3). We stained for plectin along 
with either keratin-5 or F-actin in PA-JEB 
cells transiently expressing GFP-nesprin-
3α∆KASH to determine whether it had any 
effect on the distribution of these 
proteins. GFP-nesprin-3α∆KASH did not 
significantly alter the distribution of 
plectin and was only partially colocalized 
with plectin in the cytoplasm of the PA-
JEB cells (Figure S3). However, the GFP-
nesprin-3α∆KASH proteins were specifically 
localized along the keratin-5 IFs and they 
did not become localized with the actin 
cytoskeleton (Figure S3). Since nesprin- 
3α binds to the ABD of plectin, the plakin 
repeats are free to make associations with 
the IF cytoskeleton which can partially 
account for the localization of GFP-
nesprin-3α∆KASH along IFs and similarly, 
GFP-nesprin-3α∆KASH will compete with 
actin for binding to the plectin ABD, 
which is why it was not present along 
actin filaments. The observed imaging of 
GFP-nesprin-3α∆KASH along IFs in the 
absence of plectin staining may be due to 
other plectin isoforms that are present in 
PA-JEB cells that are not recognized by 
the mAb 121 against plectin (i.e. the rod-
less variant; Figure S3). Additionally, the 
filamentous patterning of GFP-nesprin-
3α∆KASH in the absence of keratin-5 
staining is most likely caused by the 

association of these proteins with other IF 
networks (Figure S3). Together, nesprin-
3α lacking the KASH domain does not 
obviously affect the IF network or the 
distribution of plectin, but it does provide 
additional evidence that plectin links 
nesprin-3α to the IF cytoskeleton. 
 
The integrin α6β4 and nesprin-3α both 
associate with plectin in keratinocytes 
Our findings suggest the possibility that 
in basal keratinocytes plectin links the IFs 
to nesprin-3α at the ONM and to integrin 
α6β4 at hemidesmosomes at the plasma 
membrane. This would allow for a 
continuous protein scaffolding from the 
extracellular environment to the nucleus. 
We decided to take a closer look at PA-
JEB/β4 cells that stably express either 
GFP-nesprin-3α or GFP-nesprin-3β.  In 
most PA-JEB/β4 cells expressing GFP-
nesprin-3α, we saw staining of plectin at 
the NE and the presence of plectin in 
hemidesmosomes (Figure 5C). However, 
in some PA-JEB/β4 cells expressing GFP-
nesprin-3α, there was almost no staining 
of plectin at the NE, which co-incided 
with a strong expression of plectin in 
hemidesmosomes, or alternatively, in 
some cells there was strong staining of 
plectin at the NE with almost no 
hemidesmosomal staining (Figure 5E). 
This effect was never seen in PA-JEB/β4 
cells expressing GFP-nesprin-3β, which 
consistently showed hemidesmosomal 
staining of plectin (Figure 5E). These 
results suggest that β4 and nesprin-3α 
compete for binding to the same pool of 
plectin and, moreover, that plectin may 
link these two proteins to the same IF 
cytoskeleton.  
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Figure 6. Endogenous nesprin-3 and 
plectin associate in TM-4 cells. (A) The 
mouse Sertoli cell line TM-4 was transiently 
transfected with either the pSUPER vector 
expressing the nesprin-3 siRNA (A-D) or the 
luciferase siRNA (E-H), along with an 
expression vector for mRFP at a 5:1 ration. After 
72 h, the cells were fixed and stained for 
endogenous plectin (A and E) and nesprin-3 
using our pAbs (C and G). mRFP was visualized 
to determine which cell express the siRNAs (B 
and F). D and H are composite images of the 
first three images in each row. All images are 
maximum projections. Bar, 20 µm. (B) TM-4 
cells were left untransfected (A-H) or transiently 
transfected with the pSUPER vector expressing 
the nesprin-3 siRNA, along with an expression 
vector for mRFP in a 5:1 ratio (I-L). After 72 h 
and just before fixation, the cells in images E-L 
were treated for 30 min with 0.2 µM latrunculin 
B. The cells were then fixed and stained for 
plectin (B, F, and J), nesprin-3 (C, G, and K), 
and F-actin (A and E). mRFP was visualized to 
determine which cells express the nesprin-3 
siRNA (I). D, H, and L are composite images of 
the first three images in each row. Bar, 10 µm. 

 

 
Endogenous nesprin-3 and plectin 
associate in cells 
To verify that endogenous nesprin-3α and 
plectin can associate at the ONM in cells, 
we used siRNA knock-down of nesprin-3 
in the mouse Sertoli cell line TM-4. We 
selected these cells because it has 
previously been reported that there is a 
high concentration of plectin around their 
nuclear perimeter (Guttman et al., 1999) 
and therefore any effects on plectin 
redistribution will be more easily 
detected. As expected, nesprin-3 is 
expressed in TM-4 cells (Figure S4A). We 
then designed an siRNA construct in a 
region of the mouse nesprin-3 cDNA that 
was present in both splice variants and 
tested its efficacy by coexpressing cDNAs 
of VSV-nesprin-3α and -3β, along with 

cDNAs encoding either the nesprin-3 
siRNA, a luciferase control siRNA or an 
empty vector control plasmid in human- 
derived 293HEK cells. The results show 
that the nesprin-3 siRNA specifically 
knocks down the expression of transiently 
expressed nesprin-3α and -3β (Figure 
S4B).      
We next wanted to verify that the nesprin-
3 siRNA can knock-down the expression 
of the protein in TM-4 cells and to 
determine the location of plectin in these 
cells. The nesprin-3 siRNA- or luciferase 
control siRNA-containing vectors were 
independently transfected into TM-4 
cells, along with a monomeric red-
fluorescent protein (mRFP) expression 
plasmid, and the cells were stained for 
endogenous plectin and nesprin-3 (Figure 
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6A). The mRFP was visualized to 
determine whether the cells express the 
siRNAs. The results show that the 
nesprin-3 siRNA can specifically knock-
down the expression of the protein at the 
NE in TM-4 cells. The results also show 
that the knock-down of nesprin-3 does 
not obviously affect the distribution of 
plectin, although in some cells plectin is 
concentrated around the NE as reported 
previously (Guttman et al., 1999). 
Interestingly, in fully spread cells plectin 
is primarily present in FCs and 
colocalized with F-actin (Figure 6B). Like 
that from MEF cells, the data obtained 
from TM-4 cells suggests that nesprin-3α 
and actin filaments compete for binding 
to plectin. Therefore, we decided to 
disrupt the actin network in TM-4 cells 
with latrunculin B. This should have 
resulted in an increased amount of plectin 
available to interact with nesprin-3α at 
the ONM and, indeed, this is what was 
observed (Figure 6B). To determine if the 
recruitment of plectin to the nuclear 
perimeter is dependent on the presence of 
nesprin-3α, we expressed the nespin-3 
siRNA-containing vector in TM-4 cells 
and then treated the cells with latrunculin 
B. The concentration of plectin around 
the nuclear perimeter in these cells is 
significantly reduced, with plectin now 
being distributed in the cytoplasm (Figure 
6B), which suggests that the recruitment 
of plectin to the ONM after actin 
depolymerization is indeed dependent on 
nesprin-3α. These data also infer that the 
plectin that is concentrated around the 
nuclear perimeter in cells that were not 
fully spread is also dependent on an 
association with nesprin-3α. Together, 

the data presented clearly demonstrate 
that nespin-3α can bind plectin at the 
ONM in cells. 
 
Nesprin-3α does not associate with 
MACF at the ONM 
The results shown in figure 5A infer that 
nesprin-3α may also bind MACF at the 
ONM, which intriguingly suggests that 
nesprin-3α may connect the nucleus to 
MTs (Jefferson et al., 2004). We again 
used the PA-JEB cells, which stably 
overexpress GFP-nesprin-3α or -3β, but 
instead stained them for the presence of 
endogenous MACF and MTs. The results 
show that nesprin-3α cannot recruit 
MACF to the nuclear perimeter even 
though MTs were present at the NE 
(Figure S5A), suggesting that MACF and 
Nesprin-3α do not associate in cells. It is 
possible, however, that the strong associa-
tion between plectin and GFP-nesprin-3α 
in the PA-JEB cells may prevent binding 
of MACF to nesprin-3α and, thus, its 
recruitment to the ONM. To investigate 
this possibility, we stably expressed either 
GFP-nesprin-3α or -3β in EBS-MD 
keratinocytes (Geerts et al., 1999), which 
do not express full-length plectin and 
express the rodless variant of plectin at 
relatively low levels (Koster et al., 2004b). 
Therefore, if there is competition between 
plectin and MACF for binding to nesprin-
3α it will be minimal and the recruitment 
of MACF to nesprin-3α at the ONM 
should therefore be increased. The results 
from the immunofluoresence experiments 
show that there is an increase of MACF 
staining around the nuclear perimeter as 
compared with that in the PA-JEB cells. 
However, this does not appear to depend 
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on the expression of nesprin-3α (Figure 
S5B). Together, these data suggest that, 
unlike plectin, MACF does not bind to 
nesprin-3α in cells and also indicates that 
the interaction between plectin and 
nesprin-3α at the ONM is specific.  
 
  
Discussion 
 
We have identified nesprin-3 as a novel 
member of the nesprin family of ONM 
proteins. One splice variant, nesprin-3α, 
is able to bind to the plakin family 
member plectin at the NE. In 
keratinocytes nesprin-3α and the integrin 
β4 subunit both bind to plectin, which 
also binds to the keratin IF system, 
suggesting that hemidesmosomes at the 
cell surface may be connected directly to 
the nucleus via the same cytoskeletal 
system. In contrast, nesprin-3α cannot 
associate with endogenous MACF in cells, 
even though the MACF ABD binds to 
nesprin-3α in coimmunoprecipitation 
experiments, suggesting that, in cells, the 
interaction between the plectin ABD and 
nesprin-3α is specific. We have also 
identified a minor splice variant, nesprin-
3β, which is unable to bind or recruit 
plectin to the ONM.   
Nesprin-1 and -2 are gigantic molecules of 
~976 and 764 kD, respectively. However, 
several smaller variants of nesprin-1 and -
2, which are produced by alternative RNA 
splicing and/or initiation sites of 
transcription, have been identified that 
lack the NH2-terminal ABD. The structure 
of nesprin-3 closely resembles that of 
nesprin-1α and nesprin-2β, which 
suggested to us that nesprin-3α and -3β 

are most likely smaller splice variants of a 
larger nesprin-3 molecule. However, 
several lines of evidence show that this is 
not the case. First, we could not identify 
cDNAs in either the mouse or the human 
databases containing sequences in exons 
upstream of the alternatively spliced exon 
1 and careful analysis of upstream 
genomic sequences failed to identify 
sequences present in a calponin homology 
motif. Second, 5’-RACE-PCR on mRNA 
from different cell lines failed to identify 
any longer transcripts containing exons 
upstream of those for nesprin-3α as 
indicated in Figure 1. Finally, our nesprin-
3 pAbs failed to detect any larger nesprin-
3 variants in any of the cell lines or tissues 
we tested. Based on these data, it appears 
that nesprin-3α is the largest variant of 
this new nesprin family member.   
The results from our immunofluorescence 
studies using either full-length nesprin-3α 
or nesprin-3α lacking the KASH domain 
provide strong, although circumstantial, 
evidence that plectin can mediate the 
linkage of the IF cytoskeleton to nesprin-
3α at the ONM. This is especially relevant 
because the IF interaction site and the 
ABD are on opposite ends of the plectin 
molecule (~500 kD), therefore it seems 
unlikely that the binding of plectin to the 
IF cytoskeleton would interfere with its 
binding to nesprin-3α. Thus, it is 
reasonable to conclude that nesprin-3α 
can indeed link the nucleus to the IF 
cytoskeleton through plectin. In nesprin-
1/2, the KASH domain is located at the 
COOH-terminus, whereas the ABD is 
located at the NH2-terminus at a distance 
of ~150-200 nm (Starr and Han, 2003). 
This suggests that there must be a 
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relatively large space between the ONM 
and the actin cytoskeleton. It became 
apparent to us that a similar space may be 
important between the ONM and the IFs 
because, like nesprin-1/2, plectin is 
extremely large and when it is bound to 
nesprin-3α, a comparable distance is 
achieved. At present, it is not clear why 
such a space is required between the 
ONM and the different cytoskeletal 
systems. It has also been reported that 
some isoforms of nesprin-1/2 are 
localized at the INM (Zhang et al., 2001; 
Libotte et al., 2005). However, we found 
no concrete evidence that nesprin-3 is so 
localized. It therefore appears that the 
nesprin family of proteins have evolved to 
link the nucleus to the various cytoskele-
tal systems, either directly (i.e. nesprin-
1/2) or indirectly via members of the 
plakin family (i.e. nesprin-3). However, 
we detected only subtle, inconsistent 
effects on the IF cytoskeleton when 
nesprin-3α was overexpressed or when 
nesprin-3 was knocked-down by siRNA. 
Moreover, our data with the TM-4 cells 
suggests that plectin may only be 
associated with nesprin-3α at the ONM 
during specific cellular events because we 
consistently saw that plectin was more 
concentrated around the nucleus when 
the TM-4 cells were more contracted or 
when the actin cytoskeleton was disrup-
ted, whereas there is very little plectin 
around the nucleus in fully spread cells 
containing well defined actin stress fibers. 
It is possible that the function of nesprin-
3α is to sequester plectin during such 
processes as cell division or migration 

when the cells contract and become more 
rounded because of cytoskeletal 
rearrangements.  
We have also identified a splice variant of 
nesprin-3 that is unable to associate with 
plectin. The original nesprin-3β RIKEN 
clone 4831426I19 is derived from head 
tissue of a day 0 neonatal mouse. 
Consistent with the origin of the RIKEN 
clone, we observed a faint protein band 
corresponding to the molecular mass of 
nesprin-3β in a lysate derived from brain 
tissue. However, nesprin-3β is not 
ubiquitously or strongly expressed in cells 
because we did not detect it by Western 
blotting or RT-PCR analysis in several 
different cell lines and tissues. The 
existence of this splice variant suggests 
that nesprin-3 must have functions other 
than connecting the nucleus to the IFs or 
sequestering plectin. 
The results of our Y2H and pull-down 
assays show that nesprin-3α and the β4 
subunit have the same binding specificity 
for the different ABDs. We found this 
surprising because the plectin ABD 
binding region on the first pair of FNIII 
domains of β4 (i.e. β-sheets; de Pereda et 
al., 1999) is structurally very different 
from the SRs in nesprin-3α (i.e. α-helices; 
Yan et al., 1993). In fact, our original Y2H 
screen with the plectin-1C ABD also 
identified a novel interaction with an SR-
rich region of β2-spectrin, suggesting that 
the binding of an ABD to SRs is not 
unique for nesprin-3 (unpublished data). 
It has been shown previously that the 
binding of the plectin ABD to the β4 
FNIII domains and to actin is mutually
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Figure 7. Model depicting 
how the nesprins can link 
the nucleus to the actin and 
IF cytoskeletal systems. 
Nesprin-3 at the ONM and the 
integrin β4 subunit at the cell 
surface are shown bound to the 
NH2-terminal plectin ABD. 
COOH-terminal plectin plakin 
repeats are free to make 
associations with IFs, thus 
linking the nucleus to the 
hemidesmosomes at the cell 
surface. In an analogous way, 
nesprin-1/2 and talin, bound to 
the cytoplasmic tail of β integrins, 
interact with the actin filaments, 
which link the nucleus to FCs 
(black, IF cytoskeleton; green, 
MT system; red, F-actin). MTOC, 
MT organizing center. 

 

 
exclusive (Geerts et al., 1999). Because of 
the similarities in binding specificity, we 
believe that this is also true for the 
binding of the plectin ABD to nesprin-3α 
and actin, although competition studies 
have to prove this. If confirmed, this 
would suggest that in a cell the 
recruitment of plectin to actin filaments 
and to nesprin-3α is competitive, which 
could partially explain why we saw 
minimal staining of plectin at the nuclear 
perimeter in cells with well-defined actin 
stress fibers, but saw recruitment of 
plectin to the ONM when nesprin-3α was 
overexpressed or when the actin 
cytoskeleton was disrupted. Our results 
also show that nesprin-3α can bind the 
ABDs of MACF and BPAG1-n. These two 
proteins would allow nesprin-3α to also 
link the nucleus to MTs. However, we 
could not confirm an interaction between 
full-length MACF and nesprin-3α in PA-

JEB or EBS-MD keratinocytes, suggesting 
that the endogenous proteins do not 
associate or that the binding between the 
MACF ABD and nesprin-3α is regulated 
differently in these cells.   
Our finding that in keratinocytes nesprin-
3α can compete with the integrin β4 
subunit for binding to plectin suggests 
that these two molecules are connected to 
the same IF system. Indeed, immuno-
fluorescense studies showed that keratin-
14 is colocalized with both plectin at the 
NE and plectin in hemidesmosomes 
(Geerts et al., 1999). This implies that 
plectin can be the link in a continuous 
protein scaffold from the extracellular 
matrix to the nucleus via the IF 
cytoskeleton (Figure 7), analogous to the 
manner in which nesprin-1/2 can link the 
nucleus to FCs at the plasma membrane 
via actin filaments (Figure 7). This notion 
is consistent with the cellular tensegrity 
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model, which describes the cell as a 
prestressed structure whereby forces can 
be transferred from the extracellular 
environment through the different 
cytoskeletons into the nucleus (Ingber, 
2003a; Ingber, 2003b). This model 
integrates and explains many 
observations in cell biology, such as 
nuclear architecture, but importantly it 
can explain how external forces may 
affect events in the nucleus such as 
chromatin organization (Maniotis et al., 
1997). The nesprins are the prime 
candidates for mediating these processes 
because they have been shown to interact 
with INM proteins associated with the 
nuclear lamins (Gruenbaum et al., 2005). 
The lamins are known to bind chromatin 
and have even been suggested to play a 
role in regulating transcription by RNA 
polymerase II and DNA replication 
(Spann et al., 1997; Spann et al., 2002). If 
force can indeed directly alter gene 
expression, the need for cytoplasmic 
signaling events would be circumvented, 
allowing for a more instantaneous 
regulation of transcriptional events 
during cell migration or situations of 
applied force. Although these ideas are 
intriguing, clearly more studies are 
necessary to determine the extent to 
which the nesprins can mediate the 
transfer of force into the nucleus. 
 
 
Materials and Methods 
 
Yeast two-hybrid assay 
A yeast two-hybrid screen with a mouse embryonic E17 
cDNA library (Clontech Laboratories, Inc.; ML4006AB) 
cloned into the yeast Gal4 transcriptional activation 
domain (AD) expression vector pGAD10 (Clontech) was 

performed. The cDNA sequence of the human plectin-1C 
ABD, which was fused in-frame to the Gal4 DNA binding 
domain (BD) of the pAS2.1 vector (Clontech), was used 
as bait (Geerts et al., 1999). Plasmids were introduced 
into the yeast strain PJ69-4A (a gift from Dr. P. James, 
University of Wisconsin, Madison, WI) by 
transformation as described in the Clontech two-hybrid 
manual. Protein-protein interactions between bait and 
prey were confirmed by cotransformation into PJ69-4A 
as described previously (Schaapveld et al., 1998; Geerts 
et al., 1999). Expression of the fusion proteins in yeast 
was confirmed by immunoblotting with Gal4(BD)- and 
(AD)-specific antibodies (Santa Cruz Biotechnology, Inc). 
 
Cell lines, antibodies and other reagents 
COS7 and MEF cells were grown in DMEM (Life 
Technologies) containing 10% fetal calf serum, 100 U/ml 
penicillin and 100 U/ml streptomycin. COS7 cells were 
transiently transfected with cDNA constructs using the 
DEAE-dextran method (Seed and Aruffo, 1987), and 
MEF cells were transfected with Effectene (Qiagen). The 
PA-JEB and EBS-MD keratinocyte cell lines were 
maintained in keratinocyte serum-free medium (Life 
Technologies) supplemented with 50 µg/ml bovine 
pituitary extract, 5 ng/ml EGF, 100 U/ml penicillin and 
100 U/ml streptomycin. The mouse Sertoli cell line TM-4 
was maintained in DMEM containing 2.5% fetal calf 
serum, 5% horse serum, 15 mM Hepes pH 7.4, 100 U/ml 
penicillin and 100 U/ml streptomycin. The following 
mouse-derived cell lines were also used: Tam2D2-
lymphoma; N115-neuroblastoma; GE11-epithelial; 
C2C12-myoblast; J774-macrophage; NMK-1-keratinocy-
te; mTSC-tumor stem cell; mBCC-1-basal cell carcinoma; 
RAC-11P, mSCC-1, -2, -3, -4-squamous cell carcinoma. 
Stable integration of GFP-nesprin-3α and -3β was 
performed in the way as described previously (Sterk et 
al., 2000). Murine nesprin-3 rabbit polyclonal Abs were 
raised against the seventh SR (Figure S1A), common to 
both -3α and -3β, fused to GST (see below for 
construction specifics). This antigen sequence shows 
93% (rat), 67% (dog), 64% (human), 63% (chimpanzee) 
and 43% (chicken) homology to the same region of 
nesprin-3 in other species. This sequence also shows 34% 
homology to nesprin-1 (mouse) and 23% homology to 
spectrin-β2 (mouse), and is therefore not likely to cross-
react. The lamin A mAb (133A2) was a gift from Dr. F. 
Ramaekers (University of Maastricht, Netherlands). The 
mouse mAb 121 against plectin/HD1 was provided by Dr. 
K. Owaribe (University of Nagoya, Nagoya, Japan; Hieda 
et al., 1992). The monoclonal β4 Ab (450-11A) was 
purchased from BD Biosciences. The monoclonal tubulin 
antibody was obtained from Sigma-Aldrich. The 
polyclonal MACF antibody CU119 was a gift from Dr. R. 
Liem (Columbia University, New York, NY) and has been 
described previously (Lin et al., 2005). The polyclonal 
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GFP Ab was made at Sanquin Blood Supply Foundation 
and has been described previously (van Ham et al., 
1997). The affinity column-purified plectin ABD rabbit 
pAb (D16) was made as described previously (Geerts et 
al., 1999). Keratin-5, -6 (PRB-169P) and -14 (AF64) 
rabbit pAbs were purchased from Covance Research 
Products, Inc. The HA mAb (12CA5) and polyclonal HA 
Ab (Y-11) were purchased from Santa Cruz Biotechnolo-
gy, Inc.; the donkey anti-rabbit and goat anti-mouse 
horseradish peroxidase-conjugated antibodies were 
purchased from GE Healthcare; the goat anti-mouse 
FITC-conjugated antiserum was obtained from Rockland 
Immunochemicals, Inc.; and the goat anti-rabbit Texas 
red-conjugated antibodies were purchased from 
Invitrogen. Phalloidin-Texas red and  Latrunculin B were 
purchased from Sigma-Aldrich and TOP-RO was 
obtained from Invitrogen. 
  
cDNA constructs 
pcDNA3-VSV was generated by inserting a 100-bp 
fragment, containing two VSV-tags (YTDIEMNRLGK) 
flanked by KpnI, ClaI and NcoI sites upstream and a 
BamHI site downstream, into the KpnI-BamHI sites of 
pcDNA3 (Invitrogen).  
Nesprin-3: PCR-fragments of nesprin-3β (clone # 
4831426I19 RIKEN) were cloned into the BamHI-EcoRV 
sites of the pcDNA3-VSV vector in two steps. First, the 
COOH-terminal part containing the sequence starting 
from the internal BamHI site (exon 10) until the end was 
cloned, and, second, the NH2-terminal part until the 
internal BamHI site was inserted. The published 
sequence for the clone contains a single cytosine 
nucleotide insertion just after position 2652. The original 
nesprin-3α construct was made by inserting the NH2-
terminal fragment (containing the upstream, non-coding 
sequences present in the Y2H clone [Figure S1A] until 
the internal BamHI site into a pcDNA3-VSV vector that 
already contained the COOH-terminal part of nesprin-
3β.  A nesprin-3α construct was also made that had the 
upstream, non-coding sequences removed. This was 
done by inserting a PCR fragment, that was generated 
from a primer annealing to the internal BamHI site and a 
primer containing an upstream BamHI site fused to 
sequences annealing to nucleotides that encode for the 
first six amino acids of nesprin-3α (Figure S1A) into the 
original nesprin-3α pcDNA3-VSV vector using BamHI-
BamHI sites. Nesprin-3α was cloned into pEGFP-C3 
(Clontech) using HindIII-EcoRI sites. Subsequently, 
nesprin-3α in pLZRS-IRES-zeo was obtained by first 
inserting GFP into the BamHI-EcoRI sites of this vector 
with subsequent insertion of the EcoRI-digest of nesprin-
3α from pEGFP-C3. Nesprin-3β was cloned into pEGFP-
C3 using HindIII-SalI sites. The NheI-SalI sites of this 
construct were used to obtain the GFP-nesprin-3β 
fragment for cloning into the SwaI-XhoI sites of pLZRS-

IRES-zeo. The NheI site was blunt ended using T4 
polymerase. The nesprin-3α lacking the KASH domain 
(GFP-nesprin-3α∆KASH) construct was made by 
amplifying the region of the nesprin-3α sequence 
identified in the original Y2H plasmid (Figure S1A) with 
primers containing BamHI and XbaI restriction sites 
and this PCR fragment was subsequently cloned into the 
pcDNA3-VSV vector. The insert was then cut out of 
pcDNA3-VSV with HindIII and XbaI and the XbaI site 
was blunt ended. The pEGFP-C3 vector was cut with 
HindIII and EcoRI and the EcoRI site was blunt ended. 
The insert was then cloned into this vector.  
HA-tagged ABDs: The HA-tagged plectin constructs have 
been described previously (Litjens et al., 2003). The 
sequence for the BPAG1-n (dystonin-1) ABD (amino 
acids 1-388) in pcDNA3-HA was generated by PCR using 
BamHI-NotI restriction sites. The MACF ABD cDNA 
sequence (amino acids 1-327) in pcDNA3-HA was 
generated by digestion out of a construct provided by Dr. 
R. Liem using EcoRI-BamHI restriction sites. The α-
actinin-1 ABD cDNA (amino acids 1-337) in pcDNA3-HA 
was generated by PCR using EcoRI-NotI restriction sites. 
Both the α-actinin-1 and BPAG1-n ABD cDNAs in pAS2-1 
on which the PCRs were performed have been described 
previously (Litjens et al., 2003). The GST-nesprin-3-SR7 
antigen was made by cloning the nesprin-3 SR7-derived 
PCR product (using primers 5’-cgcggggaattcccaccttcagtc-
acaggctg-3’ and 5’-ggccgcgcggccgctctcatgagactcagcat-3’) 
into pGEX-4T-2 (GE Healthcare) digested with EcoRI 
and NotI. GST preparations were done as previously 
described (Wilhelmsen et al., 2002) and fusion proteins 
were eluted from glutathione-Sepharose beads using 15 
mM reduced glutathione. All PCR fragments were 
generated using the proofreading Pwo DNA polymerase 
(Roche). All plasmids were verified by sequencing, and 
protein expression and size were confirmed by Western 
blotting. 
 
Coimmunoprecipitation experiments 
Cells were grown to confluency on 10-cm tissue culture 
dishes, rinsed twice with cold TBS, and lysed in 1 ml 10 
mM Na-Phosphate pH 7.0, 150 mM NaCl, 1% NP-40, 1% 
DOC, 0.1% SDS, 2 mM EDTA, 50 mM NaF, 100 µM 
sodium vanadate, 10 µg/ml aprotinin and 10 µg/ml 
leupeptin (RIPA-lysis buffer) per 10-cm tissue culture 

dish. Lysates were cleared by centrifugation at 10,000 × g 
in a microfuge at 4°C for 45 min. Nesprin-3 was 
immunoprecipitated by incubation of cell lysates with 
100 µl of a 10% slurry of polyclonal anti-Nesprin-3-SR7 
antiserum coupled to protein A-Sepharose beads with 
dimethyl pimelimidate dihydrochloride (DMP; Sigma-
Aldrich) with rocking for 1 h at 4°C. Immunoprecipitates 
were washed four times with 1 ml RIPA-lysis buffer, 
boiled for 5 min in 62.5 mM Tris/HCl pH 6.8, 10% 
glycerol, 5% β-mercaptoethanol, 5 mM DTT, 2.3% SDS 
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and 0.025% Bromophenol Blue (SDS-sample buffer) and 
resolved by SDS-PAGE. For anti-HA 
immunoprecipitates, cell lysates were incubated by 
rocking for 1 h at 4°C with 100 µl of a 10% slurry of anti-
HA mAb prebound to γ-bind-Sepharose (GE Healthcare) 
in the presence of 1% BSA. 
 
Immunofluoresence 
PA-JEB, EBS-MD and MEF cells were grown on glass 
coverslips and fixed with either 1% or 3% 
paraformaldehyde in PBS for 10 min, and permeabilized 
with 0.5% Triton X-100 in PBS for 5 min at room 
temperature. The TM-4 cells were fixed and 
permeabilized with 1% paraformaldehyde containing 
0.5% tween-20 in PBS for 10 min. After washing in PBS 
and blocking with 2% BSA in PBS for 60 min at room 
temperature, the cells were incubated with primary Abs 
for 45 min at room temperature and then washed three 
times with PBS. Cells were then incubated with either 
FITC, Cy5, or Texas red-labeled secondary Abs for 45 
min at room temperature. Coverslips were washed three 
times in PBS, mounted in Mowiol/DABCO, and viewed 
under a confocal scanning laser microscope (model SP-2 
AOBS; Leica) at room temperature.  Images were visuali-
zed with either a PL APO 40x 1.25 NA or a PL APO (CS) 
63x 1.4 NA objective lens (Leica) using LCS software and 
captured with a photomultiplier.  
 
EM slides 
EM was done as previously described (Sterk et al., 2000), 
with the following modifications. Ultrathin sections of 
cells were fixed in 2% paraformaldehyde and were either 
labeled with rabbit pAbs against the plectin-ABD (D16), 
followed by incubation with 10-nm gold-conjugated 
protein-A or labeled with rabbit pAbs against GFP, 
followed by incubation with 15-nm gold-conjugated 
protein-A. 
 
Nesprin-3 siRNA 
The mouse nesprin-3 sequence (5’-gctacgtagaatcatcaca-
3’) and luciferase sequence used for siRNA knock-down 
studies was cloned into the pSUPER vector 
(Brummelkamp et al., 2002). The vectors were 
transfected into TM-4 cells using the effectene protocol 
(Qiagen) and 293HEK cells using the lipofectamine 
protocol (Invitrogen). The cells were lysed with RIPA 
buffer or fixed 72 h after transfection and assayed for 
nesprin-3 expression. 

 
Exon detection primers 
In figure 3C, the primers annealing to either side of the 
nesprin-3α-specific exon 3 were 5’-gagcggccctggaggcaag-
gcttc-3’ (primer 1) and 5’-caggagcacagcctgattgtccac-3’ 
(primer 2), and the primers amplifying exons 15-18 of 
nesprin-3 were 5’-gaacagtggctgcaggcag-3’ (primer 3) and 
5’-ggtgggcggggggccattgtaccg-3’ (primer 4). We also used 
primers annealing in exon 4 (5’-cgcatcgagtgggtgtggctgca-
c-3’) and exon 10 (5’-gtccttgtgctgaacaagcaggct-3’) to 
determine if other potential downstream splice variants 
exist. 
 
RACE-PCR 
5’-RACE-PCR to determine the 5’-sequences of nesprin-3 
was performed using the second generation 5’/3’ RACE- 
PCR (Roche) according to the manufacturer’s specifica-
tions. Antisense primers annealing to the 5’ end of the 
known nesprin-3 sequence used in the RACE reactions 
were 5’-caggagcacagcctgattgtccac-3’, 5’-cacgttgtgcagcagc-
acctg-3’ and 5’-atcctccacgctcctctc-3’. 
  
Data base mining (websites) 
Information pertaining on this study is available at the 
following websites: ELM (www.elm.eu.org/), ClustalW 
(www.ebi.ac.uk/clustalw/), SMART (smart.embl-heidel-
berg.de/), BLAST (www.ncbi.nih.gov/BLAST/), mouse 
genome     research     (www.ncbi.nih.gov/genome/guide/ 
mouse/)  and  human  genome  research  (www.ncbi.nlm. 
nih.gov/genome/guide/human/). 
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A 
  EXON-1a         EXON-2 
1   [G AGG GAC TCG GCC CAG CCG CCG GAG GCG CCG CAC TCC GTC TGC TCC GGG CAG G][CC CTC GCA GGT GCG ATG ACG CAG CAG CCC CAG GAG GAC TTT GAG AGG AGC GTG GAG  
1                     M   T   Q   Q   P   Q   E   D   F   E   R   S   V   E  

                       
NESPRIN-3α

      SR-1 
                      EXON-3 
110GAT GCC CAG GCC TGG ATG AAG GTG ATA CAG GAG CAG CTT CAG GTC AAT GAC AAC ACG AAG GGG CCC CGA GCG GCC CTG GAG GCA AGG CTT CGA GAG ACA GAG][AAA ATC TGC 
15  D   A   Q   A   W   M   K   V   I   Q   E   Q   L   Q   V   N   D   N   T   K   G   P   R   A   A   L   E   A   R   L   R   E   T   E    K   I   C  
                                                      M   T   T   R   R   G   P   E   R   P   W   R   Q   G   F   E   R   Q   S 

         
NESPRIN-3β 

         
221CAG CTG GAG TCT GAA GGA TTC GTG AAG GTG GAA CTG GTC CTG CGG GCG GCG GAG GCC CTC TTG GCA ACT TGC CAG GAG GGC CAG AAA CCT GAG ATC CTG GCC CGG CTG AGG  
52  Q   L   E   S   E   G   F   V   K   V   E   L   V   L   R   A   A   E   A   L   L   A   T   C   Q   E   G   Q   K   P   E   I   L   A   R   L   R  
 

    EXON-4 
332GAT ATC AAG TCT CAG TGG GAG GAG ACA GTC ACC TAC ATG ACC CAC TGC CAC AG][T CGC ATC GAG TGG GTG TGG CTG CAC TGG AGT GAG TAC CTG CTG GCC CAG GAT GAG TTT  
89  D   I   K   S   Q   W   E   E   T   V   T   Y   M   T   H   C   H   S     R   I   E   W   V   W   L   H   W   S   E   Y   L   L   A   Q   D   E   F  

                SR-2 
 
443TAC CGC TGG TTC CAG AAG ATG GTG GTC GCA CTG GAG CCC CCC GTG GAG CTG CAG CTG GGC TTG AAG GAG AAG CAA TGG CAG CTG AGC CAC GCC CAG GTG CTG CTG CAC AAC  
126 Y   R   W   F   Q   K   M   V   V   A   L   E   P   P   V   E   L   Q   L   G   L   K   E   K   Q   W   Q   L   S   H   A   Q   V   L   L   H   N 
 
554GTG GAC AAT CAG GCT GTG CTC CTG GAC AGG CTG TTG GAG GAG GCG GGC TCC CTG TTC AGC AGG ATC GGA GAC CCC AGC GTG GAT GAA GAT GCC CAG AAG AGG ATG AAG GCT  
163 V   D   N   Q   A   V   L   L   D   R   L   L   E   E   A   G   S   L   F   S   R   I   G   D   P   S   V   D   E   D   A   Q   K   R   M   K   A  
         

               EXON-5      
665GAG TAC GAT GCC GTG AAG GCC AGA GCC CAG][CGC AGG GTG GAC CTC CTG GCC CAG GTG GCC CAG GAC CAT GAG CAG TAC CGG GAG GAC GTG AAT GAG TTC CAG CTG TGG CTG 
200 E   Y   D   A   V   K   A   R   A   Q    R   R   V   D   L   L   A   Q   V   A   Q   D   H   E   Q   Y   R   E   D   V   N   E   F   Q   L   W   L 
                 SR-3 

              EXON-6 
776AAG GCG GTG GTG GAG AAG GTG CAC AGC TGT CTG GGG CGG AAC TGC AAG CTG GCC ACA GAA CTT CGT CTC TCT ACG CTG CAG][GAC ATC GCC AAG GAT TTC CCT AGG GGT GAG 
237 K   A   V   V   E   K   V   H   S   C   L   G   R   N   C   K   L   A   T   E   L   R   L   S   T   L   Q    D   I   A   K   D   F   P   R   G   E  
 
887GAG TCT CTG AAA AGA TTG GAG GAA CAG GCT GTG GGT GTC ATT CAA AAC ACC TCT CCC TTG GGT GCA GAG AAG ATC TCA GGG GAG CTG GAG GAG ATG CGG GGT GTC CTG GAG  
274 E   S   L   K   R   L   E   E   Q   A   V   G   V   I   Q   N   T   S   P   L   G   A   E   K   I   S   G   E   L   E   E   M   R   G   V   L   E  
                 
998AAG CTG AGA GTC CTC TGG AAA GAG GAG GAA GGG AGG CTG CGG GGC CTG CTC CAG TCC AGG GGG GAC TGT GAG CAG CAG ATC CAA CAG CTG GAG GCA GAA CTG GGA GAC TTC  
311 K   L   R   V   L   W   K   E   E   E   G   R   L   R   G   L   L   Q   S   R   G   D   C   E   Q   Q   I   Q   Q   L   E   A   E   L   G   D   F  

     SR-4    
                        EXON-7 
1109AAG AAA AGC CTT CAG AGG CTG GCC CAG GAG GGC TTG GAG CCC ACG GTG AAG ACA GCC ACA GAG GAT GAG CTG GTG GCC CAG TGG AGG CTG TTC TCG][GGG ACT CGG GCT GCA 
348 K   K   S   L   Q   R   L   A   Q   E   G   L   E   P   T   V   K   T   A   T   E   D   E   L   V   A   Q   W   R   L   F   S    G   T   R   A   A  
 
1220CTG GCT TCA GAG GAA CCC CGT GTA GAC CGG TTA CAA ACT CAA CTG AAG AAA CTT GTC ACC TTC CCG GAC CTG CAG TCA CTC TCT GAC AGC GTG GTA GCC ACC ATT CAG GAA 
385  L   A   S   E   E   P   R   V   D   R   L   Q   T   Q   L   K   K   L   V   T   F   P   D   L   Q   S   L   S   D   S   V   V   A   T   I   Q   E  
 

        EXON-8 
1331TAC CAA AG][T ATG AAG GGG AAG AAT ACC AGG CTC CAC AAT GCG ACC CGG GCA GAG CTG TGG CAG CGT TTC CAG CGG CCC CTA AAT GAC CTG CAG CTG TGG AAG GCC CTG GCC 
422  Y   Q   S     M   K   G   K   N   T   R   L   H   N   A   T   R   A   E   L   W   Q   R   F   Q   R   P   L   N   D   L   Q   L   W   K   A   L   A  

                           SR-5 
               EXON-9 
1442CAG AGG CTC CTG GAC ATC ACG GCC AGC CTG CCT GAC CTG GCC TCC ATT CAC ACC TTT CTA CCC CAG ATT GAG][GCG GCC CTC ACG GAA AGC TCT CGC CTG AAA GAG CAG CTG 
459 Q   R   L   L   D   I   T   A   S   L   P   D   L   A   S   I   H   T   F   L   P   Q   I   E    A   A   L   T   E   S   S   R   L   K   E   Q   L  
 
1553GCG ATG CTG CAG CTG AAG ACC GAC CTG CTG GGC AGC ATC TTT GGC CAG GAG AGA GCA GCC ACC CTC CTG GAG CAG GTG ACA AGT TCT GTG AGG GAC AGA GAC CTA CTG CAT 
496  A   M   L   Q   L   K   T   D   L   L   G   S   I   F   G   Q   E   R   A   A   T   L   L   E   Q   V   T   S   S   V   R   D   R   D   L   L   H  
 

      EXON-10 
1664AAC AGC CTT CTT CAG CGG AAG AGC AAA CTT CAG][AGC CTG CTT GTT CAG CAC AAG GAC TTT GGG GTG GCT TTT GAT CCC CTA AAC AGG AAG CTC CTA GAC CTC CAG GCC AGG 
533 N   S   L   L   Q   R   K   S   K   L   Q    S   L   L   V   Q   H   K   D   F   G   V   A   F   D   P   L   N   R   K   L   L   D   L   Q   A   R  

   SR-6 
              EXON-11 
1775ATC CAA GCA GAG AAA GGG CTT CCG AGG GAC CTT CCT GGA AAG CAG GTC CAG CTC CTA AGG TTG CAG][GGG CTG CAG GAA GAG GGG CTG GAT CTG GGG ACA CAG ATC GAG GCT 
570 I   Q   A   E   K   G   L   P   R   D   L   P   G   K   Q   V   Q   L   L   R   L   Q    G   L   Q   E   E   G   L   D   L   G   T   Q   I   E   A  

          
                     EXON-12 
1886GTG AGG CCT CTT GCC CAT GGG AAC TCT AAG CAC CAG CAG AAA GTA GAC CAG ATC TCC TGT GAC CAG CAA GCC CTG CAG AGG TCC CTG GAG][GAT CTC GTG GAC AGG TGT CAG 
607 V   R   P   L   A   H   G   N   S   K   H   Q   Q   K   V   D   Q   I   S   C   D   Q   Q   A   L   Q   R   S   L   E    D   L   V   D   R   C   Q  

          
1997CAG AAC GTA CGG GAA CAT TGT ACC TTC AGT CAC AGG CTG TCG GAG CTG CAG CTA TGG ATC ACC ATG GCC ACA CAG ACA TTA GAG TCA CAC CAA GGG GAT GTG CGT CTG TGG 

      

644  Q   N   V   R   E   H   C   T   F   S   H   R   L   S   E   L   Q   L   W   I   T   M   A   T   Q   T   L   E   S   H   Q   G   D   V   R   L   W  
                       SR-7 OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 

   EXON-13 
2108GAT GCT GAG TCC CAA GAG GCT GGA CTC GAG][ACG CTG CTG TCT GAA ATC CCA GAG AAA GAG GTC CAG GTG TCC CTG CTC CAA GCA CTG GGC CAG CTT GTG ATG AAG AAG TCT 
681 D   A   E   S   Q   E   A   G   L   E    T   L   L   S   E   I   P   E   K   E   V   Q   V   S   L   L   Q   A   L   G   Q   L   V   M   K   K   S  
OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 

                        EXON-14 
2219TCC CCA GAA GGG GCA ACC ATG GTC CAG GAG GAG CTG AGG AAG CTG ATG GAG TCT TGG CAG GCC CTG CGG CTG CTA GAG GAG AAC ATG CTG AG][T CTC ATG AGA AAC CAG CAG 
718  S   P   E   G   A   T   M   V   Q   E   E   L   R   K   L   M   E   S   W   Q   A   L   R   L   L   E   E   N   M   L   S     L   M   R   N   Q   Q  
OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 
2330CTG CAG AGG ACA GAG GTG GAC ACG GGG AAG AAG CAG GTG TTC ACC AAC AAC ATC CCA AAG GCC GGC TTT CTC ATC AAC CCT CAG GAC CCC ATT CCC AGG AGA CAG CAT GGG] 
755 L   Q   R   T   E   V   D   T   G   K   K   Q   V   F   T   N   N   I   P   K   A   G   F   L   I   N   P   Q   D   P   I   P   R   R   Q   H   G  
 
   EXON-15 
2441[GCA AAC CCA CTG GAA GGA CAC GAC CTC CCT GAA GAT CAT CCC CAG CTC CTG AGG GAC TTT GAA CAG TGG CTG CAG GCA GAA AAC TCC AAG CTA CGT AGA ATC ATC ACA ATG 
791  A   N   P   L   E   G   H   D   L   P   E   D   H   P   Q   L   L   R   D   F   E   Q   W   L   Q   A   E   N   S   K   L   R   R   I   I   T   M  
       SR-8 

        EXON-16 
2552AGA GTG GCC ACA GCC AAG GAC TTG AGG ACC AGA GAG GTG AAG CTG CAG][GAG CTG GAG GCC CGA ATC CCA GAA GGC CAG CAC CTC TTT GAG AAC CTG CTT CGT CTC AGG CCG 
829 R   V   A   T   A   K   D   L   R   T   R   E   V   K   L   Q    E   L   E   A   R   I   P   E   G   Q   H   L   F   E   N   L   L   R   L   R   P  

         
        EXON-17 

2663GCA AGG GAC CCC TCC AAC GAG CTG GAA GAT CTG CGC TAC CGG TGG ATG CTG TAC AAG TCC AAG CTC AAG GAC TCT GGC CAC CTG CTG][ACC GAG AGT TCT CCG GGG GAG CTG 
866 A   R   D   P   S   N   E   L   E   D   L   R   Y   R   W   M   L   Y   K   S   K   L   K   D   S   G   H   L   L    T   E   S   S   P   G   E   L  
 

       EXON-18 
2774ACT GCA TTC CAG AAG][AGT CGG AGG CAG AAG CGG TGG AGT CCC TGC TCT CTC CTA CAG AAA GCA TGC CGT GTG GCA CTG CCA TTG CAG CTG TTG CTC CTG CTC TTT CTG CTG 
903 T   A   F   Q   K    S   R   R   Q   K   R   W   S   P   C   S   L   L   Q   K   A   C   R   V   A   L   P   L   Q   L   L   L   L   L   F   L   L  
                   KASH DOMAIN 
 
2885CTG CTG TTC CTG CTG CCG GCC GGC GAG GAG GAG CGC AGC TGC GCC CTG GCC AAC AAC TTC GCC CGC TCC TTT GCG CTC ATG CTT CGG TAC AAT GGC CCC CCG CCC ACC TAG 

 940  L   L   F   L   L   P   A   G   E   E   E   R   S   C   A   L   A   N   N   F   A   R   S   F   A   L   M   L   R   Y   N   G   P   P   P   T   -  
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Figure S1. Nesprin-3α cDNA organization and the alternatively spliced exon 1 sequences are shown. (A) 
The underlined sequence is the region of nesprin-3α present in the original Y2H assay clone. The starting methionine 
of nesprin-3α and the first nucleotide of the nesprin-3 mRNA as determined by 5'-RACE are both at position 1. The 
known exons (1-18) are separated by brackets and labeled accordingly. Exon 1a is shown because this was the exon 
found in the original Y2H experiment and was the most frequently detected by 5'-RACE-PCR. The eight spectrin 
repeats are underlined with a dotted line and labeled as SR-1 to -8. The KASH domain is underlined with a zigzag line. 
The amino acids of the transmembrane region in the KASH domain are in bold. The antigen used for the production of 
rabbit pAbs (GST-nesprin-3-SR7) is underlined with small circles. The residues of exon 3 that are present in nesprin-
3α, but absent in nesprin-3β, are in bold. Additionally, the alternative reading frame for nesprin-3β in exon 2 is below 
the nesprin-3α amino acid sequence, and the upstream, in-frame stop codon that precludes the possibility for other 
translational start sites is in bold. Nesprin-3α and -3β continue in frame at the start of exon 4. (B) Exon 1a was the most 
frequently detected exon 1 by 5'-RACE-PCR, whereas exon 1b was only detected in the database for RIKEN clone 
4831426I19 and is shown in frame with the nesprin-3β coding sequence. The underlined nucleotides highlight stop 
codons (exon 1c', 1d, and 1e) and other potential translational start sites (exon 1c and 1f) that are in frame with the 
nesprin-3α protein sequence. Exon 1c' was detected once located in between exon 1c and 2. To the right of the exon 1 
sequences is a diagram depicting how the various first exons are spliced to exon 2. The closed box represents the known 
coding sequence in exon 2, the open boxes represent noncoding sequences, and the gray boxes represent potential 
coding sequences upstream of the nesprin-3α translational start site. 
 

 

 

 
Figure S2. Nesprin-3 antibody specificity. (A) To 
test the specificity of the proteins reacting to our nesprin-
3 antibody, immunoprecipitations were performed on 
mouse heart and Rac-11P WCLs using rabbit serum both 
before (Pre-Immune) and after immunization with the 
GST-nesprin-3-SR7 antigen (α-nesprin-3 IP). WCLs of 
these samples and samples from untransfected and 
nesprin-3α cDNA-transfected COS7 cells were used as 
controls.
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Figure S3. Nesprin-3α lacking the KASH domain 
localizes to IFs. PA-JEB cells were transiently 
transfected with a construct expressing GFP-nesprin-3α 
lacking part of the seventh SR, the entire eighth SR, and 
the KASH domain (GFP-nesprin-3α∆KASH; A-E). 
Fluorescence studies were done to locate the GFP moiety 
(A-E) along with immunofluorescence studies of plectin 
(A and D), F-actin (B), or keratin-5 (C and E). D and E 
are magnifications of the boxed areas shown in images A 
and C, respectively. Bars: (A-C) 0 µm; (D and E) 5 µm.

 
 
  

 
 
Figure S4. TM-4 cells express nesprin-3 and efficacy of the nesprin-3 siRNA. (A) Immunoprecipitations 
were performed on TM-4 WCLs using rabbit serum both before (Pre-Immune; lane 1) and after immunization with the 
GST-nesprin-3-SR7 antigen (α-nesprin-3 IP; lane 2) and blotted with the α-nesprin-3 pAb. A sample of the TM-4 WCL 
was also blotted for comparison (lane 3). (B) 293HEK cells were transiently transfected with either the nesprin-3α 
(lanes 1-3) or nesprin-3β (lanes 4-6) cDNA constructs, or a control plasmid (lane 7) and pSUPER expression constructs 
for the luciferase siRNA (lanes 2 and 5) or the nesprin-3 siRNA (lanes 3 and 6) or an empty vector control (lanes 1, 4, 
and 7). 72 h later, the cells were lysed in RIPA buffer, and WCLs were probed for the presence of nesprin-3 (top) and 
actin for a loading control (bottom). 
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Figure S5. Nesprin-3α does not 
associate with MACF in cells. (A) PA-
JEB cells were stably transduced with 
retroviral constructs expressing either GFP-
nesprin-3α (A-D) or GFP-nesprin-3β (E-H). 
Fluorescence studies were done to locate 
the GFP moiety (A and E), along with 
immunofluorescence studies of MACF (B 
and F) or tubulin (C and G). The far right 
image of each row depicts the composite 
image of the first three images in each row 
(D and H). Bars, 20 µm (B) EBS-MD cells 
were stably transduced with retroviral 
constructs expressing either GFP-nesprin-
3α (A-C) or GFP-nesprin-3β (D-F). 
Fluorescence studies were done to locate 
the GFP moiety (A and D) along with 
immunofluorescence studies of MACF (B 
and E). The far right image of each row 
depicts the composite image of the first two 
images in each row (C and F). Bars, 20 µm.
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General discussion 

Human patients, mouse models and in vitro studies on human or murine 
cell lines have contributed to our knowledge of the components, structure, 
assembly and regulation of hemidesmosomes. Nevertheless, many 
questions remain unanswered. What triggers hemidesmosome assembly? 
How is α6β4 transported to the basal side of the cell? How is α6β4 recycled 
and is its recycling important for regulation of hemidesmosomes? Are the 
already described pathways involved in hemidesmosome disassembly 
separate or connected pathways and are there alternative ones? How can 
hemidesmosome formation be prevented in cancer cells with 
overexpression of α6β4? In this chapter these questions will be discussed 
and suggestions for future research will be made. 
 
 
Structure of hemidesmosomes 
 
Since the discovery of hemidesmosomes 
in the early 1990’s many studies have 
contributed to the elucidation of the 
structure of these adhesion complexes. 
Some of the proteins present in and 
associated with hemidesmosomes have 
been extensively studied (α6β4 integrin, 
laminin-5 and plectin), the functions of 
some others are less well characterized 
(BP180, BP230 and CD151). Binding of 
the integrin α6β4 to its ligand laminin-5 
and intracellularly to plectin are central to 
the assembly of hemidesmosomes. This 
thesis has contributed to the knowledge 
on plectin binding to the β4 integrin 
subunit at the molecular level (Chapters 2 
and 3). However, the role of BP180, 
BP230 and CD151 is less well understood. 
The presence of BP180 and BP230 
probably provides extra mechanical 
stability to the hemidesmosomes. These 
proteins are only present in the stable 
type I hemidesmosomes, e.g. in the skin, 
and not in the rudimentary type II 
hemidesmosomes, present in e.g. the 
intestine. BP180 and BP230 can provide 

additional stability through their binding 
to extracellular ligands and the 
intermediate filament system respective-
ly. Indeed, in a patient suffering from 
epidermolysis bullosa simplex (EBS) part 
of the BP180 gene was deleted, preventing 
its interaction with β4, plectin and BP230 
and causing instability of hemidesmoso-
mes in the skin (Fontao et al., 2004). 
Since the gene encoding BP230 also 
encodes other BPAG1 proteins, expressed 
in other tissues, it may be difficult to 
determine whether mutations in this gene 
lead to skin specific defects. In fact, 
BPAG1 knock-out mice display small 
defects in hemidesmosomes of the skin, 
but their skin is not fragile. Instead, they 
develop a severe neurological disease that 
is lethal before skin fragility can become 
apparent (Guo et al., 1995). The presence 
of the tetraspanin CD151 in hemidesmo-
somes was only discovered 10 years after 
the discovery of hemidesmosomes (Sterk 
et al., 2000) and is therefore the least well 
studied protein. CD151 was hypothesized 
to be involved in the positioning of 
hemidesmosomes. Interestingly, a human 
patient lacking expression of CD151 

 123



Chapter 6 

suffered from skin fragility, indicating a 
defect in hemidesmosomes (Karamatic 
Crew et al., 2004). Whether CD151 plays a 
role in positioning and initiation of 
hemidesmosome assembly and whether 
BP180 and BP230 merely contribute to 
stability of the already formed complex 
remains to be investigated. 
 
 
Assembly and regulation of 
hemidesmosomes 
 
The assembly of hemidesmosomes has 
been well studied over the last 10 years. 
As mentioned before, the integrin α6β4 is 
a key component of hemidesmosomes 
and its binding to laminin-5 and plectin is 
crucial for the formation of stable 
adhesion structures. These are indeed the 
first events to occur during the assembly 
of hemidesmosomes in vitro (Koster et 
al., 2004b). Subsequently, BP180 and 
BP230 are recruited into the complex. As 
briefly mentioned above, CD151 is 
thought to be involved in the first steps of 
hemidesmosome assembly. α6β4 was 
found to become incorporated into α3β1-
CD151 clusters, at which place 
hemidesmosomes are formed. Integrin 
α3β1 is subsequently removed from the 
complex whereas CD151 remains bound 
to α6β4 (Sterk et al., 2000). Indeed, also 
others have reported that hemidesmoso-
me assembly is initiated at sites of α3β1 
clustering (Spinardi et al., 2004). What 
remains unclear is whether CD151 is 
already linked to α6β4 when it is 
transported from the trans-golgi network 
to the plasma membrane. Moreover, how 
α6β4, or the complex of this integrin with 

CD151, is targeted to the basal side of the 
cell is not known. Interestingly, a recent 
paper showed that lethal giant larvae 2 
(lgl2) may be part of the machinery that 
restricts hemidesmosome formation at 
the basal membrane and maintains 
epithelial polarity (Sonawane et al., 
2005). Some of the family members to 
which lgl2 belongs have been described to 
bind syntaxins, proteins involved in 
fusion of exocytic vesicles to the plasma 
membrane (Musch et al., 2002; Katoh 
and Katoh, 2004). By studying whether 
lgl2 can also bind proteins of the exocytic 
machinery, and which ones, the directed 
targeting of hemidesmosome components 
to the basal membrane may become clear. 
The transport pathway of α6β4 from the 
trans-golgi network to the plasma 
membrane is still elusive. In addition, 
nothing is known about the endocytic 
cycling pathway of α6β4. Although more 
than 10 years ago α6β4 has been reported 
to be a fast cycling integrin (Bretscher, 
1992; Gaietta et al., 1994), there is hardly 
any information on the recycling pathway 
of this integrin, whereas recycling of 
many other integrins has been studied 
extensively since. Although the 
tetraspanin CD151 has been implicated in 
transport and/or recycling of integrins in 
general and α6β4 in particular (Sincock et 
al., 1999; Sterk et al., 2000), more 
comprehensive studies need to be 
performed. In addition, Rab11 has been 
suggested to be involved in both transport 
and recycling of α6β4, since the surface 
expression of this integrin is increased 
due to hypoxia-induced Rab11-trafficking 
in carcinoma cells (Yoon et al., 2005). 
However, also this hypothesis needs to be 
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further supported. Altogether, little is 
known about the transport pathways of 
α6β4 and about the function and 
necessity of α6β4 recycling in the 
regulation of hemidesmosomes. 
Over the last several years the issue of 
hemidesmosome regulation has been 
addressed extensively. Research in this 
difficult area has revealed many different 
pathways involved, in both normal and 
carcinoma cell lines. For hemidesmosome 
disassembly roughly two pathways can be 
distinguished. One involves 
serine/threonine phosphorylation, the 
other tyrosine phosphorylation of the β4 
cytoplasmic domain. Even though the two 
are not necessarily mutually exclusive, 
they have always been separately 
investigated. This thesis has contributed 
to the pathway that involves 
serine/threonine phosphorylation, 
without studying the importance of 
tyrosine phosphorylation (Chapter 4). 
However, unpublished results in our lab 
suggest that the two pathways may be 
intertwined and that both tyrosine and 
serine/threonine phosphorylation of β4 
may be needed for disassembly of 
hemidesmosomes in vivo. Another 
important point that needs to be 
addressed is how the enzymes involved in 
hemidesmosome regulation are regulated 
themselves. As shown in Chapter 4 of this 
thesis, PKC, PKA and PKD1 can be 
involved in hemidesmosome disassembly. 
However, these enzymes are also involved 
in many other cellular processes, and 
therefore their activity needs to be 
regulated in time and space. A big 
challenge will be to elucidate how, when 
and where these enzymes are activated to 

disassemble hemidesmosomes. In 
addition, a negative feedback loop must 
exist, which inactivates the enzymes 
involved in hemidesmosome disassembly 
and dephosphorylates α6β4 and/or 
plectin, allowing new hemidesmosomes to 
be formed. Lastly, alternative 
mechanisms for hemidesmosome 
regulation need to be addressed. Apart 
from post-translational modifications, 
such as phosphorylation, endocytosis of 
α6β4 may be a means to prevent 
hemidesmosome formation at the plasma 
membrane. 
Many reports have also assigned a 
signaling function to α6β4. These reports 
claim that outside of hemidesmosomes, 
the integrin plays a role in cellular 
processes other than stable adhesion (for 
review see Chapter 1). However, these 
studies were mostly performed in 
carcinoma cell lines. Therefore, it remains 
unclear whether this signaling function of 
α6β4 is due to the cancerous 
environment, or whether signaling by 
α6β4 can also occur in normal situations.  
 
 
Implications for cancer treatment 
 
Since α6β4 induces formation of stable 
adhesions, one would expect that 
carcinoma cells need to downregulate this 
integrin to be able to metastasize. Indeed, 
many breast carcinomas are reported to 
have decreased expression levels of α6β4. 
Unexpectedly, some malignant 
carcinomas are shown to have increased 
expression levels of α6β4, which 
correlates with increased malignancy 
(Falcioni et al., 1986; Wolf et al., 1990). 
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Interestingly, in these carcinomas, α6β4 
is not clustered in hemidesmosome-like 
structures, but expressed diffusely over 
the plasma membrane, indicating that no 
stable adhesion structures are formed. 
Apparently, these cancer cells have gained 
the property to constitutively prevent 
hemidesmosome formation and to use 
α6β4 as an enhancer of migration, 
possibly through the signaling function of 
β4, briefly mentioned above. For example, 
in the highly invasive breast carcinoma 

cell line MDA-MB-231 α6β4 expression 
levels are increased, no hemidesmosomes 
are formed, and PKD1 is expressed in its 
invadopodia (Bowden et al., 1999). 
Furthermore, downregulation of β4 using 
RNAi decreases the invasive capacity of 
these cells (Lipscomb et al., 2003). 
Interestingly, as described in Chapter 4 of 
this thesis, PKD1 was shown to be one of 
the enzymes involved in hemidesmosome 
disassembly, and might be part of a 
signaling pathway involved in 
hemidesmosome disassembly in this cell 
line. Also supporting the hypothesis that 
cancer cells, in order to become invasive, 
need to either downregulate expression of 
α6β4 or prevent hemidesmosome 
assembly in the presence of α6β4, is the 
fact that cells lacking α6β4 or cells 
expressing a mutant of α6β4, that 
prevents binding of plectin and thus 
formation of stable hemidesmosomes, 
migrate faster than keratinocytes 
expressing wild type α6β4 (Geuijen and 
Sonnenberg, 2002; unpublished data). 
Why some carcinomas downregulate 
α6β4 and others utilize the integrin to 
enhance invasion is unclear. Also, how the 

latter carcinoma cells constitutively 
prevent hemidesmosome formation and 
use α6β4 for migration is largely 
unknown. Some papers have implicated 
growth factor receptors, such as the EGF 
receptor, Met or Ron receptors (Mariotti 
et al., 2001; Trusolino et al., 2001; 
Santoro et al., 2003), although Met and 
α6β4 have also been shown to act 
independently in carcinoma invasion 
(Chung et al., 2004). In addition, EGF has 
been shown to cause hemidesmosome 
disassembly in normal keratinocytes. 
Some carcinomas have indeed a 
constitutively active EGF receptor, which 
might explain why hemidesmosomes are 
absent. Another interesting possibility 
could be downregulation of the previously 
mentioned tumor suppressor gene lgl2. 
Lgl2 is involved in targeting proteins to 
the basal side of cells, and its 
downregulation has been shown to lead to 
loss of polarity (Chalmers et al., 2005; 
Sonawane et al., 2005). Therefore, 
downregulation of lgl2 might lead to 
diffuse distribution of α6β4 over the 
plasma membrane, thereby preventing 
hemidesmosome formation. 
Malignant carcinomas that have 
downregulated α6β4 might have 
undergone epithelial to mesenchymal 
transition (EMT). Whether downregula-

tion of α6β4 is a prerequisite or a side-
effect of EMT is unknown. Therefore, 
treatment of these types of cancers should 

not occur at the level of α6β4. Malignant 
carcinomas that still express α6β4 and 
utilize this integrin for invasion and 
possibly proliferation would need mani-
pulation to re-establish hemidesmosome 

126 



General discussion 

formation. This might be achieved by 
using inhibitors against enzymes that are 
known to be involved in hemidesmosome 
disassembly, such as PKC. A few PKC 
inhibitors have been tested in clinical 
trials, but administered as a single agent 
they do not have a significant effect 
(Advani et al., 2004; Rini et al., 2004). 
Alternatively, α6β4-driven migration 
might be inhibited using antibodies 

against the integrin or its ligand, laminin-
5. However, inhibiting α6β4-migration or 
inducing hemidesmosome formation 
alone is not sufficient to prevent invasion 
and proliferation of carcinomas. A 
combination of different drugs would be 
preferable. For instance in the case of 
breast carcinomas, a combination with 
ErbB1/EGFR or ErbB2/Her2/neu 
inhibitors could be used. 
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Summary 
 
The largest organ of our body, the skin, 
has evolved to protect the underlying 
muscles and organs from the external 
environment. The skin is composed of the 
dermis and the epidermis, which are 
separated by the basement membrane. 
The epidermis is the outermost layer of 
the skin and consists of epithelial cells 
(keratinocytes) in various stages of 
differentiation. The undifferentiated 
keratinocytes in the basal layer of the 
epidermis are attached to the underlying 
basement membrane. Through multi-
protein complexes, called 
hemidesmosomes, the stable adhesion of 
these cells is mediated. Defects in these 
adhesive superstructures cause blistering 
diseases such as epidermolysis bullosa. 
Some of these diseases are relatively mild, 
while others are lethal. The severity 
depends on which protein in the complex 
is affected and what kind of mutation it 
has. The central component of 
hemidesmosomes is the integrin α6β4. 
Integrins are transmembrane proteins 
that are intracellularly connected to the 
cytoskeleton and extracellularly bind to 
their ligand. Therefore, these proteins 
play a critical role in migration and stable 
adhesion, which makes them important 
molecules in metastasizing cancers.  
The binding of plectin to α6β4 in 
hemidesmosomes is essential for linking 
the integrin to the intermediate filament 
system and to ensure stable attachment of 
cells to the basement membrane. The goal 
of this study was to characterize in detail 
the interaction between plectin and the β4 

integrin subunit and to gain more insight 
into the regulation of hemidesmosomes. 
In addition, a novel binding partner for 
plectin was identified, which allowed for 
assigning another function to plectin. 
Chapter 1 gives an overview of our 
current knowledge on hemidesmosomes 
and the role of α6β4 integrin in stable 
adhesion and other cellular processes. 
Chapter 2 gives more insight in the 
specificity of binding between the actin 
binding domain (ABD) of plectin and β4. 
The plectin ABD consists of two calponin 
homology domains and many ABDs of 
this type share high similarity with the 
ABD of plectin. Yet, only the ABDs of 
plectin and dystonin were found to bind 
to β4. Three amino acids in the plectin-
ABD were identified to be essential for the 
binding to β4. These residues are 
conserved between the plectin- and 
dystonin-ABDs, but not between the 
ABDs of other proteins. Furthermore, one 
of these amino acids resides in a region 
that is involved in binding to F-actin, 
explaining why binding of plectin to F-
actin and β4 is mutually exclusive. Using 
this information and protein-protein 
docking calculations, a model of the 
binary complex between the plectin-ABD 
and β4 was generated (Chapter 3). The 
resulting, unexpected, model was 
validated with biochemical experiments. 
Although protein motion simulations 
suggest that the exact binding interface 
may differ in detail, the overall model was 
shown to be valid. Furthermore, the 
model can explain why part of the 
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connecting segment of β4 is essential for 
the interaction. In fact, we have identified 
a residue in the connecting segment that 
is critical for the binding to plectin. 
Lastly, the model can explain how the 
sequence preceding the plectin ABD can 
influence the affinity for β4. 
In Chapter 4 the regulation of 
hemidesmosomes was studied. The 
involvement of protein kinase C (PKC) in 
disassembly of hemidesmosomes has 
been previously described. We have 
shown that, in addition to PKC, protein 
kinase A (PKA) and protein kinase D1 
(PKD1) are enzymes that can mediate 
hemidesmosome disassembly. 
Plectin is a versatile cytoskeletal linker 
protein, not only involved in linking the 

intermediate filament system to 
hemidesmosomes, but also involved in 
crosslinking the intermediate filament 
system and F-actin, and linking 
intermediate filaments to cell-cell 
adhesions. Chapter 5 describes a novel 
protein, nesprin-3, which is a 
transmembrane protein on the nuclear 
envelope, and was found to interact with 
plectin. An additional role for plectin may 
therefore be to link the intermediate 
filament system to the nucleus. 
Although over the last 15 years research 
has provided great knowledge on the 
structure, function and regulation of 
hemidesmosomes, many questions 
remain open. These questions are 
discussed in Chapter 6. 

 

 145



 

Samenvatting 

 
Het grootste orgaan van ons lichaam, de 
huid, is onstaan om de onderliggende 
spieren en organen te beschermen tegen 
de buitenwereld. De huid bestaat uit een 
opperhuid en een lederhuid, welke 
gescheiden zijn door de basaal 
membraan. De opperhuid is de buitenste 
laag van de huid en bestaat uit epitheel 
cellen (keratinocyten) in verschillende 
stadia van differentiatie. De basale cellen 
in de opperhuid zijn de minst 
gedifferentieerde cellen en hechten aan de 
onderliggende basaal membraan via eiwit 
complexen die hemidesmosomen worden 
genoemd. Defecten in deze hechtings-
structuren hebben blaarvorming tot 
gevolg. Sommige van deze ziekten zijn 
relatief mild, andere dodelijk, afhankelijk 
van de eiwitten in het complex die zijn 
aangetast en de mutaties die zich in het 
aangetaste eiwit bevinden. De 
belangrijkste component van hemi-
desmosomen is de integrine α6β4. 
Integrines zijn transmembraan eiwitten 
die binnenin de cel binden aan het 
cytoskelet en buiten de cel aan een ligand. 
Deze eigenschappen maken dat integrines 
betrokken kunnen zijn bij stabiele 
hechting, maar ook bij migratie van 
cellen. Integrines zijn als het ware de 
armen en benen van een cel, waarmee zij 
hun omgeven “voelen”, en die bepalen of 
de cel op z’n plek blijft of zich gaat 
voortbewegen. Daardoor spelen deze 
eiwitten een belangrijke rol bij de 
metastasering van kanker.  
De binding van het eiwit plectine aan 
α6β4 integrine in hemidesmosomen is 

essentieel voor de verbinding van de 
integrine aan het intermediaire filament 
systeem om zo stabiele hechting van de 
cellen aan de basaal membraan te 
garanderen. Het doel van deze studie was 
om de interactie tussen plectine en de β4 
keten van de integrine in detail te 
karakteriseren en om meer inzicht te 
krijgen in de regulatie van 
hemidesmosomen. Daarnaast is een 
nieuwe bindingspartner voor plectine 
geïdentificeerd, waarmee een additionele 
functie aan plectine toegekend kan 
worden. 
Hoofdstuk 1 geeft een overzicht van de 
huidige kennis over hemidesmosomen en 
de rol van α6β4 integrine in diverse 
cellulaire processen. 
Hoofdstuk 2 geeft inzicht in de 
specificiteit van de binding tussen β4 en 
het actine-bindingsdomein van plectine. 
De primaire structuur van het actine-
bindingsdomein van plectine vertoont een 
grote overeenkomst met actine-
bindingsdomeinen van andere eiwitten. 
Toch hebben wij gevonden dat slechts de 
actine bindingsdomeinen van plectine en 
dystonine aan β4 kunnen binden. Wij 
hebben drie aminozuren in plectine 
geïdentificeerd die essentiëel zijn voor de 
binding aan β4. Deze drie aminozuren 
bleken ook aanwezig in het actine-
bindingsdomein van dystonin, maar niet 
in dat van de andere bestudeerde 
eiwitten. Bovendien bleek een van deze 
aminozuren te liggen in een regio die 
tevens betrokken is bij de binding aan F-
actine, wat verklaart waarom plectine niet 
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tegelijkertijd kan binden aan β4 en F-
actine. Deze informatie hebben wij samen 
met eiwit-eiwit bindingsberekeningen 
gebruikt om een model van het complex 
van plectine en β4 te construeren 
(Hoofdstuk 3). Het resulterende, 
onverwachte, model is getoetst met 
biochemische experimenten. Ondanks dat 
eiwit bewegingsberekeningen aangaven 
dat het preciese bindingsraakvlak in detail 
kan verschillen van het voorspelde model, 
bleek het model globaal te kloppen. Met 
het model kan verklaard worden waarom 
een gedeelte van de zogenoemde 
connecting segment van β4 essentieel is 
voor de binding aan plectine. Daarnaast 
laat het model zien hoe de aminozuren 
voorafgaand aan het actine-
bindingsdomein de affiniteit van plectine 
voor β4 kunnen beïnvloeden. 
In Hoofdstuk 4 is de studie naar de 
regulatie van hemidesmosomen 
beschreven. De betrokkenheid van PKC 
bij de ontbinding van hemidesmosomen 
is al eerder beschreven. In dit hoofdstuk 

laten wij zien dat naast PKC ook de 
enzymen PKA en PKD1 de ontbinding van 
hemidesmosomen kunnen bewerkstel-
ligen. 
Plectine is een veelzijdig eiwit, dat niet 
alleen betrokken is bij de verbinding van 
het intermediaire filament systeem aan 
hemidesmosomen, maar ook bij het 
verbinden van verschillende cytoskelet 
systemen en het verbinden van het 
intermediaire filament systeem aan cel-
cel contacten. Hoofdstuk 5 beschrijft 
een nieuw eiwit, nesprin-3. Nesprin-3 is 
een transmembraan eiwit op de kern en 
blijkt te binden aan plectine. Een mogelijk 
nieuwe functie van plectine is daarom het 
verbinden van het intermediaire filament 
systeem aan de kern. 
De afgelopen 15 jaar heeft onderzoek ons 
veel geleerd over de structuur, functie en 
regulatie van hemidesmosomen. Maar 
veel vragen staan nog open. Een aantal 
van deze vragen worden bediscussiëerd in 
Hoofdstuk 6. 
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