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Hemidesmosomes ::  Molecula r organizatio n and thei r 
importanc ee for cel l adhesio n and disease . 

Chapterr 1 

J.. Koster, L. Borradori and A. Sonnenberg 

Inn th e skin , basa l epithelia l cell s constantl y divid e to rene w th e epidermis . The newl y 
forme dd epithelia l cell s the n differentiat e in a proces s calle d keratinization , ultimatel y 
leadin gg to th e deat h of thes e cell s and a pile-u p of cel l materia l containin g vas t amount s 
off  keratins . The basa l keratinocyte s in ski n are attache d to thei r underlyin g basemen t 
membran ee vi a specialize d adhesio n complexe s terme d hemidesmosomes . These 
complexe ss ascertai n stabl e adhesio n of th e epidermi s to th e dermis , and mutation s in 
component ss of thes e complexe s ofte n resul t in tissu e fragilit y and blisterin g of the 
skin .. In thi s revie w we wil l describ e th e variou s hemidesmosoma l protein s in detai l as 
wel ll  as, briefly , th e protei n familie s to whic h the y belong . Specifically , we wil l repor t 
th ee protein-protei n interaction s involve d in th e assembl y of hemidesmosome s and 
thei rr  molecula r organization . Some signalin g pathway s involvin g primaril y th e ct6pM 
integri nn wil l be discussed , sinc e the y appea r to profoundl y modulat e th e assembl y 
andd functio n o f hemidesmosomes . Furthermore , th e importanc e o f thes e 
hemidesmosoma ll  component s fo r th e maintenanc e of tissu e homeostasi s and thei r 
involvemen tt  in variou s clinica l disorder s wil l be emphasized . Finally , w e wil l presen t a 
mode ll  fo r th e assembl y of HDs, based on our presen t knowledge . 

11 Hemidesmosome s 
1.11 Genera l introductio n 
Hemidesmosomess (HDs) are multiprotein 
complexess that mediate firm adhesion of 

epitheliall cells to the underlying basement 
membranee via linkage of the intracellular 
cytoskeletonn with extracellular matrix proteins. 
Thesee multiprotein complexes determine cell-

B B 
Intermediatee filaments 

Innerr plaque 

Outerr plaque 
Plasmaa membrane 
Sub-basall dense plate 

Inside e 

K5/144 \ > r \ \ 

BP230 0 

Outside e 

Plectin n 

Fig .. 1. Three aspect s of hemidesmosomes . A. An electron micrograph of a skin sample, containing 
hemidesmosomes.. M, membrane; OP, outer plaque; IP, inner plaque; IF, intermediate filaments; BM, 
basementt membrane; LL, lamina lucida; LD, lamina densa. B. A schematic representation of a HDas seen 
withh an electron microscope. C. Schematic representation of the components that reconstitute the 
hemidesmosomee and a general overview of their connections to each other. 
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stromall coherence, providing cells with cues 
criticall for their tissue architecture, their spatial 
organizationn and their polarization (Green and 
Jones,, 1996; Gumbiner, 1996; Borradori and 
Sonnenberg,, 1999). HDs are found in basal cells 
off stratified-, and pseudostratified epithelia, 
complexx epithelia as well as in myoepithelial cells 
off glandular epithelia. 
Ultrastructurally,, HDs appear as small electron-
densee structures associated with the plasma 
membranee at the basal side of keratinocytes 
(Borradorii and Sonnenberg, 1999; Green and 
Jones,, 1996). They have a tripartite structure 
consistingg of an inner plaque, which serves as 
thee anchorage site for the keratin filaments, and 
ann outer plaque associated with the plasma 
membrane,, separated by an electro-lucent zone. 
Furthermore,, a sub-basal dense plate is present 
immediatelyy beneath the outer plaque in the 
basementt membrane (Eady, 1994). While the 
innerr plaque contains BP230 (BPAGl-e) and 
plectin,, the outer plaque consists of a6{54, BP180 
andd CD151 (Nievers et al., 1999; Sterk et al., 
2000)) (Fig. 1). Together with the extracellular 
matrixx protein laminin-5 and the cytoskeleton-
associatedd keratins, these proteins constitute a 
functionall unit, referred to as the hemidesmomal 
adhesionn complex (Burgeson and Christiano, 
1997). . 

1.2Theot6p44 integrin 
Thee (x6(34 integrin is not only present in tissues 
thatt contain HDs (Kajiji et al., 1989; Stepp et 
al.,al., 1990; Sonnenberg eta/., 1991), but also in 
variouss cells that lack discernible HDs. These 
includee Schwann cells and perineural fibroblasts 
off the peripheral nerve, endothelial cells of 
differentt types of blood vessels and immature 
thymocytess (Sonnenberg et al.f 1990; Niessen 
etal.,etal., 1994a; Wadsworth etai, 1992; Kennel et 
al.,al., 1992). The cc6(M integrin can bind several 
laminins,, including laminin-5 (Niessen et al., 
1994b),, which is a major component of the 
epidermall basement membranes (Carter etal, 
1991;; Rousselle et al, 1991). It is primarily 
involvedd in maintaining adhesion of cells to 
substratess in epithelia, especially of keratinocytes 
off the epidermal basal layer, as attested by the 
followingg observations. In humans pathogenic 
mutationss in the genes encoding oc6 or pM (Vidal 
etal.,etal., 1995; Brown etal., 1996; Niessen etal., 
1996;; Pulkkinen etal., 1997a; Ruzzi etal., 1997; 
14 4 

Takizawaa et al., 1997) cause junctional 
epidermolysiss bullosa (JEB), an inherited skin 
disorder,, characterized by mechanical fragility 
andd blistering of the skin associated with dermo-
epidermall separation and the formation of 
rudimentaryy HDs (see also table 1) (McMillan et 
al.,al., 1998). Furthermore, in null-mutant mice for 
thee oc6 or 04 integrin subunit (Dowling et al., 
1996;; Georges-Labouesse etal., 1996; van der 
Neutt et al., 1996) widespread epidermal 
detachmentss are observed resulting in death of 
thee mice shortly after birth. In the a6 and (54 
null-mutantt mice, the skin is typically detached 
att the level of the basement membrane, although 
separationss through the cell, at the level of HDs, 
havee also been demonstrated (van der Neut et 
al.,al., 1996). These data emphasize the important 
rolee of a6fJ4 as a transmembrane linker that 
connectss the extracellular matrix with the 
cytoskeletonn (Borradori and Sonnenberg, 1999; 
Greenn and Jones, 1996). 
Thee a6 subunit contains a large extracellular 
domainn and a short cytoplasmic domain 
(Hogervorstt etal., 1991; Tamura etal., 1991). 
Thee N-terminus of the extracellular domain 
containss 7 homologous repeat domains, three 
off which contain putative divalent cation binding 
sitess that are important for integrin function. The 
extracellularr domain of the integrin a6 subunit 
iss cleaved near its C-terminal end, resulting in a 
disulfidee linked heavy and light chain. The 
cytoplasmicc domain of cc6, like all a-subunits, 
containss the conserved GFFKR sequence 
proximall to the transmembrane region. Two 
cytoplasmicc variants have been described of oc6, 
a6AA and a6B (Hogervorst et al., 1991; 
Hogervorstt et al., 1993; Cooper et al., 1991). 
Thesee variants differ in a sequence after the 
GFFKRR sequence and their expression is tissue 
specific.. In skin, only the cc6A variant is 
expressed.. However, there is no apparent 
differencee between the roles of a6A and a6B in 
thee formation of HDs, since in oc6A knockout 
mice,, which express cx6B at sites where normally 
oc6AA is expressed, HDs appear to be normal 
(Gimondd etal., 1998). 
Thee extracellular domain of the (54 integrin 
subunitt contains four cysteine-rich repeats 
characteristicc for integrin p subunits. These 
cysteinee repeats form intramolecular disulfide 
bridges,, thereby shaping the three-dimensional 
structuree of the extracellular domain. It is likely 
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Tablee 1: Involvement of hemidesmosomal components in human diseases 

Morphologica ll  structur e Protei n Disease e Anima l l 

Intermediatee filaments 
Hemidesmosomes s 

Anchoringg filaments 

Keratinn 5 and 14 
BP230 0 
Plectin n 
oc66 integrin 
(344 integrin 
BP180 0 

Laminin-5 5 

Autoimmun e e 

--
Bullouss pemphigoid 
Pemphigoidd like disease 

--
Cicatriciall pemphigoid 
Bullouss pemphigoid 
Cicatriciall pemphigoid 
Gestationall pemphigoid 
Cicatriciall pemphigoid 

Inherite d d 

EBS S 
--
EBS-MD D 
PA-JEB B 
PA-JEB B 
GABEB B 

JEB B 

mode l l 

Yes s 
Yes s 
Yes s 
Yes s 
Yes s 
No o 
No o 
No o 
Yes s 

Tablee 1. Autoimmune blistering diseases are associated with autoantibodies directed against constituents 
off the hemidesmosomal adhesion complex, while mutations result in inherited bullous disorders with often 
aa similar phenotype. In autoimmune blistering diseases autoantibodies might be directed against additional 
targett antigens. EBS, epidermolysis bullosa simplex; MD, muscular dystrophy; GABEB, generalized atrophic 
benignn epidermolysis bullosa; JEB, junctional epidermolysis bullosa; PA, pyloric atresia. 

thatt the overall folding of the extracellular part 
off a6|34 resembles that of av|33. Of this integrin, 
thee crystal structure of the extracellular part, 
boundd or not bound to ligand (RGD-peptide), 
hass been determined (Xiong et al., 2002). 
Interestingly,, the N-terminal regions of the a 
andd p subunit strikingly resembled Gp and Ga 
subunitss of G-proteins, respectively, and even 
contactt each other in similar ways (Xiong etal., 
2002).. Upon binding to its ligand, avp3 
undergoess multiple conformational changes, 
leadingg to an active integrin (Xiong etal., 2002). 
Whereass the cytoplasmic domain of other p 
subunitss contains approximately 50 amino acids, 
thatt of the P4 subunit consists of over 1000 
residuess (Hogervorst et al., 1990; Suzuki and 
Naitoh,, 1990). This large cytoplasmic domain is 
essentiall for the role of p4 in the assembly of 
HDs.. Proximal to the transmembrane region of 
P44 there are six cysteine residues that could be 
palmitoylated.. A Calx-f3, Ca2+binding motif is 
presentt at a distance of 266 amino acids from 
thee transmembrane region (Schwarz and Benzer, 
1997).. Further towards the C-terminus of the 
cytoplasmicc domain, p4 contains two pairs of 
fibronectinn type I I I repeats (FNIII) that are 
separatedd by a connecting segment. These FNIII 
repeatss are involved in multiple protein-protein 
interactionss (see section 3.1). The three-
dimensionall folding of the first pair of FNIII 
repeatss of the p4 integrin subunit has been 

determinedd (de Pereda et al., 1999), and has 
contributedd to our understanding of the clinical 
phenotypess observed in JEB patients carrying 
pathogenicc mutations in the p4 gene (Koster et 
al.,al., 2001). 
Inn addition to the most canonical P4A subunit, 
att least 5 cytoplasmic variants generated by 
alternativee mRNA splicing have been identified. 
Thee p4B variant contains an insertion of 53 amino 
acidss towards the end of the connecting 
segment.. The mRNA encoding this latter variant 
hass been detected in placenta, peripheral nerve 
andd spleen (Hogervorst et al., 1990; Kennel er 
al.,al., 1993; Niessen et al., 1994a). p4C contains 
ann insertion of 70 amino acids in the cytoplasmic 
taill and the mRNA for this variant is present in a 
numberr of carcinomas (Tamura etal., 1990). In 
p4D,, identified in a colon carcinoma cell line, 
theree is a deletion of seven amino acids in the 
fourthh FNIII repeat (Clarke etal., 1994). Finally, 
thee RNA encoding P4E contains an insertion of 
377 bases in the cytoplasmic domain resulting in 
aa frameshift followed by a premature stopcodon: 
itt is found in a large number of tissues including 
thee epidermis (van Leusden etal., 1997). It is 
likelyy that these different variants have distinct 
bindingg activities and specificity for proteins they 
mayy interact with, but their significance remains 
too be elucidated. 
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Althoughh the involvement of a6(34 in the 
organizationn and function of HDs has been well 
established,, recent work has revealed novel 
functionss of oc6(34 in the control of cell growth, 
migrationn and survival of epithelial- and 
epithelium-derivedd tumor cells. 
Activationn of the a6[34 integrin in response to 
clusteringg or cell adhesion results in the 
phosphorylationn of [34 and the subsequent 
recruitmentt of the adapter proteins She and 
Grb2.. In turn, Grb2 associates with the exchange 
factorr mSOS, leading to the activation of the 
Ras-Erkk pathways and subsequent growth 
(Mainieroo etal., 1995). In addition both tyrosine 
andd serine phosphorylation of (54 occurs as a 
resultt of the treatment of epithelial cells with 
EGF.. This has been associated with the 
disassemblyy of HDs and a reduction of adhesion 
off the cell, but is not associated with the 
recruitmentt of She (Mainiero et al., 1996; 
Rabinovitzz et at., 1999). 
Furthermore,, through its ability to associate with 
growthh factor receptors, a6|34 can modulate their 
activityy and have an impact on cell migration 
andd tumorigenesis. For example, it has been 
shownn that the expression of (34 promotes 
invasivenesss of NIH3T3 cells transformed by the 
Erb-B22 oncogene (Gambaletta etal., 2000). This 
effectt is dependent on the activation of 
phosphoinositide-3-OHH kinase (PI3K) and on a 
specificc region of the |34 cytoplasmic domain 
(aminoo acids 854-1183). It is noteworthy that 
bothh (34 and Erb-B2 can bind to ERBIN, a novel 
proteinn belonging to the LAP/LERP (for leucine 
richh repeats and PDZ domain) protein family 
(Favree et al., 2001). ERBIN, which is also able 
too bind to BP230, may contribute to both HD 
assemblyy and Erb-B2 receptor signaling. 
Furthermore,, an association between a6[34 and 
thee HGF receptor, Met, has been demonstrated 
(Trusolinoo etal., 2001). Specifically, it was shown 
thatt in carcinoma cells, signaling by the Met 
receptorr is dependent on a6[34. Only when a6p4 
wass present, could signaling via the Met receptor r 
occurr and could tumor cells acquire an invasive 
phenotype.. Similarly, oncogenic transformation 
off keratinocytes by Ras and IKBOC (an inhibitor 
off NF-KB) was shown to be dependent on a6|34 
(Dajeee eta/., 2003). 

Thee effect of a6(34 on cell survival is mediated 
throughh the activation of the PKB/Akt kinase 
pathwayy (Bachelder etal., 1999a). Interestingly, 
16 6 

thee introduction of a6(34 in carcinomas can also 
resultt in the induction of apoptosis, but only 
whenn wild-type p53 is present (Bachelder etal., 
1999b).. Recently, it was shown that ligation of 
a6|344 and tissue polarity can support cell survival 
off normal and malignant mammary epithelium 
throughh signaling via NF-KB (Weaver et al., 
2002). . 

1.33 BP180 
BP180,, also known as type XVII collagen, was 
initiallyy identified as one of the two major target 
antigenss of an autoimmune subepidermal 
blisteringg disorder of the skin and mucosae: 
bullouss pemphigoid (Giudice etal., 1992). BP180 
iss a type I I transmembrane protein with its C-
terminuss located extracel I ularly. Its N-terminal 
endd resides in the cytoplasm, where it 
contributess to the formation of the cytoplasmic 
plaquee of HDs (Hopkinson etal., 1992). BP180 
iss found in stratified, pseudo-stratified and 
transitionall epithelia. 
BP180,, collagen XIII and collagen XXV represent 
aa separate cluster in the collagen family. All three 
aree non-fibrillar collagens located at the cell-
surface,, and they possess a transmembrane 
domainn (Hashimoto etal., 2002; Pihlajaniemi and 
Rehn,, 1995; Snellman etal., 2000; Hagg etal., 
1998).. Although not included in the collagen 
family,, the domain structure of Ectodysplasin A, 
MSR1RR (macrophage scavenger receptor 1R) 
andd MARCO protein is similar, including a 
collagenouss extracellular domain (Kere et al., 
1996;; Ferguson et al., 1997; Krieger, 1992; 
Elomaaa et al., 1998). Interestingly, whereas 
BP1800 is associated with HDs, collagen XIII is 
foundd in focal adhesions at the end of actin stress 
fiberss (Hagg etal., 2001). 
Thee extracellular domain of BP180 consists of a 
seriess of 15 collagen domains, separated by non-
collagenouss regions that together constitute a 
1200 kDa collagenous fragment (Giudice et al., 
1992;; Li et al., 1993). Results of chemical 
crosslinkingg and sedimentation experiments 
indicatee that this collagenous fragment forms a 
homotrimericc complex (Balding etal., 1997). By 
rotaryy shadowing of purified BP180 identified 
threee distinct regions were recognized: a 
cytoplasmicc globular head domain, a central rod 
correspondingg to the largest collagen repeat 
(COL15)) and a flexible tail consisting of the 
remainingg 14 collagen repeats interrupted by 



non-collagenouss sequences (Hirako et al., 1996). 
Thee 500-amino acid intracellular domain of 
BP1800 has no similarity to other proteins. It 
containss four tandemiy arranged 24 amino acid 
repeatss and close to the membrane, four cysteine 
residuess which may be subject to palmitoylation 
(Giudicee et aL, 1992; Hopkinson et at., 1992). 
Thee extracellular domain may undergo 
proteolyticc processing resulting in the formation 
off a 120-kilodalton (kDa) fragment, which is 
incorporatedd into the basement membrane and 
mayy have cell adhesion properties (Tasanen et 
aL,aL, 2000). Recently the enzymes involved in the 
proteolyticc cleavage of the ectodomain of BP180, 
ADAM-9,, ADAM-10 and ADAM-17 (TACE), have 
beenn identified (Franzke et aL, 2002). Patients 
sufferingg from the autoimmune blistering disease 
linearr IgA bullous dermatosis (LAD) 
characteristicallyy produce IgA autoantibodies 
directedd against the 120 kDa cleaved 
extracellularr domain of BP180 (Roh etal., 2000). 
Thee large collagenous extracellular domain 
servess as a cell surface receptor for extracellular 
matrixx proteins. Although little is known about 
thee ligand of BP180, there are indications that it 
mightt be laminin-5 (Reddy etal., 1998). 
Thee role of BP180 in the formation of HDs and 
inn promoting dermo-epidermal cohesion is best 
attestedd by clinical observations. Defective 
expressionn of BP180 due to mutations in the 
BP1800 gene (COLXVIIA gene) causes a distinct 
formm of non-lethal JEB, previously known as 
generalizedd atrophic benign epidermolysis 
bullosaa (GABEB) (see also table 1). The number 
off HDs in the keratinocytes from these JEB 
patientss is reduced, and they appear to be 
hypoplasticc (Jonkman et aL, 1995; McGrath et 
aL,aL, 1995). Furthermore, in bullous pemphigoid, 
thee presence of autoantibodies directed against 
extracellularr epitopes of BP180 causes tissue 
damage,, leading to the formation of 
subepidermall blisters (Giudice etal., 1993; Liu 
etal.,etal., 1993). 

1.4CD151 1 
CD1511 belongs to the tetraspanin superfamily 
off proteins. Like the more than 20 highly 
conservedd members of this family, CD151 spans 
thee plasma membrane four times (Wright and 
Tomlinson,, 1994; Maecker etal., 1997; Hemler, 
1998).. Tetraspanin proteins alll contain one small 
andd one large extracellular loop with short 
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cytoplasmicc N- and C-terminal domains. 
Tetraspaninss are characterized by the presence 
off a conserved CCG motif in the large 
extracellularr loop and a single cysteine residue 
att a defined distance from the transmembrane 
regionss (Maecker etal., 1997). 
Forr CD81, the crystal structure of the large 
extracellularr loop has been determined. The loop 
off CD81 contains 5 a-helices that fold into a 
mushroom-likee structure (Kitadokoro et aL, 
2001).. Sequence analysis of tetraspanin proteins 
hass indicated that the key structural features 
andd the fold of the extracellular domain are 
conserved.. Tetraspanins can self-aggregate and 
formm multimeric clusters with other 
transmembranee components. Their large 
extracellularr loop is involved in binding to a wide 
varietyy of proteins, among which the a subunit 
off integrins (Imai and Yoshie, 1993; Mannion et 
aL,aL, 1996; Lagaudriere-Gesbert et aL, 1997; 
Yauchh etal., 1998). CD151 is expressed by the 
basall keratinocytes of the skin and other epithelia 
(Sincockk et aL, 1997). Recently, it has been 
demonstratedd that CD151 is a constituent of HDs 
andd that its recruitment into these structures 
requiress the a6 subunit to be associated with 04 
(Sterkk etal., 2000). However, binding of CD151 
too aópM is not required for the formation of 
hemidesmosomall clusters containing plectin, 
BP1800 and BP230, since the expression of an 
IL2R/p44 chimeric construct in (54-deficient 
keratinocytes,, induced the formation of such 
clusters,, even though it is unable to bind to 
CD1511 (Sterk et aL, 2000). The function of 
CD1511 in HDs remains to be elucidated, but it 
mayy play a role in the stabilization of HDs by 
regulatingg the spatial organization and lateral 
interactionss of HD proteins. 

1.55 Keratin s 
Thee keratin intermediate filament (IF) 
cytoskeletonn forms an extended network 
spanningg from a perinuclear ring, through the 
cytoplasmm to distinct cytoplasmic membrane 
sites,, such as desmosomes, cell-cell adhesion 
complexes,, and HDs (Fuchs and Weber, 1994). 
Intermediatee filaments are 10 nm thick, found 
ubiquitouslyy in multicellular eukaryotes (Steinert 
ett aL, 1994; Fuchs and Weber, 1994). Keratins 
aree the main group of IF proteins (Fuchs and 
Weber,, 1994; Parry and Steinert, 1999). The 
epitheliall type I keratins form heterodimeric 
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proteinss with their type II partners, and together 
assemblee into IFs. Cytokeratins are expressed 
differentiallyy in most epithelial cells depending 
onn the stage of development and differentiation. 
Inn the epidermis, two major pairs of keratins 
aree expressed: the keratins 5/14 are 
characteristicallyy expressed in the basal layers 
off dividing cells (Fuchs and Weber, 1994), 
whereass the keratins 1/10 are mainly expressed 
inn suprabasal differentiating cells (Fuchs and 
Weber,, 1994). 
Structurally,, keratins have a central a-helical rod 
domain,, which is flanked by non-helical head-
andd tail-domains. The rod by itself can be further 
dividedd into four subdomains, which are 
separatedd by three short non-helical linkers. Both 
thee N- and C-terminal regions of the rod domain 
aree highly conserved and essential for filament 
assemblyy (Hatzfeld and Weber, 1991; Letai er. 
al.,al., 1992). The head and tail regions of keratins 
cann be phosphorylated, a means by which 
filamentt assembly and disassembly can be 
regulatedd (Heins and Aebi, 1994). 

1.66 Laminin s 
Laminins,, which all consist of 3 subunits (a, (3 
andd Y) are important constituents of basement 
membraness (Timpl and Brown, 1994; Delwel ef 
al.,al., 1995). Of each of these subunits there are 
differentt isoforms, which determine the 
characteristicss of the laminin isoform of which 
theyy are part. Most laminin isoforms have the 
abilityy to self polymerize into a network and to 
stronglyy interact with nidogen (Yurchenco and 
O'Rear,, 1994). Laminin-5, previously known as 
niceinn or kalinin (Verrando etai, 1988; Rousselle 
etai,etai, 1991), is the laminin isoform associated 
withh the hemidesmosomal adhesion complex. 
Itt consists of a3,03 and Y2 chains with molecular 
weightss of 200, 140 and 155 kDa, respectively 
(Roussellee et a\., 1991), that undergo complex 
proteolyticc processing. Pathogenic mutations in 
onee of the genes for the oc3, p3 and il chains 
leadingg to loss or aberrant expression of laminin-
55 (Aberdam etai., 1994; Pulkkinen etai, 1994; 
Pulkkinenn etai, 1997b), underlie distinct forms 
off JEB, the most severe of which leads to death 
soonn after birth (Verrando etai, 1991; McGowan 
andd Marinkovich, 2000; Christiano and Uitto, 
1996).. The formation of HDs in null-mutant mice 
forr the a3 or y2 chain of laminin-5 is abnormal 
withh defective dermo-epidermal cohesion and 
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post-natall lethality because of widespread 
blisteringg (Ryan eta/., 1999; Meng era/., 2003). 
Keratinocytess isolated from the a3 or null mice 
alsoo show defects in survival, which could be 
rescuedd by antibodies against a6(34 or by 
exogenouss application of laminin-5 (Ryan etai., 
1999). . 
Interestingly,, laminin-5 lacks the domains that 
aree responsible for self-polymerization and for 
thee interaction with nidogen. Laminin-5 can bind 
too laminin-6, which facilitates its incorporation 
intoo basement membranes (Marinkovich et al., 
1992;; Champliaud etai., 1996). The cell-binding 
sitee of laminin-5 is located in the G-domain of 
thee a3 chain. In fact, antibodies directed against 
thee C-terminal end of the a3 chain block binding 
off cells to laminin-5 (Delwel etai., 1994; Niessen 
etet al., 1994b). Furthermore, the G-domain 
harborss peptide sequences that mediate 
adhesionn via the integrins a3(3l and <x6p4 (Ryan 
etai.,etai., 1994; Shang etai., 2001). 

22 Plakin s 
2.11 Genera l introductio n 
Plakinss are cytolinker proteins that associate with 
andd cross-link components of the various 
cytoskeletall systems, such as IF, microtubules 
andd microfilaments. Furthermore, they mediate 
attachmentss of IFs to the plasma membrane at 
specializedd sites, i.e. desmosomes and/or HDs. 
Initially,, the N-terminus of plakins was subdivided 
intoo homologous subregions based on the 
presencee of a-helices, designated NN, 2, Y, X, 
WW and V (Green etai., 1992). These subregions 
togetherr have now been denominated as the 
plakinn domain (Leung et al., 2002). At their C-
terminus,, most plakins contain one or more so-
calledd PLEC repeats (~300 amino acids long 
repeatt domains), which, based on sequence 
dissimilaritiess can be subdivided into three types 
(A,, B and C). 
Thee plakin family of proteins is defined by the 
presencee of either a plakin domain and/or PLEC 
repeats.. Plakins also harbor other structural 
domainss that are present in some but not all 
memberss of this family: an actin-binding domain 
(ABD),, a coiled-coil rod, a spectrin repeat 
containingg rod-domain and a growth arrest 
specificc protein 2 (GAS2)-microtubu!e-binding 
domainn (MTBD). Recently, the name spectra-
plakinss has been proposed for the plakins, based 
onn the potential presence of spectrin-like repeats 
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Fig .. 2. Structura l overvie w of the plaki n family . A. scale models of all plakin family members known to 
date.. The different modules are represented on scale in different shapes and colors. The plakin domain is 
representedd with its subregions (NN,Z,Y,X,V,W); CC-Rod, coiled-coil rod domain; SR-ROD, spectrin repeat 
rodd domain; GAS2, growth arrest specific protein 2 (microtubule binding domain); IFBD, intermediate filament 
bindingg domain B. Sequence alignment of the region between the Y and X subregion of the plakin domain 
off BP230, plectin and DP, and of some known SH3 domains of SH3 domain containing proteins. 

withinn the plakin-domain in all members of the 
plakinn family (Roper etal., 2002). 
Too date, 7 members of the plakin family of 
proteinss have been identified: desmoplakin (DP), 
plectin,, BP230 (BPAGl-e), microtubule-actin 
crosss linking factor (MACF), envoplakin, 
periplakinn and epiplakin (Fig. 2). Most of the 
plakinss are expressed in tissues that are exposed 
too mechanical stress, such as muscles and 
epithelia.. In these tissues, the plakins play a 
criticall role in maintaining tissue integrity and 
impartingg mechanical strength. The proper 
expressionn of plakin family members is further 
criticall for cell survival, growth and development 
off certain cells, such as neurons (Brown et al., 
1995a).. In humans, acquired or congenital 
abnormalitiess of plakin family-members cause 
dramaticc clinical disorders, including 
cardiomyopathies,, muscular dystrophies and skin 
diseases,, such as epidermolysis bullosa or palmo-
plantarr keratodermias (Armstrong et al., 1999; 

Norgettt et al., 2000; Pulkkinen et al., 1996; 
Ruhrbergg et al., 1996; Ruhrberg et al., 1997; 
DiColandreaa etal., 2000). 
Comparisonn of the plakin domain of the various 
plakinss with products of other genes revealed 
thee presence of a region between the Z and Y 
subdomainss in BP230, plectin and desmoplakin 
thatt has weak, but significant similarity to the 
SH33 domain of known SH3 containing proteins 
(Fig.. 2). Future investigations will have to 
determinee whether a genuine SH3 domain is 
presentt in plakins. 

2.22 Plecti n 
Plectinn (Herrmann and Wiche, 1987), also known 
ass intermediate filament associated protein of 
3000 kDa (IFAP300) (Clubb et al., 2000) and 
Hemidesmosomall protein 1 (HD1) (Okumura et 
al.,al., 1999), was initially identified as a major 
componentt of IF extracted from cultured cells 
(Pytelaa and Wiche, 1980). Two years later, it was 
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isolatedd from rat C6 glioma cells as a vimentin-
associatedd protein (Wiche and Baker, 1982). 
Plectinn is expressed in nearly all tissues and cell 
typess including muscles, epithelia and neural 
tissuess (Wiche, 1998). In human stratified 
epithelia,, plectin is concentrated at the basal 
surfacee of basal epithelial cells (Wiche et a/., 
1984).. Plectin is a component of both 
desmosomess and HDs (Eger etal., 1997; Hieda 
era/.,, 1992; Gache etal,, 1996). The function of 
plectinn in desmosomes remains to be 
determined,, whereas in HDs this protein directly 
linkss IFs to the cytoplasmic domain of the [J4 
integrinn subunit and of BP180 (Niessen et al., 
1997a;; Rezniczek et al., 1998; Geerts et al, 
1999;; Koster etal., 2003). Plectin is also present 
inn focal contacts in cultured fibroblasts (Seifert 
etet al., 1992; Sanchez-Aparicio et al., 1997), in 
closee association with the Z-lines of the 
sarcomericc unit of striated muscle cells, and in 
intercalatedd discs of cardiac muscle cells (Wiche 
etal.,etal., 1983). 
Thee 500 kDa polypeptide deduced from plectin 
cDNAA exhibits a multi-domain structure, 
includingg an N-terminal ABD and a C-terminal 
intermediatee filament binding domain (IFBD) 
(Wichee etal., 1991; McLean etal., 1996; Nikolic 
etal.,etal., 1996). When visualized by rotary shadow 
techniques,, plectin appears as a ~200 nm long 
centrall rod domain flanked by globular end 
domainss of ~9 nm (Wiche, 1998). These 
structuress represent either dimers formed by two 
polypeptidee chains arranged in parallel (Wiche, 
1998),, or tetramers, in which two parallel dimers 
aree arranged in an anti-parallel fashion (Foisner 
andd Wiche, 1987). 
Thee structure of the C-terminal globular domain 
iss dominated by 6 PLEC repeats (5 B and 1C) 
(Wichee etal., 1991). These repeat domains are 
connectedd to each other by linker sequences of 
variablee length. The repeat itself is composed 
off 5 tandem repeats of a 38-residues motif (2 * 
19-residues)) (Wiche etal., 1991). 
Thee N-terminal ABD consists of a pair of calponin-
likee (CH) subdomains arranged in tandem 
(Castresanaa and Saraste, 1995). This type of ABD 
iss found in a large family of actin-crosslinking 
proteins.. Plectin, which has been found along 
stresss fibers in some cells (Seifert etal., 1992), 
showss the same binding affinity for actin (Andra 
etal.,etal., 1998; Fontao etal., 2001) as that of other 
actin-bindingg proteins, such as dystonin (Yang 
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etet al., 1996), tenstn (Lo et al., 1994) and 
dystrophinn (Jarrett and Foster, 1995). The ABD 
off plectin cannot not only bind to actin, but also 
too the integrin (34 subunit (see below) (Geerts 
etal.,etal., 1999). 
Recently,, the crystal structure of the ABD from 
plectinn has been determined (Garcia-Alvarez et 
al.,al., 2003). The CH domains that make up this 
ABDD domain are folded in a similar manner as 
thosee of utrophin and dystrophin (Keep et al., 
1999;; Norwood etal., 2000). However, there are 
alsoo some differences. First, the linker region 
thatt connects these two CH domains in plectin 
lackss a defined structure, whereas in utrophin 
andd dystrophin, this region is a-helical. 
Furthermore,, the first a-helix of the N-terminal 
CHH domain is unusually long. The ABD of plectin 
wass crystallized as a monomer, whereas those 
off utrophin and dystrophin were crystallized as 
antiparallell dimers, a feature that is attributed 
too domain swapping within the ABD. 
Interestingly,, it appears that the ABD can 
undergoo a conformational change from a closed 
too an open state upon interaction with F-actin, 
aa feature that is not essential for the binding of 
F-actinn to the ABD. Binding of (34 to the ABD of 
plectinn does not result in such a change (Garcia-
Alvarezz etal., 2003). 
Plectinn is a versatile cytolinker that can associate 
withh microtubules (Svitkina et al., 1996), 
cytokeratinss (Steinbock et al., 2000; Nikolic et 
al.,al., 1996), as well as with filamentous actin 
(Andraa et al., 1998). As such, plectin plays an 
importantt role in maintaining the structural 
integrityy of various cells and tissues. This role is 
bestt illustrated by the following two observations. 
First,, gene mutations leading to a defective 
expressionn of plectin cause a distinct form of 
epidermolysiss bullosa simplex associated with 
muscularr dystrophy (EBS-MD) (see also table 
1)) (Chavanas et al., 1996; Gache et al., 1996; 
McLeann etal., 1996; Pulkkinen etal., 1996; Smith 
etal.,etal., 1996; Mellerio etal., 1997). The patients 
showw severe fragility and blistering of the skin 
ass a result of an impaired attachment of keratin 
filamentss to HDs, causing rupture of 
keratinocytess in the basal celt layers of the 
epidermiss upon application of mechanical stress. 
Inn addition, necrotic muscle fibers with 
disorganizedd myofibrils and sarcomeres are 
observed.. Second, ablation of plectin in mice 
resultedd in a similar clinical phenotype (Andra 



ett at. 1997). Plectin (-/-) mice, which die 2-3 
dayss after birth, show an increased number of 
necroticc muscle fibers, focal loss of myofilaments, 
streamingg of Z lines, focal ruptures of the 
sarcolemmall membrane and subsarcolemmal 
accumulationn of mitochondria (Andra et ai, 
1997). . 
AA significant number of the mutations described 
inn EBS-MD patients are located within the rod 
domainn of plectin, and lead to premature stop 
codonss and/or instability of mRNA (Uitto etai, 
1996).. In these patients, plectin as detected with 
thee mAb 121, directed against an epitope within 
thee plectin rod domain (Okumura etal., 1999), 
oftenn appears to be completely absent. However, 
manyy cell types, including keratinocytes, express 
aa naturally occurring splice variant of plectin, 
lackingg the rod domain (Elliott etai, 1997). The 
presencee of this variant in EBS-MD patients, 
therefore,, would be unnoticed if the mAb 121 
hadd been used as the only diagnostic test for 
thee absence of plectin (Gache eta/., 1996). The 
occurrencee of this rod-less plectin in EBS-MD 
patients,, which can likely fulfill important 
functions,, could explain some differences in the 
phenotypess observed in plectin null mice and 
patientss (Andra et al., 1997; Chavanas et al., 
1996;; Gache eta/., 1996; McLean etai, 1996; 
Pulkkinenn etal., 1996; Smith etai, 1996; Mellerio 
etai,etai, 1997). 
Inn 1996, the sequence, the exon-intron 
organizationn and the chromosomal localization 
off human plectin was published by two groups 
(Liuu et al., 1996; McLean et al., 1996). The 32 
exonss coding for plectin are spread over about 
322 kb of q24 on chromosome 8 in the human 
genome.. Nearly all exons reside in a region 
encodingg the N-terminal domain of the molecule, 
whilee the central rod and the C-terminal domains 
aree encoded by single exons of the unusual large 
sizess of >3kb and >6kb, respectively (Liu etai, 
1996;; McLean et ai, 1996). However, the size 
andd sequence of the first coding exon reported 
byy the two papers was different, indicating the 
existencee of variants. In subsequent studies 
moree than 16 plectin transcripts with alternatively 
splicedd exons in the 5' region of plectin have 
beenn identified in man, mouse and rat (Elliott et 
ai,ai, 1997; Wiche, 1998; Fuchs et ai, 1999). 
Elevenn of these variants (1-lj) are the result of 
alternativee splicing of different first exons into a 
commonn exon 2, whereas three arise by 
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alternativee splicing of non-coding exons 
precedingg exon lc (Fuchs et ai, 1999). In 
addition,, exons 2a and 3a are spliced between 
exonss 2 and -3 or between exons 3 and -4, 
respectivelyy (Fuchs etai, 1999). Of 2a, it has 
beenn shown that its introduction in the ABD 
(exonss 2-8) enhances the actin binding capacity 
off plectin (Fuchs etai, 1999). 
Thee tissue expression of the various plectin 
variantss is different, suggesting that they have 
importantt functions. However, as to date the 
biologicall function for the variants of the first 
codingg exon remains elusive. It has been 
postulatedd that the various first exons could be 
partt of distinct promoters, which may be 
independentlyy controlled by specific 
transcriptionall regulators (Wiche, 1998). 
Alternatively,, the different N-termini may be 
responsiblee for the targeting of plectin to distinct 
subcellularr locations, such as HDs. where it may 
exertt specific functions by interacting with 
distinctt protein partners (Wiche, 1998; Andra et 
ai,ai, 2003). 

2.33 BP230 
Epitheliall BPAG1 (BP230) is a 2649 amino acid 
proteinn and like BP180, was first identified as a 
targett antigen of circulating autoantibodies from 
patientss with bullous pemphigoid (see also table 
1)) (Stanley, 1993). BP230 resides in the inner 
cytoplasmicc plaque of HDs, where it contributes 
too the tethering of the keratin intermediate 
filamentt system via its C-terminal domain (Yang 
etai,etai, 1996). 
Thee epithelial and most prominent form of 
BPAG1,, BP230, contains a plakin domain, a 
coiled-coill rod domain and 2 PLEC repeats (B 
andd C). Cell transfection and yeast two-hybrid 
experimentss have shown that the last 768-amino 
acidd tail domain of the BP230 protein contains 
sequencess important for its interaction with IFs 
(Yangg etai, 1996; Fontao etai, 2003). In line 
withh these results, BPAG1 null-mutant mice 
reveall discrete signs of skin blistering, most likely 
ass a result of an impaired attachment of keratin 
filamentss to HDs, leading to mechanical fragility 
off basal keratinocytes (Guo et ai, 1995). 
Unexpectedly,, these mice also developed a 
neurologicall disease characterized by severe 
neuro-degenerationn with dystonia and ataxia 
(Guoo et ai, 1995; Brown et ai, 1995a). This 
phenotypee appeared to be the result of the 
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concomitantt inactivation of neuronal isoforms 
off BPAG1, that differ with BP230 in both their 
N-terminall extremities and/or their Oterminal 
regionn (Guo etal., 1995; Brown era/., 1995a, 
Leungg et al., 2001). These neuronal isoforms 
aree essential for the maintenance of the 
cytoarchitecturee of neurons (Yang eta/., 1996; 
Yangg etai, 1999). They contain an ABD and/or 
aa MTBD (Yang er a/., 1996; Yang et ai, 1999) 
andd are able to link the 3 cytoskeletal networks 
too each other. Specifically, BPAGl-la differs from 
BP2300 by the presence of an ABD at the extreme 
N-terminuss of the protein. Instead of having a 
coiled-coill rod domain, this variant contains a 
spectrinn repeat rod domain followed by a distinct 
C-terminuss containing a MTBD and not an IFBD. 
BPAGl-laa is abundantly expressed in pituitary 
primordiumm and dorsal root ganglia (DRG) 
(Leungg et al., 2001). The BPAGl-lb variant 
resembless the BPAGl-la variant but has an 
insertionn between the plakin domain and the 
spectrinn repeat rod domain containing a putative 
IFBD.. BPAGl-lb is more restricted to the heart, 
skeletall muscles and bone cartilage of the 
vertebraee in developing mouse embryos (Leung 
etal.,etal., 2001). Additional variants of BPAG1 have 
beenn described (Guo etal., 1995; Brown etai, 
1995b;; Yang etal., 1999), the existence of which 
remainss to be confirmed. In fact, the use of RNA 
probess and/or antibodies potentially cross-
reactivee with any other isoform precluded any 
firmm conclusions (Leung er al., 2001). The N-
terminuss of BP230 is important for its recruitment 
intoo HDs. This region can associate with the 
cytoplasmicc regions of two transmembrane 
componentss of HDs: BP180 and the (34 integrin 
subunitt (Hopkinson and Jones, 2000; Koster et 
al.,al., 2003). 

2.44 Desmoplaki n 
Thee desmoplakins (DPs) are components of 
intercellularr cell-cell adhesion complexes that 
formm adhesive junctions in tissues that are 
subjectt to mechanical stress (Franke et al., 
1981).. The desmoplakin gene encodes two 
variantss that arise as a result of alternative 
splicing,, DPI (322 kDa) and DPII (259 kDa) 
(Greenn etal., 1990; Virata etal., 1992). A 599-
residuee region within the central rod region of 
DPII is missing in DPII, the functional 
consequencess of which are unknown (Virata et 
al.,al., 1992). Desmoplakin is a dumbbell-shaped 
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moleculee (O'Keefe et al., 1989). The a-helical 
rodd domain of DPI is predicted to form a 130 
nmm coiled-coil homodimer, which is flanked by a 
globularr head and a tail domain (O'Keefe etal., 
1989;; Green etal., 1990; Virata etal., 1992). 
Thee N-termtnal plakin domain is important for 
thee targeting of DP to desmosomes by means 
off interactions with plakoglobin and plakophilin 
11 (Bornslaeger etal., 2001; Hatzfeld etal., 2000; 
Kowalczykk etal., 1997; Smith and Fuchs, 1998). 
Furthermore,, DP can bind to itself, to desmocollin 
laa and to plectin (Smith and Fuchs, 1998; 
Kowalczykk et al., 1997; Eger et al., 1997). 
Supportt for the idea that DP is critical for the 
properr anchorage of intermediate filaments to 
thee desmosomal plaque was derived from the 
observationn that a dominant-negative mutant of 
DPP was able to uncouple keratin filaments from 
thee plasma membrane, by competing for the 
desmosomall proteins at the desmosomal plaque 
(Bornslaegerr etal., 1996). 
Furthermore,, when transiently expressed in COS-
77 cells and mouse fibroblasts (with few or no 
desmosomes,, respectively), N-terminally 
truncatedd DPI constructs are co-localized with 
andd disrupt the endogenous IF networks 
(Stappenbeckk and Green, 1992; Stappenbeck er 
al.,al., 1993; Bornslaeger et al., 1996). The C-
terminall region of DP, consisting of three PLEC 
repeatss (A, B and C), decorates IFs in cultured 
keratinocytess (Kouklis etal., 1994). In vitro and 
yeastt two-hybrid assays with a recombinant C-
taill of DP have shown that it can directly interact 
withh the head domains of type I I epidermal 
keratinss (Kouklis etal., 1994; Meng etal., 1997). 
Nevertheless,, recent studies indicate that the 
associationn of DP, with both epidermal and simple 
keratinss is critically affected by the tertiary 
structuree induced by heterodimerization and 
involvess recognition sites primarly located in the 
rodd domain of these keratins (Fontao et al., 
2003). . 
Consistentt with the idea that DP is critical for 
thee maintenance of tissue architecture integrity, 
DPP null-mutant mice die at day 6,5 of embryonic 
developmentt as a result of the disorganization 
andd fragility of the embryonic ectoderm 
(Gallicanoo etal., 1998). Interestingly, loss of DP 
leadss to much earlier defects than the loss of 
thee keratin 8/18, proteins that are normally 
connectedd to desmosomes at this stage of 



developmentt (Baribault et ai, 1993; Magin et 
ai,ai, 1998). 
Thee B- and C-domain of the C-terminus of DP 
hass been crystallized and their structure has been 
determinedd (Choi etai, 2002). These domains 
off 4.5 * 38-amino acid repeats were shown to 
formm discrete globular subdomains that bind IFs 
(Choii eta/., 2002). 

2.55 MACF 
Thee microtubule-actin cross linking factor 
(MACF),, was identified by a partial cDNA clone 
(namedd ACF7) found in a screen for proteins 
possessingg a dystrophin-like ABD (Byers et ai, 
1995).. The complete cDNA encodes a large 806-
kDaa protein, which is a paralog of BPAGl-la and 
iss currently regarded as an additional member 
off the plakin family (Leung et ai, 1999; Leung 
etet ai, 2001). Similar to BPAGl-la, MACF is 
composedd of an ABD, a plakin domain, a 23 
spectrinn repeat containing rod domain and a 
GAS2-MTBD.. The ABD of MACF, like those of 
BPAG11 and plectin, has two calponin-homology 
(CH)) domains, but alternative splicing of the 5' 
endd of the MACF gene generates variants with a 
varyingg number of CH domains (Bernier et ai, 
1996).. MACF is ubiquitously expressed in the 
mousee embryo as assessed by in situ 
hybridizationn (Leung et ai., 1999). 
Immunohistochemistryy has demonstrated that 
MACFF is expressed at high levels in the epidermis 
off newborn and embryonic mice (Karakesisoglou 
etai,etai, 2000). Since MACF contains both an ABD 
andd a MTBD, the protein likely functions as a 
cytoskeletall linker protein. When ectopically 
expressedd in COS-7 cells, MACF is localized with 
actinn filaments and microtubules, while in 
culturedd epidermal keratinocytes it is localized 
att intersections of the microfilaments and the 
microtubuless (Leung etai, 1999; Karakesisoglou 
etai,etai, 2000). Upon stimulation of the formation 
off intercellular adhesions, MACF becomes 
distributedd with microtubules and relocated to 
sitess of cell-cell contact, implying that it 
modulatess microtubules at cellular junctions 
(Karakesisoglouu etai, 2000). 

2.66 Envoplaki n 
Envoplakin,, with a molecular mass of 210 kDa, 
wass originally identified as one of the cornified 
envelopee precursor proteins (Ruhrberg et ai, 
1996).. Based on sequence homology, envoplakin 
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belongss to the plakin family. It is associated with 
thee desmosomal plaque and with keratin 
filamentss in the suprabasal differentiated layers 
off the epidermis (Ruhrberg etai, 1996). There 
aree only subtle changes in the cornified envelope 
off envoplakin null-mutant mice as compared to 
thatt of wild-type mice, suggesting that 
envoplakinn is, at least to a certain extent, 
dispensablee for the assembly of the cornified 
envelopee (Maatta etai, 2001). 

2.77 Periplaki n 
Periplakin,, a protein of 195 kDa, was first 
identifiedd as a protein that becomes incorporated 
intoo the cornified envelope of cultured epidermal 
keratinocytess (Ruhrberg etai, 1997). This plakin 
is,, like envoplakin, associated with the 
desmosomall plaque and with keratin filaments 
inn the differentiated layers of the epidermis. 
Periplakinn and envoplakin are closely related 
plakins.. The rod domains of both are highly 
homologous,, which suggests that the formation 
off homodimers as well as heterodimers is 
energeticallyy favorable. Indeed, the two proteins 
cann beco-immunoprecipitated (Ruhrberg etai, 
1997).. Confocal immunofluorescent microscopy 
studiess of cultured epidermal keratinocytes 
revealedd that envoplakin and periplakin form a 
networkk radiating from desmosomes (Ruhrberg 
etet ai, 1997). Even though periplakin does not 
containn any PLEC repeats, it can be co-aligned 
withh IFs (DiColandrea etai, 2000). The first half 
off the N-terminus of periplakin (up to the X 
subregionn in the plakin domain) appears to be 
importantt for the localization of this protein into 
desmosomess (DiColandrea et al., 2000). 
Periplakinn can interact with protein kinase B 
(PKB)) and may thus play a role as localization 
signall in PKB-mediated signalling (van den 
Heuvell etai, 2002). 

2.88 Epiplaki n 
Epiplakinn was originally identified as a 450 kDa 
epidermall autoantigen in a patient with a skin 
blisteringg disease closely resembling bullous 
pemphigoid.. Unlike all other plakins, epiplakin 
doess not contain a rod domain or any other 
knownn motif for dimerization and also lacks an 
N-terminall plakin domain (Fujiwara etai, 2001). 
Thee protein is composed of 13 B domains, the 
lastt 5 of which are well conserved. Epiplakin is 
widelyy expressed in human tissues with more 
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abundancee in the liver, the digestive tract and 
thee salivary glands, as shown by Northern dot-
blott analysis. Immunofluorescence analysis of 
thee skin revealed the presence of epiplakin in 
thee entire epidermis. Future investigations will 
undoubtedlyy provide further knowledge about 
thiss unusual plakin member. 

33 Molecula r interaction s involve d in 
hemidesmosom ee assembl y 
Recentt studies have revealed that the 
recruitmentt of the different hemidesmosomal 
componentss into HDs is regulated by a hierarchy 
off interactions. Various hemidesmosomal 
componentss can interact with multiple other 
components.. Furthermore, interactions with 
moree than one component are required for the 
efficientt targeting of proteins into HDs. In the 
followingg section, we will discuss in detail the 
differentt steps involved in the formation of HDs 
inn cultured cells. 
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3.11 The rol e of (34 in HD assembl y 
Studiess on the importance of (34 in the formation 
off HDs have greatly benefited from the use of a 
celll line derived from a patient suffering from 
pyloricc atresia associated with junctional 
epidermolysiss bullosa (PA-JEB). In this cell line 
whichh lacks (34, no HDs are assembled. However, 
uponn the introduction of (34 in these (34-deficient 
PA-JEBB cells, a6(34 is expressed and clusters of 
thiss integrin together with plectin, BP180 and 
BP230,, resembling HDs, are formed at the basal 
side.. Thus, expression of [34 in these cells is 
capablee to restore their ability to form HDs 
(Gagnoux-Palacioss er al., 1997; Schaapveld er 
al.,al., 1998). 

Transfectionn studies in PA-JEB, and other 
celltypess cells using deletion mutants of (34 
revealedd that the first pair of FNIII repeats and 
aa small part of the connecting segment (1328-
1355)) are essential for the incorporation of 



plectinn into the HD-like structures (Schaapveld 
etet ai, 1998; Niessen et ai, 1997b). However 
efficientt recruitment of BP180 and BP230 also 
requiredd the C-terminal part of (34 (Schaapveld 
etet al., 1998). It is noteworthy that in patients 
withh non-lethal forms of JEB, mutations within 
thee 2nd FNIII repeat of (34 have been described 
(Pulkkinenn et al., 1998; Nakano et al., 2001). 
Thesee mutations critically affect the ability of (34 
too recruit plectin, resulting in impaired dermo-
epidermall adhesion and blistering of the skin 
(Kosterr eta/., 2001). 
Thee first pair of FNIII repeats together with a 
smalll part of the connecting segment of (34 have 
alsoo been implicated in the localization of (34 into 
HDss in 804G rat bladder carcinoma cells (Spinardi 
ett al., 1993; Spinardi et al., 1995; Mainiero et 
al.,al., 1995; Niessen et al., 1997b) and the 
redistributionn of plectin to the basal side of COS-
77 (Niessen et al., 1997b) and GD25 cells 
(Sanchez-Aparicioo etai, 1997). The recruitment 
off plectin to a6[34 requires the presence of the 
ABDD of plectin (Geerts etai, 1999). 
Additionall binding sites that might stabilize the 
interactionn with plectin are present in the 
connectingg segment and the C-tail of (34. The 
correspondingg sites on plectin are located in the 
PLECC repeats 3-6, located in the C-terminal end 
off the protein and in the N-terminal region of 
plectinn (Rezniczek etai, 1998). Interestingly, in 
thee absence of ligand binding, the localization 
off a6[34 in HDs is entirely driven by its interaction 
withh plectin (Nievers etai, 1998; Nievers etai, 
2000). . 
Basedd on the results of both yeast two-hybrid 
andd blot overlay assays, it has been suggested 
thatt intramolecular folding occurs within the 
cytoplasmicc domain of [34 (Rezniczek etai, 1998; 
Schaapveldd etai, 1998). The domains involved 
inn this intramolecular interaction reside near 
thosee mediating the [34-plectin interaction. Thus, 
bindingg of plectin to |34 may change the 
conformationn of (34 in such a way that the binding 
surfacess for BP180 and BP230 on [34 become 
accessible. . 

3.22 The rol e of BP180 in HD assembl y 
Thee role of BP180 in HD assembly has become 
evidentt by the studies of patients with a non-
lethall form of JEB, in whom BP180 is not 
expressedd due to pathogenic mutations in the 
BP1800 (COLXVIIA) gene (Jonkman etai, 1995; 
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McGrathh etai, 1995). Although HDs are formed 
inn these patients, they are often rudimentary 
andd lack a sub-basal dense plate. BP180-
deficientt keratinocytes isolated from these 
patientss are able to form type I I HD-like 
structuress (as present in the intestine) that only 
containn a6[34 and plectin (Uematsu etai, 1994; 
Orian-Rousseauu et al., 1996; Borradori et ai, 
1998). . 
Thee C-terminal part of the cytoplasmic domain 
off [34 harbors the binding site for BP180, and 
playss an important role in the recruitment of this 
moleculee into HDs (Borradori et ai, 1997; 
Schaapveldd etai, 1998; Aho and Uitto, 1998). 
However,, incorporation of BP180 into HDs may 
nott only be dependent on [34 (Nievers et ai, 
1998;; Schaapveld et ai, 1998), but also on a 
directt interaction between BP180 and plectin, 
thatt is associated with a6p4 (Koster etai, 2003). 
Indeed,, it has been shown that a 04 subunit 
thatt is unable to bind plectin, cannot efficiently 
recruitt BP180 into HDs (Koster et ai, 2003). 
Moreover,, in plectin-deficient keratinocytes, 
BP1800 localization in HDs is diminished (Koster 
ett ai, 2003) or even completely lost (Gache et 
ai,ai, 1996). The BP180-binding site on plectin has 
beenn located in its plakin domain (Koster etai, 
2003),, although its C-terminal region has also 
beenn implicated (Aho and Uitto, 1997). 
Furthermore,, there is data suggesting that an 
interactionn between the NC16a domain of BP180 
andd a6 contributes to an efficient localization of 
BP1800 into HDs (Hopkinson etai, 1995). 
Thee localization of BP230 in HDs is dependent 
onn the presence of BP180. Upon expression of 
BP1800 in BP180-deficient keratinocytes, both 
BP1800 and BP230 become co-distributed with 
a6(344 and plectin (Borradori etai, 1998; Koster 
etet ai, 2003). Yeast two-hybrid studies have 
shownn that BP230 can directly bind to BP180 
(Hopkinsonn and Jones, 2000; Koster etai, 2003). 
BP2300 can also directly interact with (34. 
However,, this interaction is not sufficiently strong 
forr recruiting BP230 into HDs, since BP230 is 
nott co-localized with a6(34 in BP180-deficient 
keratinocytess (Koster et ai, 2003). Taken 
together,, the data favor a model in which the 
efficientt localization of BP180 into HDs is 
dependentt on its interaction with both |34 and 
plectin,, whereas that of BP230 depends on 
bindingg to BP180 and (34. 
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3.33 Th e l inkag e o f kerat in s to 
hemidesmosome s s 
Bothh plectin and BP230 are able to bind to 
keratinss as has been demonstrated in in vitro 
studiess and in yeast interaction assays (Foisner 
err al., 1988; Yang er al., 1996; Fontao er al., 
1997,, Fontao etal., 2003). Interaction of keratin 
IFss with plectin and BP230 is not essential for 
thee formation of HDs, because HDs appeared to 
bee unaffected in patients lacking keratin 14 due 
too mutations in the KRT14 gene (Bonifas etal., 
1991;; Coulombe etal., 1991). Similarly, no effect 
off the absence of keratin 5 or keratin 14 on HDs 
wass observed in the respective null-mutant mice 
(Lloydd etal., 1995; Peters etal., 2001). Absence 
off keratin 5 or keratin 14 gives rise to 
epidermolysiss bullosa simplex, characterized by 
fragilityy of keratinocytes and rupturing of cells 
uponn application of mechanical force. The 
deletionn of keratin 5 renders the basal epidermis 
deficientt of keratin IFs, whereas in the keratin 
144 null mice and patients a loose keratin IF 
networkk is observed. This is due to the 
associationn of keratin 5 with keratin 15, which is 
anotherr keratin protein expressed in the basal 
epidermis.. Nevertheless, keratin 15 does not 
compensatee for the loss of keratin 14. 
Ass is evident from studies with null-mutant mice, 
bothh plectin and BP230 contribute to the linkage 

off IFs to the hemidesmosomal plaque. However, 
whilee BP230 appeared to be essential for IF 
attachment,, plectin is not. There were no IFs 
associatedd with HDs in the BPAG1 null-mutant 
mice,, and many HDs lacked an inner plaque. In 
contrast,, in the plectin-deficient mice, IFs still 
associatedd with HDs, although they appeared 
too be more loosely distributed particularly at the 
sitess of their insertion into the inner plaque. 
Inn plectin, the site of interaction with IFs has 
beenn mapped to a stretch of 50 amino acids in 
thee 5th PLEC repeat located within the C-terminal 
regionn (Nikolic etal., 1996). Different IF proteins 
cann bind to plectin, including various type of 
keratins,, vimentin and desmin (Nikolic et al., 
1996;; Hijikata etal., 2003; Geerts etal., 1999). 
Onn the other hand, BP230 can only bind to the 
keratinn 5/14 fragment, not to keratin 8/18 or 
vimentin,, as assessed in cell transfection- and 
yeastt three-hybrid experiments (Fontao et al., 
2003).. A fragment, encompassing the B and C 
domainn plus the C-extremity, has been identified 
ass the region on BP230 that interacts directly 
withh the keratins 5/14. This interaction occurs 
inn the absence of the head or tail domain of the 
keratins,, implicating an important role for the 
rodd domain in this interaction (Fontao er al., 
2003). . 
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Fig .. 4. Mode l for the assembl y of hemidesmosomes . First plectin interacts with pM, which may result in 
thee unfolding of the cytoplasmic domain of p4, rendering the binding sites for BP180 and BP230 available. 
BP1800 is recruited into the complex by binding to both plectin and p4. Finally, BP230 is incorporated via 
bindingg to BP180 as well as pM, making the hemidesmosome complete. 
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44 A hierarchica l interactio n mode l 
fo rr  th e assembl y of HDs 
Byy the use of different approaches, various 
interactionss among proteins of HDs have been 
dissectedd (Fig. 3). This knowledge has allowed 
uss to define different steps in the assembly of 
thesee complexes in cultured keratinocytes. From 
thee body of data available, a model has emerged, 
accordingg to which the integrin a6p4 first 
interactss with plectin. Subsequently, these two 
proteinss together, recruit BP180. Finally, BP230 
becomess incorporated into the complex via 
interactionss with BP180 as well as p4. The 
interactionn of plectin with a6(54 is essential for 
initiatingg the formation of HDs. 
Inn addition to providing an essential binding site 
forr the recruitment of BP180, plectin may in 
anotherr way be essential for the formation of 
HDss in culture, because it may help to unfold 
thee cytoplasmic domain of (34. Recent studies 
havee indicated that one of the binding sites for 
plectinn in the connecting segement of p4, 
overlapss with the site involved in the 
intramolecularr folding of the (34 cytoplasmic 
domain.. Hence binding of plectin to p4 may 
eitherr unfold this part of |34 or ensure that (34 is 
maintainedd in an open conformation, thus 
makingg the interaction sites for BP180 and BP230 
inn the Oterminal half of the p4 cytoplasmic 
domainn accessible for binding or ensure that they 
remainn accessible (Fig. 4). Future investigations 
willl have to prove or disprove the validity of this 
model. . 

55 Genera l conclusion s and futur e 
perspective s s 
AA great deal of data has become available about 
thee interactions between proteins within the HD 
andd the hierarchy of its assembly. However, it is 
stilll unclear which signals regulate this assembly. 
Doess a6(34 indeed need to be activated before it 
cann bind to plectin, or, are HDs assembled simply 
byy the aggregation and clustering of 
hemidesmosomall components? Furthermore, 
whatt is the role of the a3fJl integrin (the other 
laminin-55 receptor present on keratinocytes that 
iss connected to the actin cytoskeleton) in this 
process,, and how does the binding of plectin to 
(344 influence the stability of the actin 
cytoskeleton?? Equally important it is to learn how 
HDss are disassembled during cell migration and 
whichh signals control this process. Signaling may 
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bee regulated by the interaction of ct6(34 with 
laminin-5,, with plectin or both. Cleavage of 
laminin-55 may weaken the linkage of a6(34 with 
laminin-5,, allowing cells to become detached and 
thuss cell migration is promoted. Likewise, when 
thee interaction of (34 with plectin is broken, the 
interactionn of a6(34 with laminin-5 may become 
unstablee with a similar effect. Another important 
questionn is whether the stability of HDs depends 
onn the amount of laminin-5 that is deposited by 
thee cells into the extracellular matrix. For 
example,, an increased amount of laminin-5 has 
beenn found at the leading edge of tumors, and 
hass been associated with their increased 
invasivenesss (Pyke etai, 1994; Chao etal., 1996; 
Lohi,, 2001), possibly because it leads to the 
disassemblyy of HDs. It will be clear that much 
hass still to be learned about the dynamics of 
HDss and several interesting questions still wait 
too be answered. Hence, the research on HDs is 
farr from finished, but rather it enters into a new 
dimension. . 
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Twoo differen t mutation s in the cytoplasmi c domai n of th e 
integri nn p4 subuni t in non-letha l form s of epidermolysi s 
bullos aa preven t interactio n of p4 wit h plecti n 

Jann Koster, Ingrtd Kuikman, Maaike Kreft, Arnoud Sonnenberg 

Abstrac t t 
Thee integri n a6(34 play s a crucia l rol e in th e assembl y and maintenanc e of 
hemidesmosomes .. Previou s wor k has show n tha t th e recruitmen t of plecti n int o 
hemidesmosome ss is dependen t on j34 and involve s a regio n of th e p4 cytoplasmi c 
domain ,, whic h contain s th e firs t tw o fibronecti n (FNI I I ) repeat s and a shor t regio n of 
th ee connectin g segment . Two missens e mutation s (R1225H and R1281W) in (54 tha t 
aree responsibl e fo r non-letha l form s of epidermolysi s bullosa , are locate d in th e secon d 
FNI I II repeat . One of the m is confine d to a loo p regio n tha t connect s tw o p strand s 
(EC)) whil e th e othe r is locate d at th e N-termina l end of th e secon d FNI I I repeat . We 
heree repor t tha t thes e mutation s rende r f$4 unabl e to interac tt  wit h plecti n and preven t 
th ee localizatio n of plecti n in hemidesmosomes . Substitutio n of a lysin e residu e 
(K1279W)) tha t form s par t of th e same loo p as R1281 had no effec t on th e abilit y of (J4 
too recrui t plectin . Furthermore , w e sho w tha t an extende d loo p structur e in fi4 , 
compose dd of th e amin o acid s DDN (1262-1264), whic h resemble s th e RGD integrin -
bindin gg loo p in fibronectin , is no t involve d in th e bindin g to plectin . These result s 
furthe rr  demonstrat e tha t bindin g of (54 to plecti n is essentia l fo r th e prope r formatio n 
andd functio n of hemidesmosom e and tha t loss of th e interactio n betwee n p4 and plecti n 
iss  associate d wit h a mil d for m of epidermolysi s bullosa . 

Introductio n n 
Hemidesmosomess are stable adhesion 
complexess that facilitate the linkage between 
thee keratin intermediate filament system and the 
extracellularr matrix in stratified and pseudo-
stratifiedd epithelia (Borradori and Sonnenberg, 
1999).. They consist of at least five components 
off which three are transmembrane spanning 
proteins:: the integrin ot6{34 which serves as a 
receptorr for laminin-5 (Stepp et al., 1990; 
Sonnenbergg etal., 1991; Niessen eta/., 1994), 
thee collagenous bullous pemphigoid antigen 
BP1800 (Giudice era/., 1992) and the tetraspanin 
CD1511 (Sterk etal., 2000). The two cytoplasmic 
constituentss of hemidesmosomes include the 
plakinn family members, plectin (Hieda et aL, 
1992;; Gache et a/., 1996) and the bullous 
pemphigoidd antigen BP230 (Stanley etal., 1981). 
Abnormalitiess in hemidesmosomal components 
orr structures have been associated with tissue 
fragilityy and blistering disorders of the skin, 
demonstratingg the importance of 
hemidesmosomess for the adhesion between the 
dermiss and the epidermis, as well as for tissue 
integrityy (Stanley, 1995; Christiano and Uitto, 

1996).. For example, patients who lack a6 or 
(34,, due to mutations in the genes encoding these 
subunits,, have rudimentary hemidesmosomes or 
completelyy lack these structures (Vidal et al., 
1995;; Niessen et al., 1996; Ruzzi et al., 1997; 
Pulkkinenn et al., 1997). These patients are 
characterizedd by pyloric atresia associated with 
junctionall epidermolysis bullosa (PA-JEB). They 
sufferr from severe blistering of the skin and often 
doo not survive beyond the age of one year. 
Similarly,, a6 and [54 null mice exhibit severe skin 
blisteringg and die perinatally (van der Neut et 
al.,al., 1996; Georges-Labouesse et al., 1996; 
Dowlingg et al., 1996). Most of the mutations 
identifiedd in PA-JEB patients, concern nonsense 
mutationss or mutations at splice sites that result 
inn the early termination of translation of the f$4 
protein.. Missense mutations resulting in the 
substitutionn of a single amino acid have also been 
demonstrated.. Two of these point mutations 
(R1225HH and R1281W) have been disclosed in 
patientss with a non-lethal form of epidermolysis 
bullosaa (EB) (Pulkkinen etal., 1998a; Nakano et 
al,al, 2001). Mutations in the plectin gene are 
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responsiblee for a variant form of EB with a late 
onsett of muscular dystrophy (MD-EBS). They 
havee been associated with a reduced anchorage 
off intermediate filaments to hemidesmosomes 
(McLeann et al., 1996; Smith et al., 1996). As a 
result,, keratinocytes are more fragile and rupture 
easilyy upon application of stress, resulting in a 
splitt through the basal keratinocytes. Mice that 
aree deficient in plectin recapitulate most of the 
featuress of these patients, but die much earlier 
aroundd birth probably because essential 
functionss of plectin are lost in other tissues, e.g. 
thee heart and skeletal muscle (Andra et a/., 
1997). . 
Thee integrin J34 subunit is characterized by an 
unusuallyy long cytoplasmic domain which 
harborss four fibronectin type I I I (FNIII) repeats, 
residingg in two pairs separated by a connecting 
segmentt (Hogervorst et at., 1990; Suzuki and 
Naitoh,, 1990). Previous studies have shown that 
aa fragment of P4 containing the first pair of FNIII 
repeatss and the first 36 amino acids (1320-1355) 
off the connecting segment are crucial for the 
recruitmentt of plectin in hemidesmosomes 
(Niessenn et al., 1997a; Nievers et al., 1998). 
Furthermore,, it was shown that this fragment 
containss a binding site for plectin and that this 
interactionn depends on the presence of the actin 
bindingg domain (ABD) of plectin (Geerts etal., 
1999).. The mutations that have been described 
inn patients with non-lethal forms of EB, localized 
att the same region that we identified to be 
essentiall for the recruitment of plectin in 
hemidesmosomes.. They, therefore, may affect 
thee binding of [34 to plectin. The determination 
off the crystal structure of the first pair of FNIII 
repeatss (de Pereda et at., 1999) allowed us to 
mapp the location of these mutations on the three-
dimensionall structure. It thus became clear that 
thee mutations are present in close proximity of 
eachh other and that they are located on the same 
sidee of the structure. Interestingly, both 
mutationss concern an arginine residue, which is 
consideredd to be strongly basic. The mutations 
aree separated from the extended C-C' loop in 
thee second FNIII repeat consisting of the 
residuess DDN (1262-1264) that in analogy to a 
RGDD loop region in fibronectin has been 
suggestedd to function as a potential protein 
bindingg site. 
Previouss studies have indicated that the R1281W 
mutationn abolishes the binding of fJ4 to plectin 
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(Geertss etal., 1999; Nievers etal, 2000). In this 
study,, we confirm this finding and show that 
thee mutation R1225H has the same effect. The 
mutationn K1279W that is part of the loop 
structuree as is R1281W did not abrogate binding. 
Finally,, we show that the DDN loop plays no 
rolee in the binding of (34 to the ABD of plectin 
andd thus may constitute a binding site for an as 
yett unidentified protein. 

Material ss  and Method s 
Celll  Lines and Antiser a 
Africann green monkey kidney cells (COS-7) were 
maintainedd in DMEM (GIBCO-BRL) supplemented with 
10%% foetal bovine serum (GIBCO-BRL), 100 U/ml. penicillin 
andd 100 (ig/ml streptomycin, in a humidified 5% C02 

atmospheree at . The (J4-deficient PA-JEB keratinocyte 
celll line has been described previously (Schaapveld etal, 
1998).. PA-JEB cells were cultured in keratinocyte serum-
freee medium (SFM; GIBCO-BRL) supplemented with 50 
ng/mll bovine pituitary extract, 5 ng/ml EGF, 100 U/ml 
penicillinn and 100 (ig/ml streptomycin. The mouse mAb 
1211 (Hieda etal, 1992; Okumura etal, 1999) against HD1/ 
plectinn was a kind gift of Dr. K. Owaribe (University of 
Nagoya,, Japan) and the rat mAb 439-9B (Kennel et al., 
1989)) against p4 was obtained from Dr. S.J. Kennel (Oak 
Ridgee Lab., Oak Ridge, TN). Secondary antibodies were 
purchasedd from Rockland (Gilbertsville, PA) (FITC 
conjugatedd goat anti-mouse IgG) and Molecular Probes 
(Eugene,, OR) (Texas-Red conjugated goat anti-rat IgG). 

Constructio nn of expressio n plasmi d of 04 mutant s 
Thee construction of the pRc/CMV-p4 expression vector 
hass been described previously (Niessen et al., 1997b). 
Thee PCR overlap extension method was used to introduce 
mutationss (R1225H, K1279W, R1281W and D1263E) and 
aa three amino acid deletion (ADDN, positions 1262-1264) 
inn the fJ4 cytoplasmic domain. Sense and corresponding 
antisensee oligonucleotides containing the appropriate 
mutationss or deletion were used together with 5' 
(CGTAGAACGTCATCGCTG)) and 3' 

(CCTGCTGAAGCCTGACACTC)) primers. The resulting PCR 
fragmentss of 1.5 kb were digested with Bgli.1 and BssHII 
andd used to replace the corresponding fragment of the 
wild-typee (J4 cDNA in the plasmid pUC-J}4 (Niessen etal., 
1997b).. Subsequently, the full-length p4 cDNAs carrying 
thee various mutations were released by EcoRI digestion 
andd ligated into the eukaryotic expression vector pRc/ 
CMVV (InVitrogen, San Diego, CA). The correctness of all 
constructss was verified by sequencing. 
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Figur ee 1. Crystal structure of the first pair of fibronectin typelll repeats of (54. A: Ribbon diagram showing 
thee amino acids R1225, K1279 and R1281 and the residues D1262, D1263, N1264 of the DDN loop. B: 
Samee as A, with the indicated residues as surface fills. C: Space-filling model, according to surface charge 
distributionn with red representing residues with acidic-, white neutral- and blue basic side chains. D: Same 
ass C, with the residues R1225, K1279 and R1281 being highlighted in blue, red and yellow and the residues 
DDNN (1262-1264) in orange. Images prepared with WebLab using the coordinates from 1qg3. 

39 9 



DNAA Transfection s 
PA-JEBB cells were grown to 40% confluency in 12-well 
tissuee culture plates (Falcon; Becton Dickinson, Lincoln 
Park,, NJ). Transient transfections were performed with 
0.88 ug cDNA using Lipofectin (GIBCO-BRL) according to 
thee manufacturer's instructions. Transfection mixtures 
weree replaced by SFM medium after 6 hours and incubated 
inn this medium overnight. Subsequently, the SFM medium 
wass replaced with HAMF12/DMEM (1:3) for an additional 
244 hours after which the cells were assayed for gene 
expression.. COS-7 cells were transiently transfected using 
thee DEAE-dextran method (Cullen, 1987) with 2 ug of 
cDNAA per construct and assayed for gene expression after 
488 hours. 

Immunoblo tt  analysi s 
Lysatess were prepared from transfected COS-7 cells by 
suspendingg the cells in SDS-sample buffer and boiling for 
55 min. Proteins were separated by SDS-PAGE, transferred 
ontoo PVDF membranes (Immobilon-p; Millipore), blocked 
forr 1 hour with 2% baby milk powder in TBST (10 mM 
Tris-HCI,, pH 8.0, 100 mM NaCI, 0.01% Tween-20) and 
probedd with the rat mAb 439-9B. The membrane was 
washedd with TBST and then incubated with horseradish 
peroxidasee conjugated sheep anti-mouse antibody 
(Amershamm Pharmacia Biotech AB, Uppsala, Sweden) for 
11 hour at room temperature. After washing the membrane 
wass subjected to enhanced chemiluminescence 
(Amershamm Pharmacia Biotech) and exposed to film. 

Immunofluorescenc ee Microscop y 
PA-JEBB cells grown on glass coverslips were fixed with 
1%% paraformaldehyde in PBS for 10 min and permeabilized 
withh 0.5% Triton X-100 in PBS for 5 min at room 
temperature.. After rinsing in PBS and blocking with 2% 
BSAA in PBS for 60 min at room temperature, the cells 
weree incubated with primary antibodies for 45 min at room 
temperaturee and then washed three times with PBS. Cells 
weree subsequently incubated with FITC-labeled anti-
mousee IgG and Texas Red-labeled anti-rat IgG for 45 min 
att room temperature. Coverslips were washed 3 times, 
mountedd in Mowiol/DAPCO, overnight and viewed under 
aa Leica confocal scanning laser microscope. 

YeastYeast  Two-hybri d Assay 
Thee GAL4 fusion plasmids used in this study are depicted 
inn Fig. 4. Numbers in superscript correspond to the p4 
aminoo acid residues (according to Niessen et al., 1997a) 
thatt were fused in-frame to the GAL4 activation domain 
(AD).. The p4 fragments (1115-1457) containing different 
mutationss were generated by PCR amplification of the 
correspondingg full length mutant (34A cDNAs using sense 
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andd antisense primers encoding SamHI restriction sites 
att their 5' ends. The amplified fragments were gel-purified, 
digestedd with SamHI, and cloned in the corresponding 
sitee of the yeast GAL4(AD) expression vector pACT2 
(Clontechh Lab.). The construction of the plectin-ABD, fused 
inn frame to the Gal4 DNA-binding domain (BD) of the 
pAS2.11 vector has been described previously (Geerts et 
a/.,, 1999). 

Thee PJ69-4A strain (a kind gift of Dr. P. James, University 
off Winsconsin, Madison, WI), containing the following 
geneticc markers: trpl-901, leu2-3, his3-200, gal4A, gal80A, 
LYS2::GAL1-HIS3,, and GAL2-ADE2 (James et al, 1996) 
wass used as host for all two-hybrid assays presented in 
thiss study. This strain contains 2 tightly regulated selectable 
GAL44 driven reporter genes, His and Ade, allowing sensitive 
detectionn of protein-protein interactions containing GAL4 
fusionn proteins. The Gal4(AD)- and Gal4(DB)-fusion 
plasmidss were cotransformed into PJ69-4A, as described 
previouslyy (Clontech manual; James et al., 1996), and 
equall aliquots of transformed cells were spread out on 
platess containing yeast synthetic complete medium lacking 
leuu and trp (vector markers) (SC-LT) or leu, trp, his and 
adee (vector and interaction markers) (SC-LTHA). Plates 
weree incubated at C and growth of colonies was scored 
afterr 6 and 10 days. The plating efficiencies on -leu,-trp,-
his,-adee plates, as compared with the plating efficiency 
onn -leu,-trp was used as a measure of the strength of the 
signall generated by the two-hybrid interaction. Expression 
off the fusion proteins was analyzed by immunoblotting 
withh antibodies against the Gal-activation or -DNA binding 
domainn (sc-1663 and sc-510, respectively; Santa Cruz 
Biotechnology,, Santa Cruz, CA). 

RESULTS S 
Mappin gg o f p4 mutat ion s on th e 3 
dimensiona ll  structur e of th e secon d FNI I I 
repea tt  reveal s clos e proximit y o f th e 
amin oo acid s 
Inn patients suffering from non-lethal forms of 
epidermolysiss bullosa, two missense mutations 
(R1225HH and R1281W) have been identified in 
thee gene for the integrin pM subunit. Mapping 
off the amino acid substitutions caused by these 
mutationss on the 3D structure of the first pair of 
(344 FNIII repeats revealed that one (R1281W) is 
localizedd in the loop region that connects two p-
strandss (EC), while the other (R1225H) is 
presentt at the N-terminal end of the second FNIII 
repeatt (Fig. 1). Both residues are positioned in 
closee proximity of each other and together with 
K12799 may form a binding sequence of basic 
residuess for a negatively charged protein domain. 
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Figur ee 2. Detection of (34 mutants in lysates of transiently 
transfectedd COS7 cells. Cells transfected with |34R122SH(lane 
1),, (34K1279W (lane 2), p4R1281w (lane 3), p4D1263E (lane 4), 
p44DDNN (|ane 5) a n d Wjid-type p4 (lane 6) were lysed as 
describedd in Materials and Methods. Protein samples were 
separatedd on 6% SDS-PAGE under non-reducing 
conditionss and analyzed by immunoblotting using mAb 
439-9B. . 

Thee basic residues are clearly separated from 
thee hairpin loop that connects the p strands C 
andd C'. This loop, which is composed of the 
residuess DDN (1262-1264), may constitute 
anotherr important binding site, since like the 
RGDD loop in fibronectin, which serves as a 
bindingg site for integrins, it is well exposed (de 
Peredaa eta I., 1999). 

Introduct io nn of R1281W or R1225H 
mutation ss in full-lengt h p*4 cDNA prevent s 
th ee recrui tmen t of plecti n int o 
hemidesmosome s s 
Too investigate the role of the above three 
positivelyy charged amino acids and that of the 
negativelyy charged DDN loop in the assembly of 
hemidesmosomes,, we generated |34 cDNA 
constructss containing the mutations R1225H, 
K1279W,, R1281W, D1263E or ADDN. First, we 
verifiedd that the different (34 mutants were of 
thee correct size by expressing the different 
mutantt P4 constructs in COS-7 cells, followed 
byy immunoblotting with antibodies against p4. 
Ass shown in Fig. 2, all mutant P4 constructs were 
expressedd and the size of the produced 
polypeptidess corresponded to that of wild-type 
P4.. Subsequently, the constructs were 
transfectedd into PA-JEB cells, a cell line obtained 
fromm a patient lacking P4 (Schaapveld et al., 
1998),, and the distribution of each mutant was 
analyzedd by immunofluorescence microscopy. 
PA-JEBB cells do not assemble hemidesmosomes, 
butt their formation is readily induced upon 

Chapterr 2 
expressionn of wild-type P4. Staining with 
antibodiess against p4 or plectin identified these 
structuress as dots and patches at the cell-
substratee contact sites. Fig. 3 shows that all 
mutantt p4 constructs were present at the cell 
basiss in a pattern that suggests localization in 
hemidesmosomall structures. However, in 
contrastt to wild-type P4, which was colocalized 
withh plectin, in cells expressing the p4 mutants 
carryingg the R1281W or R1225H mutations, the 
stainingg pattern of the plectin molecule was 
diffuse,, as it was in untransfected PA-JEB cells. 
Thee recruitment of plectin by p4 into 
hemidesmosomess was not affected by the 
mutationn K1279W, which occurs in the same loop 
ass R1281W. Similarly, deletion of the DDN loop 
orr the D1263E mutation did not abrogate the 
recruitmentt of plectin by P4 (Fig 3). 

Thee mutation s R1281W or R1225H in p*4 
abolis hh th e interactio n wit h plecti n in 
yeas t t 
Thee finding that wild-type P4 and the p4 mutants 
K1279W,, D1263E and ADDN, but not P4 
(R1281W)) and P4 (R1225H) recruited plectin into 
hemidesmosome-likee structures suggests that 
thee R1281W and R1225H mutations prevent an 
interactionn between p4 and plectin. We sought 
evidencee for this using a two-hybrid assay in 
whichh a positive interaction confers adenine and 
histidinee prototrophy, by allowing the expression 
off the ADE2 and His genes. Gal4-p4 fusion 
constructss containing residues 1115-1457 of 
wild-typee p4 or the various P4 mutants were 
created.. The fusion constructs are stably 
expressedd in yeast and their levels of expression 
aree similar as determined by immunoblotting 
withh antibodies against Gal4 (not shown). 
Ass shown in Fig. 4, wild-type P4 (1115-1457) 
interactss with the ABD of plectin (1-339), as 
measuredd by the growth of yeast on the selective 
plates.. The mutation K1279W in p4 only slightly 
reducedd the interaction between p4 (1115-1457) 
andd the ABD of plectin, whereas deletion of the 
DDNN (1262-1264) amino acids or the D1263E 
mutationn had no detectable effect. The R1225H 
orr R1281W mutations completely abolished the 
interactionn with plectin, consistent with the 
inabilityy of full length P4 containing these 
mutations,, to recruit plectin. All constructs 
showedd an interaction with a fragment 
containingg the C-tail of p4 (1457-1752), an 
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Figur ee 3. Immunofluorescence analysis of plectin recruitment by (34 mutants. p4-deficient PA-JEB keratinocytes were 
transfectedd with cDNA encoding wild-type p4 and various (34 mutants. Cells were fixed, double-immunolabeled and 
processedd for immunofluorescence microscopy using mouse mAb 121 against HD1 and rat mAb 439-9B against [34. 
Compositee imaged were generated by superimposition of the green (HD1/plectin) and red ((34) signals with areas of 
overlapp appearing as yellow. Micrographs with both transfected and untransfected cells are shown. In cells expressing 
wild-typee (34 or the (34 mutants p4K,279W, (34D1263E or p4DDDN, but not p4m28,w or p4R1225H, HD/plectin is colocalized with P4 
inn hemidesmosome-like structures. 
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interactionn which we previously have shown to 
involvee the region 1382-1436 of the connecting 
segmentt (Nievers etal., 1999). 

Discussio n n 
Usingg cell transfection experiments in 
combinationn with yeast two-hybrid assays, we 
demonstratedd that the introduction of either of 
twoo separate point mutations in the second FNIII 
repeatss of the integrin (34 subunit abrogates 
bindingg of the ABD of plectin to (34. These results 
helpp to explain why these mutations found in 
patientss with non-lethal forms of epidermolysis 
bullosaa (EB), result in a mild blistering 
phenotype.. Because of an inability of (34 to 
recruitt plectin into hemidesmosomes, the linkage 
off the intermediate filaments to 
hemidesmosomess is likely to be compromised, 
causingg fragility of the cells and rupturing of the 
celll upon application of stress. Similar 
phenotypess are described in null mutant mice 
forr the plectin gene, in which hemidesmosomes 
appearedd to be unaffected although their 

Chapterr 2 
mechanicall stability was reduced (Andra et ai, 
1997). . 
Thee data further indicate that an important 
bindingg site for plectin is located in the second 
FNIIII repeat of (34 and that mutations in this 
partt of the molecule may lead to loss of 
recruitmentt of plectin by (34. Although our results 
aree in perfect agreement with findings published 
previouslyy (Niessen etal., 1997a; Geerts etal., 
1999),, they are in apparent contrast to findings 
reportedd by Rezniczek etal., 1998), who showed 
thee presence of a major binding site for (34 in 
plectinn in the region C-terminal of the ABD, using 
inin vitro binding assays. In addition, these authors 
presentedd evidence that there are two binding 
sitess on (34 for plectin, one in the connecting 
segmentt and another in the extreme C-terminal 
partt following the second pair of FNIII repeats 
off (34. We recently could confirm the presence 
off these binding sites in two-hybrid assays 
(Kosterr et al, manuscript in preparation). 
However,, the importance of these sites for the 
recruitmentt of plectin by [34 is uncertain, because 

GaM(BD)) fusion 

Gal4(AD)) fusion 

3 4AA 1115-1457 

j34AA R1281W 

(34AA  R,225H 

(34AA  K1279W 

3 4AA D1263E 

« 4 ^^ A1262-1264 

R1281W W 

R1225H H 

pMM  1457-1752 Plectin (ABD) 

++ + 

Figuree 4. Yeast two-hybrid analysis of a direct interaction between p4 mutants and the ABD of plectin. Cotransformation 
off yeast host strain PJ69-4A with (34 mutants in the pACT2 (AD) vector and plectin ABD or p4»57-i752 i n t n e p/\s2.1 (BD) 
vector.. Transformation mixtures were spread on SC-LT and SC-LTHA plates and grown at . Plating efficiency on 
selectivee SC-LTHA plates is expressed as a percentage of the plating efficiency on non selective SC-LT plates from 
thee same transformation. Plates were scored after 5 and 10 days. All efficiencies listed represent an average of 
multiplee independent transformations. ++, plating efficiency on SC-LTHA is 380% of the plating on SC-LT, colonies are 
fullyy developed on day 5; +, 40-80% of the plating on SC-LT, colonies are small on day 5; - , no colonies on selective 
platess after 10 days of growth. Note, that the interaction between the p4>"5-1«7 mutants (K1279W, D1263E and DDDN) 
andd the plectin-ABD fusion protein, but not between p4'"5-i457 a n d p4i457-i752_ c o u | d a | s o b e e n s n o w n by t r,e growth of 
coloniess on selective plates containing 2 mM 3-amino-1,2,4-triazole (a His antagonist). 
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despitee the fact that these binding sites are intact 
inn the (34 constructs carrying the R1225H or the 
R1281WW mutation, these |34 mutants were 
unableunable to recruit plectin into hemidesmosomes. 
Nevertheless,, it is possible that once plectin is 
recruitedd by binding of (34 to the plectin-ABD, 
thesee additional plectin binding sites in the 
connectingg segment and the extreme C-tail of 
(344 may help to strengthen the interaction 
betweenn these two molecules. The importance 
off the binding site for plectin in the second FNIII 
repeatt explains the phenotypes in the patients 
withh non-lethal forms of EB (Pulkkinen et al., 
1998b;; Nakano et al, 2001). 
Interestingly,, the mutation K1279W, which 
occurss in the same loop structure as R1281W, 
onlyy slightly affected the interaction between 
plectinn and (34. Because, like K1279, R1281 is 
expressedd on the surface of the second FNIII 
repeatt of |34, it is unlikely that a R1281W 
mutationn abolishes the interaction with plectin 
byy inducing a destabilization of the repeat. 
Ratherr it suggests that the R1281 residue, and 
perhapss also R1225, directly take part in 
interactionn with plectin, possibly by forming a 
saltt bridge with a negatively charged amino acid 
inn the ABD of plectin. Currently, we are testing 
thee effects of different amino acid substitutions 
inn the ABD of plectin on the binding of this 
domainn to [34. 
Althoughh the DDN sequence in the second FNIII 
repeatt of the (34 molecule could well have been 
aa binding site for plectin, we showed in both cell 
transfectionn experiments and yeast-two hybrid 
assayss that this sequence is not involved in the 
bindingg to the ABD of plectin. However, this does 
nott rule out that this sequence could bind to 
anotherr region of the plectin molecule, or even 
too another protein. 
Inn conclusion, we have mapped two mutations 
(R1225HH and R1281W), identified in patients 
withh non-lethal EB, on the 3D structure of the 
secondd FNIII repeat of (34 and have shown that 
thesee mutations are located close to each other. 
Mutationn of these residues in a full length (34 
cDNAA construct leads to an inability of the protein 
too recruit plectin, while three other mutations 
hadd no effect. Studies in yeast indicate that 
R12255 and R1281 are essential for binding 
plectin.. We endeavor to clarify the exact site of 
interactionn on the ABD of plectin in another study 

too fully understand the mechanism of this 
interaction. . 
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Chapterr 3 

Analysi ss  of the interaction s betwee n BP180, BP230, plecti n and 
thee integri n a6fJ4 importan t for hemidesmosom e assembl y 

Jann Koster, Dirk Geerts, Bertrand Favre, Luca Borradori and Arnoud Sonnenberg 

Hemidesmosome ss (HDs) are multi-protei n complexe s tha t promot e stabl e adhesio n 
off  epithelia l cell s to th e underlyin g extracellula r matrix . We assesse d th e interaction s 
betwee nn differen t hemidesmosoma l component s wit h each other , mappe d th e bindin g 
site ss and studie d th e importanc e of thes e interaction s fo r HD assembl y in yeas t two -
hybri dd and cell-transfectio n assays . The result s sho w that : (1) bullou s pemphigoi d 
antige nn (BP) 180 bind s no t onl y to BP230, bu t also to plectin . The interaction s betwee n 
thes ee protein s are facilitate d by th e Y subdomai n in th e N-termina l plaki n domai n of 
BP2300 and plectin , and residue s 145-230 of th e cytoplasmi c domai n of BP180; (2) 
different ,, bu t overlapping , sequence s on BP180 mediat e bindin g to B4, which , in tur n 
associate ss wit h BP180 via it s thir d fibronecti n typ e I I I repeat ; (3) sequence s in th e N-
termina ll  extremit y of BP230 mediat e it s bindin g to B4, whic h require s th e C-termina l 
endd of th e connectin g segmen t up to th e fourt h FNI I I repea t of th e (34 subunit . (4) 
Finally ,, cell-transfectio n studie s showe d tha t th e localizatio n of BP230 int o 
hemidesmosome-lik ee structure s depend s on it s Z-Y subdomain s as wel l as on th e 
availabilit yy  of BP180. By havin g furthe r uncovere d interaction s betwee n variou s 
hemidesmosoma ll  components , mappe d th e involve d bindin g site s and dissecte d a 
hierarch yy of interaction s relevan t fo r thei r topogeni c fate , ou r finding s giv e nove l 
insight ss int o th e molecula r organizatio n of hemidesmosomes . 

Introductio n n 
Hemidesmosomess (HDs) are multi-protein 
complexess that promote epithelial-stromal 
cohesionn in stratified and complex epithelia, and 
connectt the intermediate filament system of 
basall epithelial cells to proteins of the 
extracellularr matrix. These complexes, which 
ultrastructurallyy appear as tripartite structures 
alongg the plasma membrane of basal cells, are 
composedd of at least five different proteins: the 
laminin-55 receptor a6B4, the bullous pemphigoid 
antigenss 180 (BP180, BPAG2 or type XVII 
collagen)) and 230 (BP230 or BPAGl-e), CD151 
andd plectin (Jones et al., 1998; Borradori and 
Sonnenberg,, 1999; Sterk et al., 2000). In certain 
tissues,, such as intestinal epithelia, and cultured 
epitheliall cells, a second type of HD has been 
identified,, which is composed of a6Ö4 and plectin 
(Uematsuu et al., 1994; Orian-Rousseau et al., 
1996).. These type I I HDs, in contrast to the 
classicall or type I HDs, do not exhibit the typical 
tripartitee structure. 
BP2300 and plectin are cytoplasmic proteins that 
belongg to the plakin protein family, which also 
includess desmoplakin, envoplakin and periplakin. 
Thesee proteins are crucially involved in the 

organizationn of the cytoskeleton (Ruhrberg and 
Watt,, 1997; Leung et al., 2001). They are 
composedd of domains that have considerable 
sequencee homology. Their N-terminus consists 
off a plakin domain containing a number of 
subdomainss of high a-helical content, designated 
NN,, Z, Y, X, W and V, whereas the central coiled-
coill rod domain is composed of heptad repeats 
thoughtt to be involved in the dimerization of 
thee plakin (Green et al., 1992). Finally, their C-
terminall end exhibits one or more homologous 
repeatt sequences designated A, B or C. In plectin 
ass well as in neuronal and muscular isoforms of 
BP2300 (BPAGl-a and BPAGl-b, respectively), a 
calponin-typee actin-binding domain (ABD) 
precedess the plakin domain (Brown et al., 1995; 
McLeann et a!., 1996; Leung et al., 2001). The C-
terminall end of plakins has intermediate filament 
bindingg properties (Meng et al., 1997; Wiche et 
al.,, 1993; Yang etal., 1996; Leung etal., 1999), 
whereass the N-terminal end harbors specific 
sequencess that target the proteins to distinct 
membranee sites, such as HDs or desmosomes, 
cell-celll adhesion complexes in a variety of 
epitheliaa (Kowalczyk et al., 1997; Rezniczek et 
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al.,, 1998; Geerts et al., 1999; Hopkinson and 
Jones,, 2000). 
Thee a6(34 integrin plays a central role in the 
assemblyy of HDs. Loss of a6(34 due to mutations 
inn the genes for either the a6 or fJ4 subunit 
causess a distinct form of pyloric atresia 
associatedd with junctional epidermolysis bullosa 
(PA-JEB),, and is characterized by fragility and 
extensivee blistering of the skin. In affected 
patientss HDs are rudimentary or completely 
absentt (Vidal et al., 1995; Niessen et al., 1996; 
Ruzzii et al., 1997). A similar phenotype is 
observedd in a6 or (34 null mutant mice (van der 
Neutt et al., 1996; Georges-Labouesse et al., 
1996;; Dowling et al., 1996). The large 
cytoplasmicc domain of the integrin (34 subunit is 
essentiall for the formation of HDs (Nievers et 
al.,, 1998; Murgia et al., 1998). It is over 1000 
aminoo acids long and harbors two pairs of 
fibronectinn type I I I (FNIII) repeats, separated 
byy a connecting segment (CS) (Hogervorst et 
al.,, 1990; Suzuki and Naitoh, 1990). The second 
FNIIII repeat and the first 35 amino acid residues 
off the CS of the |34 integrin are required for the 
recruitmentt of plectin into HDs (Niessen et al., 
1997a;; Nievers et al., 2000; Niessen et al., 
1997b).. The CS and the third FNIII repeat have 
beenn implicated in the binding to BP180 
(Borradorii et al., 1997; Aho and Uitto, 1998; 
Schaapveldd et al., 1998). Furthermore, the 
cytoplasmicc domain of p4 has been reported to 
interactt with BP230 (Hopkinson and Jones, 
2000). . 
BP1800 is a type II transmembrane protein with 
aa 466-amino acid cytoplasmic domain and a large 
collagenouss extracellular domain (Giudice et al., 
1992).. There is evidence that, like a6p4, BP180 
bindss laminin-5 (Reddy et al., 1998). In cultured 
epitheliall cell lines, the localization of BP180 in 
HDss is dependent on its interaction with the 
cytoplasmicc domain of (34 (Borradori et al., 1997; 
Schaapveldd et al., 1998). Furthermore, the 
extracellularr domain of BP180 is also able to 
interactt with the a6 integrin subunit (Hopkinson 
ett al., 1995; Hopkinson et al., 1998). Finally, 
BP1800 is involved in the recruitment of BP230 
intoo HDs (Borradori et al., 1998; Hopkinson and 
Jones,, 2000). 
Thee aim of our study was: (1) to further assess 
thee potential of the cc6p4, BP180, BP230 and 
plectinn to associate with each other; (2) to map 
thee involved binding sites and, finally, (3) to 
50 0 

definee the importance of these interactions for 
thee recruitment of these proteins into HD in 
combinedd yeast two-hybrid assays and cell-
transfectionn studies. Our findings show that 
interactionss between these hemidesmosomal 
componentss are more complex than previously 
anticipated,, uncover the potential of BP180 to 
interactt with plectin and reveal that the 
recruitmentt of these proteins into HDs is 
regulatedd by a hierarchy of interactions that each 
appearr to have a different impact on HD 
assembly. . 

Material ss  and Method s 
Celll  line s and antiser a 
Immortalizedd (34-deficient PA-JEB keratinocyte cell line has 
beenn described previously (Schaapveld et al., 1998). 
BP180-deficientt keratinocytes, immortalized by 
transfectionn with human papilloma virus-18 E6 and E7 
geness were kindly provided by P. Marinkovich (University 
off California San Francisco, San Francisco, CA). The PAJEB 
andd GABEB (generalized atrophic benign epidermolysis 
bullosa)) keratinocytes were grown in keratinocyte serum-
freee medium (SFM) (Gibco-BRL) supplemented with bovine 
pituitaryy extract, 5 ng/ml epidermal growth factor, 100 U/ 
mll penicillin and 100 U/ml streptomycin, Cells were grown 
att C in a humidified, 5% C02 atmosphere. Mouse 
monoclonall antibody (mAb) 233 against BP180 (Nishizawa 
ett al., 1993) and mouse mAb 121 against plectin/HDl 
(Hiedaa et al., 1992) were kind gifts from K. Owaribe 
(Universityy of Nagoya, Nagoya, Japan). Rat mAb 439-9B 
recognizess an extracellular epitope on the integrin [}4 
subunitt and mouse mAb 450-11A directed against the 
cytoplasmicc domain of p4 were purchased from 
Pharmingenn (San Diego, CA). The rabbit polyclonal 
antiserumm against BP230 (Tanaka et al., 1990) was a kind 
giftt from J. R. Stanley University of Pennsylvania, 
Philadelphia,, PA). The human mAbs 5E and 10D against 
BP2300 were generously provided by T. Hashimoto (Keio 
University,, Tokyo, Japan) (Hashimoto et al., 1993). Rabbit 
polyclonall antibody against laminin-5 was kindly provided 
byy P. Rouselle (Lyon, France). The rabbit polyclonal 
antibodiess against the extracellular domain of |34 (sc-9090) 
andd against hemagglutinin (HA) epitope tag (sc-805) were 
purchasedd from Santa Cruz Biotechnology (Santa Cruz, 
CA).. Secondary antibodies were purchased from Rockland 
(Gilbertsville,, PA) (FITC-conjugated goat anti-mouse 
immunoglobulinn (Ig) G) and Molecular Probes (Eugene, 
OR)) (Alexa-488 conjugated goat anti-human IgG and 
Texas-Red-conjugatedd goat anti-rat and anti-rabbit IgG). 
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Fig .. 1. Immunofluorescence analysis of hemidesmosomal components in PA-JEB/(34 cells. PA-JEB/p4 
cellss were fixed and immunolabeled for laminin-5 (A) or the hemidesmosomal markers (34 (A,B,D,F), plectin 
(B,G,I),, BP180 (C,E,F) or BP230 (C,H,I). Merged images (A,B,C,F,I) show laminin-5, plectin and BP180 in 
green,, and p4 and BP230 in red; colocalized staining appears in yellow. Note that (54 and plectin (B), as 
welll as BP230 and BP180 (C), are nearly completely co-localized, whereas p4 and BP180 (F) or plectin 
andd BP230 (I) show only partial co-localization. Bar, 10 (im. 

DNAA  transfections 
PA-JEBB or GABEB cells were grown to 40% confluence in 
12-welll tissue-culture plates (Falcon; Becton Dickinson, 
Lincolnn Park, NJ). Transient transfections were performed 
withh 0.8 ng cDNA using Lipofectin, according to the 
manufacturer'ss instructions (Gibco-BRL). Transfection 
mixturess were replaced by SFM medium after 6 hours 
andd incubated in this medium for 12 hours. Subseguently, 
thee SFM medium was replaced by Nutrient Mixture Ham's 
F12/Dulbecco'ss MEM (1:3) for an additional 24 hours after 
whichh the cells were assayed for gene expression. 

Immunofluorescenc ee microscop y 
PA-JEBB and GABEB cells grown on glass coverslips were 
fixedd with 1% paraformaldehyde in PBS for 10 minutes 
andd permeabilized with 0.5% Triton X-100 in PBS for 5 
minutess at room temperature. After rinsing in PBS and 
blockingg with 2% BSA in PBS for 30 minutes at room 
temperature,, the cells were incubated with primary 
antibodiess for 60 minutes at room temperature and then 
washedd three times with PBS. Cells were subsequently 
incubatedd with Alexa-488, FUC- and Texas Red-conjugated 
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Fig .. 2. Immunofluorescence analysis of hemidesmosomal components in GABEB cells. GABEB cells were 
fixedd and immunolabeled for plectin (A), BP180 (B), BP230 (C) and p4 (A-C). In D-l, GABEB cells were 
transfectedd with cDNA encoding wild-type BP180 tagged at the N-terminus with a FLAGepitope (yellow 
squaree in diagrams at the bottom of D and H; diagrams represent cDNA encoding wild-type BP180) stained 
forr BP180 (D,F,H,I), 04 (E,F) or BP230 (G,l). Merged images (A-C.F) show plectin, BP180 and BP230 in 
greenn and (34 in red. In the merged image I, BP180 is in green and BP230 is in red. Note that on reconstitution 
off BP180, BP230 is recruited into HD-like structures, whereas it is not recruited when BP180 expression is 
absent.. Bars, 10 urn. 

secondaryy antibodies directed against mouse, rat, rabbit 
orr human IgG for 45 minutes at room temperature. 
Coverslipss were washed three times, mounted in Mowiol/ 
DABCOO and viewed under a Leica confocal scanning laser 
microscope. . 

Yeastt  two-hybri d interactio n assay 
Thee yeast strain Saccharomyces cerevisiae PJ69-4A (a kind 
giftt from P. James, University of Wisconsin, Madison, WI), 
whichh contains the following genetic markers: trpl-901, 
leu2-3,, his3-200, gal4A, gal80A, LYS2::GAL1-HIS3 and 
GAL2-ADE22 (James et al., 1996) was used as host for the 
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two-hybridd assays. This strain contains two tightly 
regulatedd selectable Gal4-driven reporter genes, his and 
ade,, allowing sensitive detection of protein-protein 
interactionss between Gal4 fusion proteins. The Gal4 
activationn domain (AD)- and Gal4 binding domain (BD)-
fusionn plasmids were co-transformed into PJ69-4A, as 
describedd previously (Schaapveld et al., 1998), and equal 
aliquotss of transformed cells were spread out on plates 
containingg yeast synthetic complete medium lacking leu 
andd trp (vector markers) or leu, trp, his and ade (vector 
andd interaction markers). Plates were incubated at C 
andd growth of colonies was scored after 6 and 10 days. 



Thee plating efficiencies on -leu,-trp,-his,-ade (SC-LTHA) 
plates,, as compared with the plating efficiency on -leu,-
trpp (SC-LT) was used as a measure for the strength of the 
two-hybridd protein interaction. Autonomous activation of 
thee reporter genes was suppressed by the addition of 2 
mMM 3-amino-l,2,4-triazole (a His antagonist) (A8506; 
Sigmaa Chemical Co.). Expression of the Gal4-fusion 
proteinss was analyzed by immunoblotting with antibodies 
againstt the Gal-activation or -DNA binding domain (sc-
16633 and sc-510, respectively; Santa Cruz). Constructs 
forr the yeast two-hybrid studies were generated using 
standardd cloning techniques. All nucleotide and amino acid 
positionss are numbered with the ATG initiation codon at 
positionn one. The cDNA sequences used for alignment 
andd designation of primers are available from GenBank 
underr accession number m77830 (desmoplakin); 
mn_0004944 (BP180); m69225 (BP230); u53204 (plectin) 
andd X53587 (p4). Plasmid inserts were generated by 
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restrictionn digestion or PCR using the proofreading Pwo 
DNAA polymerase (Boehringer Mannheim) and gene-specific 
sensee and antisense primers containing restriction site 
tags.. Numbers in superscript correspond to the amino acid 
residuess of subclones encoded within the Gal4 (AD) or -
(BD)) fusion proteins. Vectors used were the yeast Gal4 
ADD or BD expression vectors pACT2 or pAS2.1 (Clontech). 

P-Galactosidasee assay 
Forr the quantitative analysis of p-galactosidase activity, 
fivee yeast colonies were combined and grown to an OD660 
off approximately 1.0 in selective medium lacking Leu and 
Trp.. p-Galactosidase activity was determined at C using 
thee Pierce yeast p-galactosidase assay kit (75768) with 
Onitrophenyll p-D-galactopyranoside as substrate. The 
A4055 was measured in an ELISA-reader and the time at 
whichh the reaction reached a value of 0.2 was taken to 
calculatee the p- galactosidase activity using the equation: 
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Fig.. 3. Yeast two-hybrid analysis of interactions between BP180 and BP230 and BP180 and f$4. (Top) 
Schematicc representation of BP180. DSR, direct sequence repeat; TM, transmembrane region. (Bottom) 
Cotransformationn of yeast host strain PJ69-4A with BP2301655 or p41115'1666 cDNA constructs fused to the 
Gal44 (AD) domain (in pACT2) and cDNA constructs encoding various fragments of BP180 fused to Gal4 
(BD)) domain (in pAS2.1) as indicated. Transformation mixtures were spread on SC-LT and SC-LTHA 
platess and grown at . Plating efficiency on selective SC-LTHA plates is expressed as a percentage of 
thee plating efficiency on nonselective SC-LT plates from the same transformation. Plates were scored after 
66 and 10 days. All efficiencies listed represent an average of multiple independent transformations. ++, 
platingg efficiency on SC-LTHA is >80% of the plating on SC-LT, colonies are fully developed on day 5; +, 
40-80%% of the plating on SC-LT, small and large colonies on day 5; , >50% of the plating on SC-LT at 10 
dayss of growth; - , no colonies on selective plates after 10 days of growth. Note that the interaction between 
BP1800 and BP2301555 requires a fragment of BP180 containing amino acids 145-230, whereas for the 
interactionn of BP180 with p41115-1666 other sequences are required. Identical results were obtained when, 
insteadd of BP2301'555, BP23011156 was used for assessment of the interactions with the different BP180 
mutants. . 
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Fig .. 4. Effects of expression of BP180 mutants on the localization of BP230 in GABEB keratinocytes. 
GABEBB keratinocytes were transfected with cDNA encoding BP1804145230 (A,B) or BP180a1-36 (C,D) and 
immunolabeledd for BP180 (A-D), p4 (A,C) or BP230 (B,D). In the merged images (A,C), BP180 is in green 
andd (54 in red, whereas in B and D, BP180 is in red and BP230 is in green. Staining for co-localization is in 
yellow.. Diagrams at the bottom of panels A-D represent the various BP180 mutants. Note that deletion of 
aminoo acids 145-230 from BP180does not abrogate the ability of BP180 to be recruited into HDs, whereas 
thee recruitment of BP230 is impaired. Deletion of the N-terminal 36 residues of BP180 has no effect on the 
recruitmentt of either BP180 or BP230 into HDs. Bar, 10 urn. 

Fig .. 5. Interaction between BP230 and BP180 involves the conserved Y subdomain of plakins and mapping 
off the interaction site on BP230 for p4. The PJ69-4A yeast strain was co-transformed with a pAS2.1- or 
pPACT2-derivedd vector encoding BP1801-401 or p411151666 and the corresponding complementary vectors 
encodingg various fragments of BP230, desmoplakin or plectin as indicated. Two-hybrid interactions were 
analysedd by growth on selective SCLTHA plates. (A) Top, schematic representation of BP230. The 
subdomainss NN,Z, Y, X, W and V are those described by Greenetal. (Greenetal., 1992). These subdomains 
ass well as the homologous repeat sequences designated B and C are indicated by boxes, shaded from 
whitee to gray. The box representing the rod domain has been shaded more darkly. Bottom, the interaction 
off BP1801401 with the various fragments of BP230 could be shown independently of whether the cDNA 
constructss were cloned into the pAS2.1 or the pACT2 vector. Because of an autonomous transactivation of 
pAS2.1-B411151666,, the BP230 binding activity of p41115-1666 could only be determined with the combination of 
pACT2-fJ41115-16666 and pAS2.1-BP230. (B) Interactions of BP1801-401 with the Z-Y and Y domains of BP230, 
plectinn and desmoplakin (DP) were only revealed when the cDNAs encoding the various domains of BP230, 
plectinn and desmoplakin were inserted into pACT2 and the cDNA for BP1801 -401 was inserted into pAS2.1. 
(C)) The p-galactosidase activity of the yeast transformants expressing BP1801401 and the indicated BP230, 
plectinn and desmoplakin constructs was quantified in a liquid culture assay using O-nitrophenyl p-D-
galactopyranosidee as substrate. The negative interaction controls are pAS2.1-BP1801-407pACT2 3 
p-galactosidasee units) and pAS2.1/pACT2 2 p-galactosidase units) and the positive controls (not 
shown)) are p53/pSV-40 large T 1 p-galactosidase units) and the complete Gal4 transcription 
factorr in pCL1 3 p-galactosidase units). (D) Interactions between BP230 mutants and p41115-1666 

weree assayed with the BP230 mutants fused to the Gal4 (BD) in pAS2.1 and p411151666 fused to the Gal4 
(AD)) in pACT2. For further details, see Fig. 3. In panel D, the amino acids GGG, GSG and G correspond 
too the linker sequences placed in between the Gal4 (AD)- and the BP230-specific sequences. In B and D 
notee that the interaction between BP230 and the cytodomain of BP180 only requires the Y domain of 
BP230,, whereas for the interaction with p4 the 56-most N-terminal residues of BP230 are involved. Panel 
EE shows an alignment of the Z-Y regions in the different plakin proteins. 
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l,000xA405/(celll volume (ml) x time of reaction (min) x 
OD660).. Samples that did not reach this value within 4 
hourss were left overnight andd measured the next morning. 
Thee final values are the results from three independent 
determinations. . 

Result s s 
Differen tt  requirement s fo r th e recruitmen t 
o ff  BP18 0 and BP23 0 int o HD-lik e 
structure s s 
Too specify the molecular interactions important 
forr the formation of HDs, we first analyzed, by 
immunofluorescencee microscopy, the distribution 
off various hemidesmosomal components in 
keratinocytee cell lines lacking either (34 or BP180. 
Inn (34-deficient PA-JEB cells, the transient 
expressionn of the (54 subunit was shown to 
restoree the cells' ability to form HD-like structures 
(Schaapveldd et al., 1998). In extension to these 
studies,, we found that, in many cells of a PA-
JEBB keratinocyte cell line that stably express [34 
(PA-JEB/|344 cells), the subcellular localization of 
laminin-55 and plectin was largely identical to that 
off a6(34 (Fig. 1A,B). Furthermore, the distribution 
off BP180 and BP230 was the same, i.e. in 
structuress appearing as dots and patches, which 
aree typical for HD-like structures or stable 
anchoringg contacts (Fig. 1C). By contrast, co-
localizationn of either p4 with BP180 or of plectin 
withh BP230 was mostly only partial (Fig. 1D-I). 
Thesee results indicate that certain, but not all, 
HD-likee structures contain, in addition to a6(34 
andd plectin, BP180 and BP230 as shown by 
immunofluorescencee microscopy studies, i.e. 
theyy represent both type I and type I I HDs 
(Uematsuu et al., 1994). 
Whenn BP180-deficient keratinocytes obtained 
fromm a patient with GABEB were analyzed by 
immunofluoresencee microscopy, the distribution 
off (34 appeared to be normal; it was concentrated 
inn patches at sites of cellsubstrate contacts (Fig. 
2A-C).. However, although in nearly all PA-JEB/ 
(344 cells the staining of (34 and plectin largely 
overlapped,, many of the BP180-deficient GABEB 
cellss there were several patches containing (34 
butt not plectin (compare Fig. 2A with Fig. IB). 
Furthermore,, consistent with previous 
observationss Borradori et al., 1998), BP230 was 
nott present in these HD-like structures (Fig. 2C). 
Nevertheless,, on transient transfection with 
cDNAA for BP180, we found that BP230 was 
recruitedd into HDIike structures together with 
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BP1800 (Fig. 2D-I). Together, these findings 
obtainedd in PA-JEB and GABEB keratinocytes 
indicatee that the recruitment of BP230 into HD-
likee structures is regulated distinct - either direct 
orr indirect - interactions, involving mainly (34 
andd BP180. Furthermore, for the localization of 
plectinn HD-like structures to be efficient, it seems 
thatt BP180 is also required. 

Thee cytoplasmi c domai n of BP180 contain s 
tw oo distinc t bindin g site s fo r (34 
Previouss studies have shown that the recruitment 
off BP180 in to HDs depends on a d i rec t 
associationn of BP180 with (34 (Borradori et al., 
1997).. To identify the (34 binding region on the 
cytoplasmicc domain of BP180, several deletion 
mutantss were generated and expressed in yeast 
cellss together with a (34 construct containing all 
fourr FNIII repeats of the (34 cytoplasmic domain, 
(34111516666 (Fig. 3). Interactions were detected by 
growthh of yeast cells on plates lacking histidine 
andd adenine (see Materials and Methods). 
Althoughh constructs BP1801231 and BP180H5-401 

boundd to p4"i5-i666^ there was no interaction with 
eitherr BP1801147 or BP180145230. Notably, the 
latterr contains the stretch of amino acids 145-
2300 shared by the above two BP180 constructs, 
whichh had binding activity. Because proper 
expressionn of the BP180145 23  mutant was 
ascertainedd by immunoblott ing of yeast cell 
lysates,, the lack of binding could not be due to 
defectivee protein expression (data not shown). 
Furthermore,, deletion of the stretch of amino 
acidss 145-230 from the cytoplasmic domain of 
BP180,, BP1801 -«UW5-230 had no impact on its 
interactionn with (341US1666. Together, these results 
stronglyy suggest that there are at least two 
distinctt binding sites for (34 on BP180: one 
locatedd in the first 230-amino-acid stretch of 
BP1800 and a second in a more C-terminally 
locatedd region encompassing amino acids 231-
401. . 

AA stretc h o f 85 amin o acid s in th e 
cytoplasmi cc domai n of BP180 is crucia l fo r 
itss  bindin g to BP230 
BP1800 has recently been shown to associate with 
BP2300 via a region of 280 amino acids (residues 
180-460)) spanning half the cytoplasmic domain 
(Hopkinsonn and Jones, 2000). To define the 
regionn on BP180 that binds to BP230, we carried 
outt additional yeast twohybrid assays. As shown 
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Fig.. 6. Expression of BP230 mutants in PA-JEB/(34 keratinocytes. PA-JEB/p4 cells were transfected with 
cDNAss encoding BP2301-887 (A,B), BP23012161 (C,E) or BP23012161 ^ (D,F), tagged at the N-terminus 
withh an HA epitope (red circle). Cells were fixed and immunolabeled for BP180 (A-D), the HA-tagged 
BP2300 mutants (A-F) and total BP230 (endogenous and transfected BP230) (E,F). In the merged images 
(A-D),, BP180 is in green and the HA-tagged mutants are in red, whereas in (E,F), the HA-tagged BP230 
mutantt is in green and total BP230 is in red. Co-localized staining appeared in yellow. Diagrams at the 
bottomm of panels A-F represent the various BP230 mutants. Note that the cell depicted in B represents a 
raree event, whereas the majority of the cells resemble those depicted in A. Also note that removal of the Z-
YY domains results in the loss of BP230 recruitment into HD-like structures. Bars, 10 \im. 
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inn Fig. 3, the BP180 mutants that contain the 
regionn of 85 amino acids 145-230 bound to 
BP23Q1-5555 anc | BP23011156, whereas those lacking 
itt did not. Furthermore, the BP180145230 mutant 
thatt only contains this stretch of amino acids 
wass also able to bind, albeit less efficiently. Thus, 
althoughh additional sequences might further 
strengthenn their interaction, this 85-amino-acid 
stretchh is necessary and sufficient for the binding 
off BP180 to BP230. Finally, two mutants carrying 
aa deletion of the first 37 Nterminal amino acids 
(BP180384222 and BP18038~422'A229324), a region 
previouslyy identified as being crucial for recruiting 
BP2300 into HDs in transfection studies 
(Hopkinsonn et al., 1995; Borradori etal., 1998), 
weree both able to interact with BP230. These 
resultss suggest that BP180 interacts with BP230 
throughh a region of 85 amino acids (BP180145 

23 )) and that the first 37 N-terminal amino acids 
aree dispensable for binding in yeast. 

Deletio nn of a stretc h of 85 amin o acid s 
fro mm th e cytoplasmi c domai n of BP180 

reduce ss th e recruitmen t of BP230 in HDs 
inn transfecte d cell s 
Next,, we analyzed in transfection studies the 
importancee of the stretch of 85 amino acids of 
BP180,, which contains a binding site for BP230, 
forr the recruitment of the latter into HDs. When 
introducedd in BP180-deficient keratinocytes, 
BP180A1455 230 is correctly recruited into HDs and, 
likee wild-type BP180, is ««localized with (54 (Fig. 
4A).. The same was observed in cells expressing 
BP180A1366 (Fig. 4C). However, at variance with 
cellss expressing either wild-type BP180 (Fig. 21) 
orr the BP1804136 mutant (Fig. 4D), in cells 
expressingg BP180A145-230, BP230 was found only 
rarelyy in HD-like structures together with the 
BP1800 mutant (Fig. 4B). Thus, consistent with 
thee results in yeast two-hybrid interaction assays, 
inn which a region encompassing amino acids 
145-2300 of BP180 is required and sufficient for 
itss interaction with BP230, the deletion of this 
sequencee from BP180 dramatically reduced 
recruitmentt of BP230 into HDs. Deletion of the 
366 most N-terminal amino acid residues of BP180 
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Fig .. 7. Yeast two-hybrid analysis of interactions between |34 and BP230 and (34 and BP180. (Top) Schematic 
representationn of the cytoplasmic domain of (34. FNII repeats are represented by boxes in which the number 
off the repeats is shown. TM, transmembrane region. (Bottom) Cotransformation of yeast host strain PJ69-
4AA with (34 mutants in the pACT2 (AD) vector and BP23011156 or BP1801'401 in the pAS2.1 (BD) vector. For 
furtherr details see Fig. 3. Note that BP230 requires the third and fourth FNIII repeats, as well as the last 20 
aminoo acids of the CS of (34, to allow an interaction, whereas BP180 only requires the third FNIII repeat. 
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hadd no effect on the recruitment of either BP230 
orr p4 into HD-like structures. 

BP2300 and plecti n interac t wit h BP180 via 
thei rr  Y domai n 
Wee next investigated which region of BP230 is 
involvedd in binding to BP180. For this purpose, 
aa series of mutant forms of BP230 were 
generatedd and tested together with BP1801401 

inn yeast two-hybrid assays. The results show that 
BP2300 interacted with BP180 by the Z-Y 
subdomainss (Fig. 5A,B) and, although the Y 
domainn alone was able to bind to BP1801"401, 
albeitt slightly less efficiently (Fig. 5B), no binding 
off the Z domain alone could be detected. In turn, 
BP180145"230,, which interacted weakly with 
BP23011 S5S (Fig. 3), did not bind to the isolated 
Z-YY or Y subdomains of BP230 (data not shown), 
possiblyy because interaction of this short stretch 
off BP180 with BP230 requires additional 
sequencess flanking the Z-Y subdomains of 
BP230.. Indeed, when two larger fragments of 
BP2300 containing the Z-Y subdomains (BP2301 

5555 and BP2301887) were tested for binding to 
BP1801-4011 using a p-galactosidase assay, they 
didd bind more strongly than the isolated Z-Y or 
YY subdomains (Fig. 5C). 
Thee observations that in BP180-deficient 
keratinocytess the localization of plectin in HD-
likee structures appeared to be somewhat 
impairedd and that the Y domain of plectin is 
homologouss to that of BP230 (Fig. 5E) prompted 
uss to investigate whether plectin can directly bind 
too BP180. We therefore generated two constructs 
encodingg the Z-Y or Y domains of plectin and 
testedd their binding ability in yeast. As shown in 
Fig.. 5B, both constructs interacted with BP1801 

4tn,, although less strongly than the 
correspondingg constructs of BP230 as confirmed 
byy a quantitative p-galactosidase assay (Fig. 5C). 
Hence,, BP180 is capable of binding to the Y 
domainn of not only BP230 but also of plectin. 
Surprisingly,, we found that the Z-Y and Y 
domainss of desmoplakin, which is a component 
off desmosomes, also interacted with BP180. As 
inn the case of BP230, the isolated Z-Y and Y 
subdomainss of plectin or desmoplakin did not 
interactt with BP180145230 (data not shown). 

Thee Z-Y domain s o f BP23 0 contai n 
sequence ss importan t fo r it s recruitmen t 
int oo HDs in transfecte d cell s 
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Too assess whether an interaction of BP230 with 
BP1800 is required for the localization of BP230 
inn HDs, we generated various HA-tagged BP230 
mutantss in which the Z-Y domains had been 
deleted.. Because human keratinocytes lacking 
BP2300 expression have not yet been identified, 
wee expressed these mutants in PA-JEB/(34 cells, 
whereass immunofluorescence microscopy 
analysess were carried out with polyclonal 
antibodiess against the HA-epitope tag to 
distinguishh the localization of the ectopically 
expressedd BP230 mutant proteins from that of 
endogenouss BP230. Although, in most cells, a 
BP2300 construct containing the first 1-887 N-
terminall amino acids (BP2301887) was found 
diffuselyy distributed over the cytoplasm (Fig. 6A), 
inn very few of the transfected cells it was 
concentratedd in HD-like structures, together with 
BP1800 (Fig. 6B). By contrast, a mutant form of 
BP230,, BP23012161, which encompasses the rod 
domain,, was found not only in HD-like structures 
inn a larger proportion of the cells, but also in 
aggregatess in the cytoplasm, particularly in 
transfectedd cells that strongly expressed the 
cDNAA (Fig. 6C). Other than BP23012161, BP2301 

2I6I,AZYY f rom wn jCh the Z-Y domains had been 
deletedd was not colocalized with BP180 in HD-
likee structures, but was found in small aggregates 
(Fig.. 6D). 
Becausee both BP23012161 and BP23012161-AZY 

containn the central rod domain of BP230 and 
thuss have the potential to form dimers with 
endogenouss BP230, transfected cells were also 
stainedd with an anti-BP230 antiserum raised 
againstt a Germinal fragment of BP230 (amino 
acidss 1722-2203). Because a large portion of 
thiss fragment is part of the two BP230 mutants, 
thee anti-BP230 antiserum will stain not only 
endogenouss BP230, but also the two BP230 
mutants.. Consistent with the localization of 
transfectedd BP23012161 in HDs, the staining 
patternn with the anti-BP230 and anti-HA 
antibodiess overlapped in transfected cells and 
wass comparable to that seen with anti-BP230 in 
untransfectedd cells, i.e. in HDs (Fig. 6E). By 
contrast,, BP23012161-iZY was again found in small 
aggregatess and it was not obviously co-localized 
withh endogenous BP230 in HDs (Fig. 6F). Thus, 
evenn if dimerization of BP23012161'AZY mutants 
withh endogenous BP230 occurs, this did not 
resultt in the recruitment of the mutated molecule 
intoo HDs. 
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Fig.. 8. Binding of (34 to plectin is essential for the efficient recruitment of BP180 and BP230 into HDs. PA-
JEBB keratinocytes stably expressing a p4 mutant that is unable to bind to plectin (fW12»™) were 
immunolabeledd for (34, plectin, BP180 and BP230. In the merged images (C,F,I) plectin, BP180 and BP230 
aree in green, and (34 is in red. Co-localized staining appeared in yellow. Note that prevention of the interaction 
betweenn (34 and plectin results in a diminished localization of BP180 and BP230 in Hdlike structures. Bar, 
100 urn. 

Collectively,, these results suggest that: (1) the 
Z-YY domain contains sequences important for 
thee localization of BP230 into HDs, most likely 
viaa binding to BP180, and (2) the presence of 
thee rod domain of BP230 thought to be 
implicatedd in the formation of dimers (Ruhrberg 
andd Watt, 1997; Leung et al., 2001) increases 
thee correct targeting of the protein into HDs. 

BP2300 interact s wit h th e thir d and fourt h 
FNI I II repea t of [34 
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Inn BP180-deficient keratinocytes, the recruitment 
off BP230 into HD-like structures is crucially 
dependentt on the re-expression of BP180 
(Borradorii et al., 1998). However, in PA-JEB 
keratinocytes,, i.e. in the absence of a6|H no 
HDss are formed, despite the fact that these cells 
expresss BP180 and BP230. We therefore 
wonderedd whether the (34 subunit might directly 
bindd to BP230 and thus also affects its 
localization.. We tested the binding activity of 
severall (34 constructs, in which one or more FNIII 
repeatss were deleted or in which the CS was 



progressivelyy shortened, with a BP230 construct 
containingg the first 1156 amino acids of the N-
terminuss in yeast two-hybrid assays. As depicted 
inn Fig. 7, removal of part of the fourth FNIII 
repeatt resulted in loss of interaction. The deletion 
off the first pair of FNIII repeats from the 
cytoplasmicc domain of 04 had no effect on 
binding,, but the removal of also the CS abolished 
thee interaction. Specifically, an interaction 
betweenn BP230 and 04 still occurred with 
progressivee deletions up to amino acid 1436, 
butt not beyond. These data show that the 
extremee C-terminal portion of the CS in 
combinationn with the third and the fourth FNIII 
repeatss of 04 are required for its binding to 
BP230. . 

Finally,, as a control, the various 04 constructs 
weree also tested against the cytoplasmic domain 
off BP180, BP1801401. In extension to previous 
studiess (Geerts et al., 1999), we found that 
constructt 0414571552 encompassing the third FNIII 
containss the minimal sequences necessary for 
thee interaction with BP180. 

Thee 04 subuni t interact s wit h N-termina l 
sequence ss specifi c fo r th e epiderma l 
isofor mm of BP230 
Wee next investigated which sequences within 
BP2300 are involved in its binding to 04 in yeast. 
Variouss BP230 constructs were tested with a (34 
constructt containing the first FNIII repeat up to 
thee fourth repeat, 0411151666 (Fig. 5A). The results 
indicatee that the first stretch of 92 amino acids 
att the N-term in us of BP230 is sufficient for its 
interactionn with 04. 
Too ascertain that a binding site for 04 was not 
accidentallyy introduced by fusing the Gal4 
domainn to the N-terminal extremity of BP230, 
wee generated additional mutants as depicted in 
Fig.. 5D. All these constructs were able to interact 
withh 04, providing evidence that the interaction 
wass indeed dependent on BP230-specific 
sequencess and not on the Gal4 moiety. 
Furthermore,, the results show that the first three 
aminoo acids of BP230 are dispensable for this 
interaction. . 

Exceptt for the first 56 amino acids, the N-
terminall region of BP230 is almost identical to 
thatt of two isoforms, dystonin-1 and -2, encoded 
byy the BPAG1 gene that also encodes BP230. 
Thesee two isoforms, previously thought to be 
specificallyy expressed in the nervous system 
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(Yangg etal., 1996), differ from the BP230 isoform 
byy the presence of an ABD at their extreme N-
terminuss that is absent from BP230. To 
determinee whether or not the interaction 
betweenn BP230 and 04 is mediated by the stretch 
off amino acids 56-92 common to BP230 and the 
twoo dystonin isoforms, we generated constructs 
comprisingg amino acids 1-92,1-56 or 56-190 of 
BP230.. When these constructs were assayed for 
ann interaction with 0411151666, it was found that 
aminoo acids 1-56 of BP230 interacted, although 
lesss efficiently than amino acids 1-92, with 04, 
whereass amino acids 56-190 did not (Fig. 5D). 
Thesee data indicate that the interaction of BP230 
withh 04 is mediated by sequences specific for 
thee epidermal isoform, although obviously the 
commonn part also influences binding. 

BP23 00 canno t replac e plecti n in 
supportin gg th e formatio n of HDs 
Thee finding that BP230 can interact with both 
044 and BP180 prompted us to investigate 
whetherr BP230 can replace plectin in supporting 
thee formation of HDs. For this, we made use of 
aa mutant 04 subunit (04R1281W) that is unable to 
interactt with plectin, but can bind to BP180 and 
BP2300 (Geerts et al., 1999; Koster et al., 2001). 
Stablee expression of 04R1281W in PA-JEB cells by 
usingg retroviral transduction revealed that this 
mutantt can support the formation of HD-like 
structuress containing BP180 and BP230, 
consistentt with previous observations using 
transientt transfection protocols (Geerts et al., 
1999).. However, these HD-like structures appear 
too be less conspicuous and dense than those 
formedformed in the presence of wild-type 04 (compare 
Fig.. 1 and Fig. 8). Furthermore, in the vast 
majorityy of cells, the 04 mutant was not co-
localizedd with BP180 or BP230. From these 
results,, we conclude that: (1) when plectin is 
nott bound to 04, 04 binding to BP180 is strongly 
reduced,, and (2) BP230 cannot replace plectin 
inn supporting proper localization of BP180 into 
HDs. . 

Discussio n n 
Inn this study we have further characterized the 
interactionss between different hemidesmosomal 
componentss involved in the assembly of HDs. 
Inn extension to recent studies, we show that 
thee 04 cytoplasmic domain interacts with both 
BP1800 and BP230 (Schaapveld et al., 1998; 
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Fig.. 9. Model for the assembly of HDs in cultured keratinocytes. The association of the a6p4 integrin with 
plectinn via the f}4 subunit and their clustering is crucial for the formation of type II HDs. When BP180 is 
present,, it will be incorporated into this complex through interactions with both (34 and plectin. This is 
followedd by the recruitment of additional plectin and BP180 molecules, resulting in a further increase of the 
sizee and the stability of the ternary complexes. In a final step, BP230 becomes incorporated into these 
complexes,, and the HD-like structures containing oc6p4, BP180 and plectin are turned into type I HDs. 
Becausee both plectin and BP230 interact with the same site on BP180, it is likely that they may compete for 
thiss binding site. 

Hopkinsonn and Jones, 2000) via sequences 
locatedd in its C-terminal half, encompassing the 
thirdd FNIII repeat (for BP180) and the C-terminal 
sequencess of the CS up to the fourth FNIII repeat 
(forr BP230). These sites are different from those 
implicatedd in the binding of plectin and its 
localizationn into HDs, which are located in the 
firstt pair of FNIII repeats and the N-terminal 
portionn of the CS (Geerts et al., 1999; Koster et 
al.,, 2001). Furthermore, we show that the 
bindingg sites on BP180 for plectin and BP230 
aree different from those involved in the binding 
too (34, and encompass the same stretch of 85 
aminoo acids in the N-terminal half of the 
cytoplasmicc domain of BP180. 
Thee different interactions between the various 
hemidesmosomall components are depicted in 
Fig.. 9, along with a model that shows how these 
interactionss are likely to contribute to the 
formationn of stable type I HDs. 

In te rac t io nn o f BP18 0 w i t h plecti n 
contribute ss to thei r localizatio n in HDs 
Thee localization of BP180 in HDs containing a6(34 
andd plectin has previously been shown to depend 
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onn an interaction of BP180 with the cytoplasmic 
domainn of (34 (Borradori et al., 1997; Schaapveld 
ett al., 1998). Interactions between the a6 
subunitt and the extracellular NC16a domain of 
BP1800 are probably also implicated (Hopkinson 
ett al., 1998). Here, we identified a third 
interactionn partner of BP180, i.e. plectin. 
Thee interaction between BP180 and plectin is 
nott sufficiently strong to induce the formation 
off HDs in the absence a6(34, because in (34-
deficientt PA-JEB cells, which contain BP180 and 
plectin,, no HDs are formed. However, it may 
strengthenn the interaction between a6(34, BP180 
andd plectin in a three-molecular complex, 
therebyy ensuring their proper incorporation in 
HDs.. Consistent with this idea, we found less 
plectinn in the (34- positive adhesion structures 
off the BP180-deficient GABEB keratinocytes than 
inn those of PAJEB/ |34 keratinocytes, at least as 
assessedd by immunofluorescence. Moreover, 
studiess with PA-JEB keratinocytes stably 
expressingg a mutant (34 subunit ((34R1281W) that 
iss unable to interact with plectin (Geerts et al., 
1999;; Koster et al., 2001) revealed that the 
incorporationn of BP180 into cell-substrate 



structuress is severely compromised. Only few 
cellss formed HD-like adhesion structures 
containingg a6p4, BP180 and BP230. Thus, 
althoughh a6p4 can bind to BP180, proper 
incorporationn of this protein into HDs only occurs 
whenn plectin is also available. 
Thee results with the PA-JEB/p4R1281w cells also 
suggestt that the role of plectin in supporting 
efficientt localization of BP180 in HDs cannot be 
replacedd by BP230. This is surprising considering 
thee fact that BP230 can interact with both (34 
andd BP180. Both BP230 and plectin probably 
bindd via sequences contained in their Y 
subdomainn to the same region (amino acids 145-
230)) on BP180 (see below). Thus, it is possible 
that,, when plectin is not bound to oc6f$4, it 
competess with BP230 for binding to BP180. 
However,, given the fact that the binding activity 
off BP180 for BP230 is greater than that for 
plectin,, this is not very likely. An alternative 
possibility,, which we favor, is that binding of 
plectinn to (34 is required for activating the J34 
cytoplasmicc domain, by unfolding it and 
renderingg it accessible for interaction with BP230 
(seee also Fig. 9). Evidence for such an 
intramolecularr folding of the p4 cytoplasmic 
domainn has been presented in both biochemical 
andd yeast two-hybrid assays (Rezniczek et al., 
1998;; Geerts et al., 1999). Regardless of what 
thee mechanism might be, it is clear that plectin 
andd BP230 are not exchangeable in their ability 
too support the formation of proper HDs. 
Inn view of our finding that binding to BP180 is 
mediatedd by the Y domain of plectin, it is 
interestingg to note that Pulkkinen et al. 
(Pulkkinenn etal., 1996) have described a deletion 
off three amino acids, QEA, in this region in a 
patientt with epidermolysis bullosa simplex 
associatedd with muscular dystrophy (EBS-MD). 
AA pathological consequence of this deletion, 
therefore,, could be that plectin is unable to bind 
too BP180, and that the ternary complex of a6p4, 
BP1800 and plectin, which serves as a platform 
forr the incorporation of BP230 into HDs (see 
below),, cannot be (properly) formed, leading to 
deficientt assembly of HDs. Future experiments, 
however,, should reveal whether indeed the 
deletionn of these three amino acids in the Y 
domainn prevents the binding of plectin to BP180. 
Inn previous studies (Hopkinson et al., 1995; 
Borradorii et al., 1997), it was found that the 36 
mostt N-terminal amino acids of the cytoplasmic 
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domainn of BP180 were implicated in the 
recruitmentt of BP180 into HDs. However, in this 
study,, no evidence was found for the involvement 
off this region in the localization of BP180 in HDs. 
Ann important difference between our study and 
thee study by Borradori et al. (Borradori et al., 
1997)) is that the latter used a chimeric protein, 
whichh consisted of the membrane targeting 
sequencee of K-ras fused to the cytoplasmic 
regionn of BP180, whereas in the present study 
full-lengthh BP180 has been used. Full-length 
BP1800 forms trimers (Hirako et al., 1996) and, 
therefore,, it is predicted that it interacts more 
stronglyy with (34 than the chimeric monomeric 
moleculee lacking the collageneous extracellular 
domain.. In that case, binding of full-length BP180 
too P4 may have become less dependent on 
additionall sites of interaction that reside on the 
cytoplasmicc domain of BP180. However, it 
remainss unexplained why we have not been able 
too detect an interaction between (34 and a BP180 
mutantt containing the first 36 amino acids 
(BP1801147)) in yeast two-hybrid interaction 
assays.. Perhaps the fusion of the N-terminus of 
BP1800 to the Gal4 (BD) has destroyed the (34-
bindingg site in the N-terminus of BP180. Although 
thee importance of the first 36 amino acids of 
BP1800 for the binding to (34 could not be 
confirmedd in the yeast two-hybrid system, the 
findingg that both BP1801231 and BP180145 401, but 
nott the amino acids 145-230 that are shared by 
thesee two constructs, interact with (34 suggests 
thatt there are two p4 binding sites on BP180. 
Onee of them is located in the first 230 N-terminal 
aminoo acids of the BP180 cytoplasmic domain 
andd the other is located C-terminally to this 
region.. Although the p4-binding site in the first 
2300 N-terminal amino Interactions acids of 
BP1800 may overlap with that for BP230 (see 
below),, the two sites are clearly not identical. 
Bindingg of p4 still occurs when the region of 
aminoo acids 145-230, which is essential and 
sufficientt for the interaction with BP230, has 
beenn deleted from the cytoplasmic domain of 
BP1800 (BP1801401'U45-230). In line with the results 
obtainedd in yeast, a full-length BP180 molecule 
carryingg this deletion became co-aligned with 
p44 in HD-like structures. 

Expressio nn of BP180 is require d fo r prope r 
localizatio nn of BP230 in HDs 
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Thee observation that in BP180-deficient 
keratinocytes,, BP230 was not co-localized with 
<x6|344 and plectin in HD-like structures but 
diffuselyy distributed over the cytoplasm indicates 
thatt (34 and plectin are not sufficient for the 
properr localization of BP230 into HDs. Efficient 
recruitmentt of BP230 only occurs when BP180 
iss also expressed in these cells (Schaapveld et 
al.,, 1998). However, it is likely that the additional 
bindingg site for BP230 that is provided on p4 
alsoo contributes to the recruitment of BP230 in 
HDs.. Thus, a model emerges in which a6(54 
interactss with plectin, after which they bind 
BP1800 in a ternary complex. Ultimately, BP230 
bindss to two components in the complex, i.e. 
«6(344 and BP180, and stable type I HDs are then 
formedd (Fig. 9). 
Ourr results show that sequences in the C-
terminall domain of (34 (the second pair of FNIII 
repeats)) interact with residues 1-56 of BP230, 
whichh are contained within the N-terminal 
domainn of BP230 (residues 1-980) that has been 
shownn to be involved in the interaction with (34 
(Hopkinsonn and Jones, 2000). In the same study, 
aa second [34 binding site on BP230 has been 
identifiedd in its C-terminal domain, residues 
1812-2649.. By contrast, we found that a 
fragmentt of BP230 encompassing residues 2077-
26499 did not associate with |34, but bound to 
intermediatee filaments in yeast and was able to 
decoratee intermediate filaments in transfected 
cellss (J. Koster, unpublished observations). It is 
possiblee that the binding site for (34 is located in 
thee region of amino acids 1812-2077 of BP230 
andd that this region contributes to the 
recruitmentt of BP230 into HDs. In support of 
this,, in transfection experiments with PA-JEB/ 
[344 cells, BP2301887 was localized in only very 
feww of the HDs, whereas a BP230 construct, 
whichh also includes the rod domain and the 
regionn 1812-2077 (BP23012161), was detected in 
aa higher percentage of the HDs. The rod domain, 
whichh is an integral part of all members of the 
plakinn family and is responsible for the 
dimerizationn of these molecules, may also 
contributee to the localization of BP230 in HDs 
byy its ability to dimerize the binding sites in the 
N-- and C-terminal domains. 
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BP2300 interact s wit h BP180 vi a it s Y 
domai n n 
Inn a recent study (Hopkinson and Jones, 2000) 
itt was shown that the first 170 amino acids, as 
welll as amino acids 555-700 of an N-terminal 
7000 amino acid fragment of BP230, are required 
forr its binding to BP1801517. Our finding that 
BP23015555 interacted with BP1801-401 shows that 
thee amino acids 555-700 of BP230 are not 
essential.. Furthermore, no binding was detected 
whenn a fragment containing the first 172 amino 
acidss of BP230 was used, whereas this fragment 
didd bind to [34. Binding of BP180 to BP230 
appearedd to be mediated by the Y subdomain 
off BP230. 
Thee importance of the Y subdomain for binding 
iss further supported by the fact that in transient 
transfectionn experiments using PA-JEB/(34 cells, 
BP2301-2161,, but not the construct from which 
thee Z-Y domain had been deleted (BP23012161 AZY) 
wass recruited into HDs. However, the latter 
constructt had a tendency, when expressed in 
transfectedd cells, to form aggregates in the 
cytoplasm,, which might prevent its recruitment 
intoo HDs. The fact that Hopkinson and Jones 
(Hopkinsonn and Jones, 2000) found that 
sequencess additional to the Z-Y subdomains of 
BP2300 are required for interaction with BP1801" 
517,, in contrast to our results with BP1801-401, may 
bee explained by their use of a less-sensitive assay 
system.. This is supported by the finding that 
BP1801-4011 binds more strongly to BP2301555 

andd BP2301"887 than to the isolated Z-Y and Y 
subdomainss of BP230 and, furthermore, that 
BP1801"401,, but not BP180145 230, can bind to the 
Z-YY and Y subdomains of BP230. Thus, it seems 
thatt additional sequences stabilize the interaction 
off the Y subdomain with BP230. We found, 
unexpectedly,, that the Y subdomain of 
desmoplakinn was also able to interact with 
BP180.. In fact, desmoplakin is not found in HDs 
(Greenn and Jones, 1996), but in desmosomes, 
inn which BP180 is not present. It is possible that 
desmoplakinn does not recruit BP180 into 
desmosomess (despite its ability to directly 
interactt with BP180) because a6[34 is absent 
fromm these adhesion complexes. This assumption 
iss indirectly supported by the observation that 
oc6[344 is necessary for the efficient recruitment 
off BP230 and plectin into HDs, despite the ability 
off these two molecules to bind to BP180 
(Borradorii et al., 1997; Schaapveld et al., 1998). 



Alternatively,, the interaction between plakins and 
cell-surfacee receptors might be subject to 
regulation.. Clearly, these results further stress 
thee important role of cc6(34 in the assembly of 
HDs. . 

Compariso nn of HD formatio n in viv o and 
inn culture d keratinocyte s in vitr o 
Thee crucial role of plectin in the formation of 
HDss as observed in cultured keratinocytes does 
nott seem to be supported by findings in vivo. 
Indeed,, it has been shown that HDs can be 
formedd in plectin-deficient mice, although the 
HDss appear to be rudimentary and their number 
iss reduced (Andra et al., 1997). We think that 
thiss discrepancy is partly due to a different role 
off BP180 in vitro and in vivo. As we have shown 
inn vitro, the clustering and polarization of BP180 
att the cell basis is entirely dependent on the 
presencee of oc6|54 and plectin, probably because 
thee specific ligand for BP180 is not produced by 
keratinocytess in culture. No polarized expression 
off BP180 was observed in f34-deficient PA-JEB 
keratinocytess (Schaapveld et al., 1998). By 
contrast,, in vivo, where the ligand for BP180 is 
almostt certainly present and deposited into the 
basementt membrane (it may be produced by 
thee mesenchymal cells), clustering of BP180 is 
probablyy less dependent on plectin and a6p4, 
andd thus can also occur in the absencee of plectin. 
BP2300 may then subsequently interact with the 
BP180-- a6p4 complexes, resulting in the 
formationn of rudimentary HDs. In support of this, 
wee have found that when a6(34 is absent, as in 
patientss with PA-JEB, some HDs can be 
observed,, the formation of which may have been 
initiatedd by interaction of BP180 with an 
unidentifiedd ligand in the epidermal basement 
membranee (Niessen et al., 1996). 
Inn conclusion, we have characterized interactions 
betweenn several molecules that are crucially 
involvedd in the assembly of HDs. We show that 
thee different hemidesmosomal components can 
interactt with multiple other components and that 
oftenn interactions with more than one 
componentt are required for their efficient 
recruitmentt into HDs. Our findings that the 
cytoplasmicc domain of (34 bears a scaffold of 
FNIIII repeats responsible for interactions with 
thee three major hemidesmosomal components 
plectin,, BP180 and BP230, underscores its 
essentiall role in the formation of HDs. 
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Chapterr 4 
AA singl e (J4 subuni t can bind tw o plecti n molecule s and 
evidenc ee for a rol e of plecti n in activatio n of the (J4 
cytoplasmi cc domai n 

J.. Koster, S. van Wilpe, I. Kuikman, S.H.M. Litjens, A. Sonnenberg 

Abstrac t t 
Bindin gg of a604 to plecti n is a critica l step in th e formatio n of hemidesmosome s in 
culture dd keratinocytes . Preventio n of thi s linkag e severel y reduce s th e incorporatio n 
off  BP180 and BP230 int o hemidesmosomes . We hav e previousl y show n tha t plecti n is 
recruite dd int o hemidesmosome s throug h associatio n of it s actin-bindin g domai n (ABD) 
wit hh th e firs t pai r of fibronecti n typ e I I I repeat s (FNI I I ) and a smal l par t of the 
connectin gg segmen t (residue s 1328-1355) of 04. Consisten t wit h a rol e of thi s regio n 
off  th e connectin g segmen t in supportin g 04-mediate d recruitmen t of plectin , we here 
demonstrat ee tha t substitutio n of tw o prolin e residue s in thi s regio n (P1330, P1333) 
abrogat ee th e recruitmen t of plecti n by 04. 
Wee furthe r sho w tha t a regio n of th e connectin g segmen t (residue s 1382-1436), 
implicate dd in th e intra-molecula r associatio n wit h th e C-tai l of 04, can bin d to th e 
plaki nn domai n of plectin . Bindin g site s fo r a secon d plecti n molecul e wer e show n to 
bee locate d in th e fourt h FNI I I repea t and th e C-tai l of 04. For th e bindin g of thi s secon d 
plecti nn molecul e th e same region s are involve d by whic h also th e firs t plecti n molecul e 
iss  boun d to 04. Importantly , th e bindin g of th e secon d plecti n molecul e can onl y occu r 
afte rr  th e firs t plecti n molecul e has associate d wit h 04. Together , thes e result s suppor t 
aa mode l in whic h bindin g of th e firs t plecti n molecul e activate s th e 04 cytoplasmi c 
domai nn in suc h a way tha t a secon d plecti n molecule , as wel l as BP180 and BP230 can 
bee bound . 

Introductio n n 
Hemidesmosomess (HDs) are multi-protein 
complexess that facilitate firm adhesion of 
stratifiedd and complex epithelia to the basement 
membrane.. They provide the linkage of the 
intracellularr keratin intermediate filaments to the 
lamininn constituents of the extracellular matrix 
(Borradorii and Sonnenberg, 1999). HDs consist 
off at least five components, threee of which are 
transmembranee proteins: the integrin a6p4 
whichh serves as a receptor for the extracellular 
matrixx component laminin-5 (Stepp etal., 1990; 
Sonnenbergg etal., 1991; Niessen etal., 1994), 
thee collagenous bullous pemphigoid antigen 
BP1800 (Giudice etal., 1992) and the tetraspanin 
CD1511 (Sterk etal., 2000). 
Thee other two components, the bullous 
pemphigoidd antigen BP230 (Stanley etal., 1981) 
andd plectin (Hieda et at., 1992; Gache et at., 
1996),, are cytoplasmic proteins that belong to 
thee plakin family of proteins, which also include 
desmoplakin,, envoplakin and periplakin. These 
proteinss are critically involved in the organization 
off the cytoskeleton (Ruhrberg and Watt, 1997; 

Leungg et at., 2001). Plakins are composed of 
domainss with considerable sequence homology. 
Theirr N-terminus consists of a plakin domain 
containingg a number of subdomains of high a-
helicall content, designated NN, Z, Y, X, W and 
V,, while the central coiled-coil rod domain is 
composedd of heptad repeats involved in the 
dimerizationn of the plakin (Green etal., 1992). 
Finally,, their C-terminal end contains one or more 
homologouss repeat sequences referred to as 
plectinn repeats. In plectin, a calponin-type actin-
bindingg domain (ABD) precedes the plakin 
domainn (McLean etal., 1996). BP230 lacks such 
ann ABD, but variants that do contain an N-
terminall ABD can be produced from the same 
BPAG1BPAG1 gene by the use of alternative 
transcriptionn start sites (BPAGlnl and BPAGln2) 
(Brownn et at., 1995). Other variants (BPAGl-a 
andd BPAGl-b) also differ in their carboxy 
terminuss (Leung etal., 2001) and share features 
off proteins of both the spectrin and plakin 
familiess and therefore are referred to as 
spectraplakinss (Roper et a/., 2002). While the 
C-terminall end of plakins has binding properties 
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forr intermediate filaments, the N-terminal plakin 
domainn harbors specific sequences that target 
thee proteins to distinct membrane sites, such as 
desmosomess and HDs (Rezniczek et ai, 1998; 
Geertss etai, 1999; Hopkinson and Jones, 2000; 
Kosterr et ai, 2003). 
Althoughh ablation of BP230 or plectin in mice 
compromisess the mechanical stability of the 
epidermall sheet, its effect on the HD 
ultrastructuree is relatively weak (Guo eta/., 1995, 
Andraa et ai, 1997). In either case, HDs are 
formedd but the attachment of intermediate 
filamentt to the hemidesmosomal plaque is 
reducedd or even completely absent. The 
epidermall phenotype of the plectin null mutant 
micee resembles that of patients suffering from 
epidermolysiss bullosa simplex, a hereditary skin 
blisteringg disease that is associated with 
muscularr dystrophy (MD-EBS). In these patients, 
aa wide spectrum of mutations have been 
identifiedd in the plectin gene, presumed to be 
responsiblee for this disease (McLean etai, 1996; 
Smithh etai, 1996; Uitto etai., 1996). 
Thee a6(34 integrin plays an important role in the 
maintenancee of skin integrity as indicated by the 
studyy of human disease (Vidal etai, 1995; Ruzzi 
etai,etai, 1997) and null mutations in mice (van der 
Neutt et ai, 1996; Georges-Labouesse et ai, 
1996;; Dowling et ai, 1996). Its loss causes a 
distinctt form of junctional epidermolysis bullosa 
associatedd with pyloric atresia (PA-JEB), 
characterizedd by fragility and extensive blistering 
off the skin. In affected patients HDs are 
rudimentaryy or completely absent. Extensive 
blisteringg of the skin and loss of HDs are also 
phenomenaa associated with the absence of 
laminin-5,, supporting the conclusion that this 
moleculee is the principle ligand recognized by 
a6[344 in the epidermis. In contrast to the severe 
defectss seen when a6(34 expression is lost, the 
symptomss associated with the absence of BP180 
aree relatively benign, i.e. mild epidermal fragility. 
Furthermore,, only some minor abnormalities in 
thee structure and number of HDs have been 
reportedd (Jonkman etai, 1996; McGrath etai, 
1995). . 

Thee large cytoplasmic domain of the integrin (34 
subunitt is essential for the formation of HDs 
(Nieverss etai, 1998; Murgia etai, 1998). It is 
overr 1000 amino acids long, and contains two 
pairss of fibronectin type I I I (FNIII) repeats that 
aree separated by a connecting segment (CS) 
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(Borradorii and Sonnenberg, 1999). The first pair 
off FNIII repeats and the first 35 N-terminal 
residuess of the CS of the (34 integrin are required 
forr the recruitment of plectin into HDs (Niessen 
ett ai, 1997a; Niessen et ai, 1997b). The third 
FNIIII repeat mediates binding to BP180 
(Borradorii etai, 1997; Schaapveld etai, 1998), 
whilee the third and fourth repeat have been 
implicatedd in the binding to BP230 (Hopkinson 
andd Jones, 2000; Koster et ai, 2003). 
Previouss studies have indicated an important role 
off the ABD of plectin in the recruitment of this 
proteinn into HDs (Geerts etai, 1999). However, 
additionall binding sites for (34 on plectin have 
beenn described, but their exact function is not 
clearr (Rezniczek et ai, 1998). In this study we 
confirmm the presence of one or more additional 
(344 binding sites in the plakin domain of plectin, 
andd present evidence that these sites together 
withh the ABD form a large binding surface for 
(34.. Furthermore, we provide data supporting a 
modell in which a single 34 subunit can bind two 
plectinn molecules. Binding of the first plectin 
moleculee occurs in two adjacent regions of the 
(344 cytoplasmic domain, i.e. the first pair of FNIII 
repeatss and the CS, whereas the second plectin 
moleculee binds to the fourth FNIII repeat and 
thee C-tail. Of particular interest is the fact that 
thee binding site for the first plectin molecule in 
thee CS of [34 is not essential for its recruitment 
intoo HDs. However, because this site is also 
involvedd in the intra-molecular folding of the (34 
cytoplasmicc domain (Geerts etai, 1999; Nievers 
etai,etai, 1998), binding of plectin to it might lead 
too unfolding of the cytoplasmic domain, thereby 
exposingg binding sites for the second plectin 
molecule,, as well as for BP180 and BP230. 
Finally,, we identified two proline residues in the 
regionn 1328-1355 in the CS of (34 that are critical 
forr the recruitment of plectin into HDs. 

Material ss  and Method s 
Celll  line s and antiser a 
Thee (J4-deficient PA-JEB and plectin-deficient MD-EBS 
keratinocytee cell lines have been described previously 
(Schaapveldd etai, 1998; Geerts etai, 1999). The cells 
weree grown in keratinocyte serum-free medium (SFM) 
(Gibco-BRL)) supplemented with bovine pituitary extract, 
55 ng/ml EGF, 100 U/ml penicillin and 100 U/ml 
streptomycin.. The African monkey kidney cell line COS-7 
wass maintained in DMEM (Gibco-BRL) containing 10% (v/ 



v)) fetal calf serum (FCS), 100 U/ml penicillin and 100 U/ 
mll streptomycin. 
Thee mouse mAbs 121 against plectin/HDl (Hieda et al., 
1992)) and 233 against BP180 (Nishizawa et al., 1993) 
weree generously provided by Dr. K. Owaribe (University 
off Nagoya, Nagoya, Japan). The human mAbs 5E and 
10DD against BP230 (Hashimoto etal., 1993) were a kind 
giftt of Dr. T. Hashimoto (Kurume Univeristy, Kurume, 
Fukuoka,, Japan). Mouse mAb 7A8 against plectin/HDl 
wass purchased from Sigma. Purified rabbit polyclonal 
antibodyy D16 against the ABD of plectin/HDl has been 
describedd previously (Geerts etal., 1999). Alex Fluor® 568 
phalloidinn (Molecular. Probes; Eugene, OR) was used to 
stainn F-actin. The mouse mAb 12CA5 against the 
haemaglutininn (HA)-epitope (YPYDVPDYA), and the rabbit 
polyclonall antibodies against the extracellular domain of 
b44 (sc-9090), against the extracellular domain of the 
interleukinn 2 receptor (IL2R) (sc-665), and against plectin 
(C20,, sc-7572) were purchased from Santa Cruz 
Biotechnologyy (Santa Cruz, CA). Secondary antibodies 
weree obtained from Rockland (Gilbertsville, PA) (FITC 
conjugatedd goat anti-mouse IgG), Molecular Probes (anti-
rabbitt IgG, Alexa-488 conjugated goat anti-human IgG) 
andd Amersham Pharmacia Biotechnology (horse radish 
peroxidase-coupledd sheep anti-mouse and -donkey anti-
rabbitt IgG). 

DNAA construct s 
Thee construction of expression vectors encoding chimeric 
proteinss containing the extracellular and transmembrane 
domainn of the IL2R and (parts of) the intracellular domain 
off the major (34 integrin variant (34A, pCMV-IL2R/(i4 and 
pCMV-IL2R/p4R1281w,, have been described previously 
(Nieverss etal., 1998). The vectors pCMV-IL2R/p4^3831"37, 
pCMV-IL2R/p4R1281ww < ii383-M37,f pCMV-IL2R/p4167 , pCMV-
IL2R/p4R1281w'' 167  were generated using standard cloning 
techniques.. The retroviral expression vectors, pLZRS-fJ41670, 
.Q4R12B1W,, 1670 _fUA1383-H37 .Q^RUSIW (JU383-1437) .0^1355 _[UP1330, 

P1333A,, a n d -p4 P 1 6 1 0 ' P 1 6 1 3 A were obtained by cloning 04 cDNA 
fragmentss derived by site directed mutagenesis into the 
retrovirall vector LZRS-IRES-zeo (Sterk etal., 2000). cDNA 
fragmentss encoding full-length plectin as well as truncated 
polypeptidess were subcloned into the multiple cloning sites 
off eukaryotic expression vector pcDNA-HANII (Invitrogen), 
whichh allows for expression of a recombinant protein that 
iss tagged with haemaglutinin (HA) at the N-terminus. All 
nucleotidee and amino acid positions are numbered with 
thee ATG initiation codon at position one (accession no. 
U532044 for plectin, and X51841 for (34). Plasmid inserts 
weree generated by restriction enzyme digestion or PCR 
usingg the proofreading Pwo DNA polymerase (Boehringer 
Mannheim)) and gene-specific sense and antisense primers 
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containingg restriction site tags. Numbers in superscript 
correspondd to the amino acid residues of subclones. 

DNAA Transfection s and Immunofluorescenc e 
Microscop y y 
PA-JEBB or MD-EBS cells were grown on glass coverslips to 
40%% confluence in 12-well tissue culture plates (Falcon; 
Bectonn Dickinson, Lincoln Park, NJ). Transient transfections 
weree performed with 0,2-0,8 ug cDNA using Lipofectin, 
accordingg to the manufacturer's instructions (Gibco-BRL). 
Transfectionn mixtures were replaced by SFM medium after 
55 h and incubated in this medium for 24 h. Subsequently 
thee SFM medium was replaced by HAMF12/DMEM (1:3) 
forr an additional 16 h after which the cells were processed 
forr immunofluorescence microscopy as described 
previouslyy (Schaapveld etal., 1998; Geerts etal., 1999). 
Coverslipss were mounted in Mowiol/DABCO and viewed 
underr a Leica confocal scanning laser microscope. 

RT-PCR R 
RNAA from PA-JEB/P4 and MD-EBS cells was isolated using 
RNA-Beee (Tel-test, Inc.) and cDNA was made using 
Superscriptt reverse transcriptase (GibcoBRL). The cDNA 
wass used for PCR with primers specific for the exon 
boundariess flanking the rod domain of plectin. 

Co-immunoprecipitatio n n 
COS-77 cells were grown to 70% confluence in 10 cm 0 
culturee dishes (Falcon) and transiently transfected with 
7.55 ug cDNA using DEAE-dextran, as described previously 
(Schaapveldd et al., 1998). Cells were incubated with 
transfectionn medium for 3 h, which was then replaced by 
DMEMM medium. After 24 h this medium was replaced by 
DMEMM containing 5 mM sodium butyrate. Following a 24 
hh incubation the cells were washed twice with PBS and 
lysedd in MPER lysis buffer (Pierce) containing a cocktail of 
proteasee inhibitors (Sigma) by gentle shaking on ice during 
155 min. Lysates were centrifuged at 13,000 x gfor 10 min 
att C and incubated for 16 h at C with 100 ul of 12CA5 
mousee mAb (anti-HA) and then incubated for 30 min at 

CC with 30 \i\ of a 50% slurry of GammaBind™ G 
Sepharose™™ (Amersham Pharmacia Biotech. AB). Beads 
weree washed 3 times with lysis buffer and incubated at 

CC for 5 min. in the presence of Laemmli sample buffer. 
Proteinn samples were loaded on a 4-20% gradient Tris-
glycinee gel (Invitrogen) and transferred to PVDF 
membranes,, which were subsequently decorated with 
polyclonall antibodies against IL2R or HA. Proteins were 
detectedd using the ECL Dura kit from Pierce. 
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Fig .. 1 Distributio n of plecti n and othe r HD component s in PA-JEB cell s stabl y expressin g differen t 
(344 mutants . 
PA-JEBB cells stably expressing (541355 (A-C), p4P1330' m33A (D-F) or p4pi6io.pi6i3A (G.|), w e re stained for (34 
(red;; A,B,D,E,G,H), plectin (green; A,D,G), BP180 (green in B,E,H and red in C,F,I) and BP230 (green; 
C,F,I).. Co-localization appears as yellow. Note that p41355, but not p4P1330-P1333A is co-localized with plectin, 
andd that the co-localization of both P4 mutants with BP180 and BP230 is dramatically reduced as compared 
too that of P4P1610 P1613A. 

Yeastt  two-hybri d interactio n assay 
Yeastt two-hybrid interactions assays were performed as 
describedd previously (Schaapveld et al, 1998; Geerts et 
al.,al., 1999). Constructs were generated using standard 
cloningg techniques. All nucleotide and amino acid positions 
aree numbered with the ATG initiation codon at position 
one.. Plasmid inserts were generated by restriction enzyme 
digestionn or PCR using the proofreading Pwo DNA 
polymerasee (Boehringer Mannheim) and gene-specific 
sensee and antisense primers containing restriction site 
tags.. Numbers in superscript correspond to the amino acid 
residuess of subclones encoded within the GAL4 (AD) or -
(BD)) fusion proteins. Vectors used were the yeast GAL4 
ADD or BD expression vectors pACT2 or pAS2.1 (Clontech), 
respectively. . 

p-Galactosidas ee assay 
Forr the quantitative analysis of p-galactosidase activity, 
fivee yeast colonies were combined and grown to an OD660 

off approximately 1.0 in selective medium lacking leu and 
trp.. p-Galactosidase activity was determined at C using 
thee Pierce yeast p-galactosidase assay kit (75768) with 
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O-nitrophenyll p-D-galactopyranoside as substrate. The A4K 

wass measured in an ELISA-reader and the time at which 
thee reaction reached a value of 0.2 was taken to calculate 
thee p-galactosidase activity using the equation: 1,000 x 
A405/(celll volume (ml) x time of reaction (min) x OD660). 
Sampless that did not reach this value within 4 h were left 
overnightt and measured the next morning. The final values 
aree the results of three independent determinations 
measuredd in triple 

Result s s 
Stabl ee expressio n of a truncate d pM mutan t 
tha tt  induce s th e recruitmen t of plecti n int o 
HDss in pM deficien t PA-JEB cell s 
Inn a previous study using |34-deficient PA-JEB 
keratinocytes,, we have shown that the transient 
expressionn of a (34 mutant truncated at position 
13555 ((341355), but not one that was truncated at 
positionn 1328 ((341328) resulted in the recruitment 
off plectin into HD-like structures (Schaapveld et 
al.,al., 1998). In agreement with these findings, we 
noww show that in PA-JEB cells that stably express 



p41355,, the localization of plectin largely 
overlappedd with that of the mutated (34 protein, 
i.e.. the two proteins were co-localized in HD-
likee structures at the basal cell surface (Fig. 1, 
A).. By contrast, BP180 or BP230 were not or 
onlyy little present in HD-like structures. They 
remainedd mainly diffusely distributed over the 
plasmaa membrane and in the cytoplasm, 
respectivelyy (Fig. 1, B,C). The recruitment of 
plectinn by (341355 is facilitated by a direct 
interactionn of the mutant (34 protein with the 
ABDD of plectin, since a fragment containing the 
sequencess 1115-1355 of (34 ((3411151355) 
specificallyy interacted with the plectin-ABD in 
yeastt two-hybrid and biochemical assays (Geerts 
etet ah, 1999; Litjens et ah, in press). The same 
fragmentt truncated at amino acid 1328 (|341115-
1328)) also interacted with the plectin-ABD, but 
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withh lower affinity than (341115"1355, as assessed 
byy quantitative (3-galactosidase activity assays 
(Fig.. 2, B,C). 
Collectively,, these findings show that the region 
off amino acids 1115-1328 of (34 is sufficient for 
bindingg of plectin in yeast, but not for its 
recruitmentt in cells for which the sequences of 
aminoo acids 1328-1355 are also necessary, 
probablyy because these additional sequences 
modulatee or stabilize the binding of the plectin-
ABD. . 

Identificatio nn of th e critica l residue s in the 
regio nn 1328-1355 of th e CS of [34, tha t are 
involve dd in th e recruitmen t of plecti n int o 
HDs s 
Closee examination of the sequence of amino 
acidss 1328-1355 of human (34 and comparing it 

1115 5 

if iBÉMittnMMWml'J'f^^^^ " " 

Rat t 

Mouse e 

Human n 

1328 8 

II  D I  IVDAQGGEDYENFLMYSDDVLR 

II  D I  IVDAQGGEDYENFLMYSDDVLR 

II  D I  IVDAQSGEDYDSFLMYSDDVLR 

1355 5 

B B 
Plec 1™ ™ 

PJ44 1115-1328 

R44 1115-1355 

R44 1115-1457 (Y1343F) 

R44 1115-1457 (Y1349F) 

3 44 1115-1457 (Y1343F, Y1349F) 

Q44 1115-1457 (P1330A, P1333A) 

+ + 

++ 4-

++ + 

++ + 

++ + 

++ + 

14577 135 5 p p 145 7 p p pac t  pas/pac t 

Fig .. 2 Identificatio n of critica l residue s in the connectin g segmen t of (34 tha t affec t bindin g activit y 
off  the plectin-AB D for (34. 
(A)) Schematic representation of the cytoplasmic domain of (34. The underlined region (1115-1355) indicates 
thee minimal region to obtain recruitment of plectin in cell transfection experiments. The boxed sequence 
showss the homology between rat, mouse and human for the region of the connecting segment that is 
requiredd for recruitment of plectin, and depicts the locations of tyrosine (Y) and proline (P) residues. (B) 
Yeastt two-hybrid analysis of the binding of (341115-1328, p^ns-"^ 4̂1115-1*57 (YI343F) 641115-1457 (Y1349F) o^us-Usf 
(Y1343F.. Y1349F, a n d p4 in5-i457(pi33o. P1333A) t 0 p|ec

1339. (C) Quantitative p-galactosidase assay showing the strength 
off interactions between the various (34 constructs and plec1339 in yeast. The values indicated are arbitrary 
valuess and representative of multiple assays. pACT, represents a negative control in which pAS-plec1339 

waswas cotransfected with an empty pACT vector. ++ indicates growth of yeast colonies on SC-LTHA plates 
withh an efficiency of more than 80% compared to the growth of colonies on SC-LT plates, + indicates 
growthh of yeast colonies on SC-LTHA plates with an efficiency of more than 30% compared to the growth 
off colonies on SC-LT plates. 
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Fig .. 3 Yeast two-hybri d (A) and biochemica l (B) analysi s of the interaction s betwee n the cytoplasmi c 
domai nn of f>4 and the N-terminu s of plectin . 
(A)) Binding of various regions of f>4 to different N-terminal fragments of plectin. Interactions were scored 
+++,, when the number of colonies on selective SC-LTHA plates was greater than 90% of that on non-
selectivee SC-LT plates at 5 days of growth; ++, when it was 70-90%; (+), when no or only small colonies 
weree present at 5 days, but fully developed colonies (60-80%) were present at 10 days of growth; and - , 
whenn there were no colonies detected after 10 days of growth. * indicates a double point mutation (ND>ST) 
inn the ABD of plectin that abrogates binding of this domain to (34. (B) Different combinations of the indicated 
IL2RR chimeric constructs and HA-tagged plectin mutants were transiently transfected into COS-7 cells and 
subjectedd to immunoprecipitation with anti-HA antibodies. Shown are immunoblot analyses of the precipitates 
(topp panel) and total cell lysates (bottom panel), probed with anti-IL2R antibody. Cells transfected with the 
variouss IL2R chimeric constructs and an empty vector (mock) serve as a negative control for the HA-
taggedd proteins that were co-precipitated with the different IL2R chimeras. 

withh that of the mouse and the rat, revealed 
somee interesting features (Fig. 2, A). First, in all 
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three,, two conserved tyrosine residues are 
presentt at positions 1343 and 1349 that, when 



phosphory la ted,, may regulate the interact ion 
betweenn p4 and plect in. However, subst i tut ion 
off these residues by phenylalanine in fu l l - length 
p44 had no effect on the abil i ty of the mutated 
(344 subuni t t o induce the format ion of HD-like 
structures,, containing plectin, BP180 and BP230: 
i.e.. the HD-like structures formed by p4Y1343F or 
P4Y1349FF w e r e indistinguishable from those formed 
byy wild-type [54 (data not shown). Consistent 
withh the ability of p4Y1343F and p4Y1349F to recruit 
plectinn into HDs in transfected cells, a p4 
fragmentt (1115-1457) carrying either one or the 
otherr tyrosine residue substituted for 
phenylalaninee normally interacted with the 
plectin-ABDD (plec1339) in yeast two-hybrid assays 
(Fig.. 2, B). 
Inn addition to the two tyrosine residues, the (34 
regionn 1328-1355 contains two proline residues 
att positions 1330 and 1333 that fit the consensus 
sequencee PXXP for binding SH3 domains 
(Alexandropouloss etai, 1995). Substitutions of 
thesee proline residues by alanine slightly reduced 
thee binding activity of a (34 fragment, 
encompassingg amino acids 1115-1355, for the 
ABDD of plectin in yeast when compared to the 
wild-typee fragment (Fig. 2, B,C). However, when 
testedd in the context of a larger (34 fragment 
(1115-1457),, including the complete CS, the 
effectt of the double point mutation was more 
pronounced.. Interestingly, this larger fragment 
alsoo bound more strongly to the plectin-ABD, 
whereass a slightly shorter (34 fragment (1115-
1382)) showed a binding activity intermediate 
betweenn that with p411151355 and p411151457, thus 
establishingg a relationship between the binding 
activityy of the first pair of FNIII repeats in P4 
andd the length of the CS. 
Whenn the prolines were substituted by alanine 
inn full-length (34 and this was stably introduced 
intoo PA-JEB cells, the recruitment of plectin by 
(344 was prevented and its ability to efficiently 
inducee HD-like structures containing BP180 and 
BP2300 was lost (Fig. 1, D-F). In contrast, a p4 
mutantt carrying two proline substitutions 
(P1610A,, P1613A) located between the third and 
fourthh FNIII repeat (p4pl61 P1613A) behaved as 
wild-typee (34 (not shown), and was co-localized 
withh plectin, as well as with BP180 and BP230 
(Fig.. 1, G-I). 
Inn conclusion, these results show that sequences 
inn the CS of [34 enforce the binding activity of 
thee first pair of FNIII repeats for the ABD of 
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plectin,, and that the two proline residues (1330 
andd 1333) in this region are essential for the 
recruitmentt of plectin into HDs. 

Identificatio nn of additiona l bindin g site s 
inn th e CS and C-tai l of (34 tha t mediat e 
bindin gg to th e plaki n domai n of plecti n 
Althoughh the results with the [34 mutant 
truncatedd at position 1355 indicate that the 
bindingg of the ABD of plectin to the integrin (34 
subunitt is sufficient for recruiting plectin into HD-
likee structures, they do not exclude the presence 
off additional (34 binding sites on plectin that might 
stabilizee and/or facilitate this interaction. In fact, 
evidencee for the presence of such sites has been 
providedd by Rezniczek etal. (1998), who showed 
thatt a plectin fragment covering the amino acids 
encodedd by exons 12-24 (amino acids 548-1128) 
bindss to [34 in blot overlay assays. Although at 
thatt time we were unable to confirm these results 
inn yeast two-hybrid interaction assays, using a 
similarr fragment comprising most of the 
sequencess of the plakin domain (amino acids 
284-1154),, we have always been intrigued by 
ourr finding that the ABD of plectin, when 
expressedd in plectin-deficient MD-EBS 
keratinocytes,, is only poorly localized into HD-
likee structures (in 1-2% of thee transfected cells). 
Wee therefore have re-evaluated the binding of 
plectinn to 04 in yeast-two hybrid interaction 
assayss using a newly isolated plectin fragment 
lackingg the ABD. As shown in Fig. 3A, this new 
fragmentt (plec2841154) strongly interacted with 
P41115-14366 a n d p4l38M667^ b u t n o t w j t h p41115-1382 

andd p414361667. Because the |3411151436 and (341382" 
16677 mutant proteins share the stretch of amino 
acidss 1382-1436 in the CS, we assume that this 
regionn is responsible for most, if not all, of the 
plectin-bindingg activity of these two p4 
fragments.. Indeed, a P4 fragment, which lacks 
thee region 1383-1437 in the CS (p41115"1457 (A1383" 
1437>),, did not interact with plec284"1154; it only binds s 
too those fragments that contain the ABD of 
plectin,, plec1339 and plec1606. Additionally, the 
plec28411544 fragment strongly interacted with a 
C-terminall fragment of P4, encompassing the 
fourthh FNIII repeat and the C-terminal tail (p41S7 -
17S2).. Since plec2841154 did not interact with p41436" 
16677 and only weakly with p416671752, which share 
thee fourth FNIII repeat and the extreme C-tail, 
respectivelyy with p415701752, it is likely that both 
thesee regions are required for strong binding. 
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Fig.. 4 MD-EBS cells express a rod-less variant of plectin. 
(A)) Immunofluorescence of MD-EBS cells stained for (34 (red) and different domains of plectin (green). The 
rodd domain of plectin is recognized by the mAbs 121 and 7A8, and the N-terminal ABD and C-terminal 
plectinn repeats by the polyclonal antibodies D16 and C20, respectively. (B) Analysis by western blotting of 
MD-EBSS and PA-JEB/p4 cells using different anti-plectin antibodies. Rod-less plectin, detected with D16 or 
C20,, migrates just below wild-type (full-length) plectin (C) PCR with specific primers to detect the presence 
off transcripts for rod-less plectin, on cDNA synthesized from mRNA of PA-JEB/p4 and MD-EBS cells. As a 
positivee control, a cDNA construct of full-length plectin was used. 

Thee location of the binding site within plectin 
forr the CS of (34 could be restricted to a stretch 
off 267 amino acids (339-606), since a construct 
encompassingg the first 606 amino acids of plectin 
(plec1606),, but not one that is truncated at 
positionn 339 (plec1339) bound to (3413821667. Both 
fragmentss also bound to (341115"1436, plec1339 by 
virtuee of its ABD and plec1-606 because it also 
containss the binding site for the CS of (34. The 
dispensabilityy of the ABD for binding of plec1606 

too (3411151436 was further analyzed by introducing 
twoo point mutations, N149S/D150T, in the ABD. 
Wee have previously shown that these mutations 
abrogatee the binding of plec1339 to a fragment 
off (34 containing the first pair of FNIII repeats 
andd the complete CS (f3411151457) (Litjens etal., 
inn press). In agreement with this finding, these 
mutationss also eliminated the binding of plec1' 
6066 f-Q 341115-1382 o r p41115-1457 (A1383-l«7)_ \fije C 0 U | d, 

however,, detect binding of the mutant plec1'606 

fragmentt to p41115-1436. Together these findings 
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showw the presence of a separate binding site on 
plec16066 for the CS of (34. Unfortunately, binding 
off a fragment corresponding to the region 284-
6066 of plectin to (34 could not be demonstrated 
becausee of strong auto-transactivation of this 
fragment. . 
Likee the two fragments that share the region 
1382-14366 of the CS, the C-terminal fragment 
off (34 ((3415701752) that interacts with plec2841154 

alsoo strongly binds to plec1606. However, 
unexpectedly,, binding of this (34 fragment is 
almostt completely abolished by the above double 
pointt mutation in the ABD that abrogates the 
bindingg of plec1606 to (3411151382. Of note is that 
thee ABD itself does not bind (3415701752. This 
suggestss that the ABD is part of a large binding 
surfacee that also includes the region 284-1154 
off the plakin domain of plectin. For binding in 
yeastt the 284-606 must be connected to either 
thee N-terminal ABD or to the region following it, 
upp to position 1154. The importance of 



sequencess in the C-tail of [34 for proper 
functioningg of a6(34 in HDs is underscored by 
thee fact that homozygosity for a nonsense 
mutationn in the (34 gene for this region (Q1714X) 
leadss to a lethal form of junctional epidermolysis 
bullosaa (Nakano et al., 2001). As a result of this 
mutation,, the C-terminal (34 fragment ((3415701714) 
iss unable to bind to the plectin fragments, plec1 

6066 and plec284"1154. 
Togetherr these results show that there are two 
additionall binding sites on (34, one in the CS and 
anotherr in a fragment encompassing the fourth 
FNIIII repeat and the C-tail (IV-C-tail) that 
mediatee interaction with the plakin domain of 
plectin. . 

Co-immunoprecipitat ion ss revea l th e 
importanc ee of bot h th e (34 C-tai l and th e 
CSS in bindin g to plecti n 
Too confirm the results obtained by the yeast two-
hybridd assay, different HA-tagged plectin 
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constructss were tested for association with the 
cytoplasmicc domain of (34 (expressed as a 
chimericc construct with the extracellular and 
transmembranee domain of the interleukin-2 
receptor,, IL2R) in COS-7 cells. Upon lysis of the 
cellss and immunoprecipitation of the plectin 
constructss with anti-HA antibodies, associated 
IL2R/J344 was detected by immunoblotting. 
Ass shown in Fig. 3B, (34 was shown to be 
associatedd with all plectin constructs that contain 
thee ABD, i.e. plec1339, plec1606 and plec11154. 
Furthermore,, the IL2R/(34 chimera was co-
precipitatedd with plec2841154, which interacts with 
thee CS and IV-C-tail of (34 by its binding sites in 
thee plakin domain. This association, however, 
appearedd somewhat weaker than with plec1339, 
whichh may point to a lower affinity. A P4 subunit 
inn which the binding site for the plectin-ABD is 
mutatedd ((34R1281W) bound to plec1606, plec2841154 

andd plec11154. No association was detected with 
plec13399 that lacks binding sites for the CS and 
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Fig.. 5 Expression and distribution of different fragments of plectin in transfected COS-7 cells and 
MD-EBSS keratinocytes 
(A)) Lysates of COS-7 cells, transfected with the indicated HA-tagged plectin constructs were analysed by 
immunoblottingg using anti-HA. (B) MD-EBS keratinocytes were transiently transfected with cDNAs encoding 
HA-taggedd plec1339 (A-C), plec1606 (D-F), plec11164 (G-l) or plec284"54 (J-L). Cells were fixed and double 
immunolabeledd for the different HA-tagged plectin mutants (green; A, D, G, J) and (34 (red; B, E, H, K). 
Mergedd images are shown in C, F, I and L. Co-localization appears as yellow. 

79 9 



1 1 

D D 

* * 

B B 

111 / 

E E 

XL.'-- J ^ 
vv —... ---s r̂ 

/ / 

F F 

^^  n A / 

Fig.. 6 Distribution of different fragments of plectin in transfected PA-JEB/p4 keratinocytes 
PA-JEB/(344 keratinocytes were transfected with cDNAs encoding HA-tagged plec1339 (A,B), plec1606 (C), 
plecin544 (D,E) or plec2841154(F), and processed for immunofluorescence microscopy as described for Fig. 
6.. Merged images show the HA-tagged plectin mutants in green (A-F), and pM (A,C,D,F) or F-actin (B,E) in 
red.. Co-localization appears as yellow. 

IV-C-taill of (34. Removal of the residues 1383-
14377 from the CS (p4J1383H37) or truncation of 
p44 at position 1670, by which the C-tail is 
removedd ((341670), eliminated the binding to 
plec2841154,, whereas binding to plec1339, plec1605 

orr plec11154 was unaffected. When in the p4il383~ 
14377 and P41670 constructs R1281 had also been 
mutated,, binding to these latter plectin 
constructss was either greatly reduced (p4R1281w 

(A1383-M37))) o r e v e n completely abrogated (p4R1281w-
1670} } 

Takenn together these results indicate that plectin 
bindss to p4 by three regions: the first pair of 
FNIIII repeats (1115-1355) via the ABD and the 
CSS (1382-1436) and the C-tail (1667-1752) via 
thee plakin domain of plectin. Furthermore, the 
resultss indicate that the binding of the CS and 
C-taill of P4 to plectin is relatively weak and that 
thesee parts of P4 by themselves cannot mediate 
interactionn with plectin. 
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MD-EBSS keratinocyte s expres s a rod-les s 
varian tt  of plecti n 
Inn further studies on the binding of P4 to plectin, 
wee made use of MD-EBS keratinocytes (Geerts 
etal.,etal., 1999). These cells have been established 
fromm an EBS patient homozygous for an 8-bp 
duplicationn in exon 31 (Smith etal., 1996), which 
encodess the entire rod domain of plectin (McLean 
etet a!., 1996). As a consequence, the cells did 
nott react with the anti-plectin mAbs 121 and 
7A88 that recognize epitopes on the central rod 
domainn of plectin (Okumura etal., 1999; Foisner 
etal.,etal., 1994). Unexpectedly, in further analyses, 
itt became clear that the MD-EBS cells expressed 
aa plectin variant that reacted with antibodies 
againstt the N-terminal plectin-ABD and the C-
terminall plectin repeats, and that was co-
localizedd with P4 in HD-like structures (Fig. 4, 
A).. Since a plectin variant lacking the central 
rodd domain has been previously described in a 
varietyy of tissues (Elliott et al., 1997), we 
wonderedd whether the plectin molecule 
expressedd in the MD-EBS cells is identical to this 
variant.. Immunoblotting of cell lysates from PA-



JEB/(344 cells with antibodies against the plectin-
ABDD and the C-terminus showed the presence 
off two closely spaced bands of approximately 
3000 kDa, of which only the slower band reacted 
withh the antibodies 121 and 7A8 (Fig. 4, B). By 
contrast,, MD-EBS cells only contained the faster 
migratingg band with which the antibodies against 
thee ABD and the C-terminus of plectin gave 
positivee reaction, whereas the mAbs 121 and 
7A88 did not. Using RT-PCR with a primer just 
downstreamm of the rod domain, we were able 
too show the presence of a mRNA that does not 
containn the sequences encoding the rod (Fig. 4, 
C).. This variant could be found in both PA-JEB/ 
[344 keratinocytes as well as in MD-EBS cells. The 
RT-PCRR also indicated that in MD-EBS cells, 
mRNAA for the full-length plectin, thus containing 
thee rod domain, was present although, judging 
fromm the PCR, greatly reduced in quantity as 
comparedd to the PA-JEB sample. 
Wee conclude from these data that MD-EBS 
keratinocytess do not contain full-length plectin 
butt that they express the plectin variant lacking 
thee central rod domain. Furthermore, it is 
apparentt from the results that dimerization of 
plectinn via its central rod domain is not essential 
forr its localization in HDs. The aberrant mobility 
off the full-length plectin protein, which, based 
onn its amino acid sequence should actually 
migratee at 500 kDa, is probably due to the 
presencee of the coiled-coil region in the central 
rodd domain. 

Influenc ee of th e (34 bindin g site s in th e 
plaki nn domai n on th e localizatio n of plecti n 
int oo HDs 
Too determine the contribution of the additional 
(344 binding sites in the plakin domain on the 
localizationn of plectin into HD-like structures, we 
preparedd a series of HA-tagged deletion mutants 
off plectin and expressed the truncated 
polypeptidess in MD-EBS cells by transient 
transfection.. The sizes of the mutant proteins 
weree verified by immunoblotting of lysates of 
transientlyy transfected COS-7 cells using 
antibodiess against the HA-tag (Fig. 5A). 
Wee first tested the distribution of the plectin ABD, 
plec1339,, and consistent with previous 
observations,, this mutant protein was found to 
bee largely co-localized with filamentous actin (not 
shown)) and only rarely together with a6|34 in 
HD-likee structures (Fig. 5B, A-C). Extension of 
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Fig .. 7 Effect s of transientl y expresse d plecti n 
fragment ss on the hemidesmosoma l localizatio n 
off  endogenou s plectin . 
PA-JEB/p44 keratinocytes were transiently transfected 
withh cDNAs encoding HA-tagged plec1339 (A), plec1-
11544 (B), plec1606 (C) or plec-1C165/dystrophin-ABD11" 
337337/plec/plec339606339606 chimera (D), and stained with mAb anti-
HAA to detect the expressed HA-tagged proteins 
(green)) and mAb 121 against the plectin rod domain 
too detect endogenous plectin (red). Note that the 
plectinn fragments containing the ABD domain of 
plectin,, but not the one containing the ABD of 
dystrophin,, exert a dominant-negative effect on the 
hemidesmosomall localization of endogenous plectin. 

thee plectin-ABD mutant protein at the C-
terminus,, so that it contains the binding sites 
forr the CS and IV-C-tail of (34 (plec1606 and plec1 

1!54)) did not obviously improve its localization in 
HD-likee structures (Fig. 5B, D-I). However, while 
inn most of the transfected cells, the plec1606 

mutantt protein was co-localized with the actin 
cytoskeleton,, the plec11154 mutant protein was 
oftenn found to be distributed in a densely 
distortedd filamentous pattern, which may in part 
bee due to a tendency of the protein to form 
aggregatess (Fig. 5B, G-I). The dense filamentous 
stainingg pattern did not coincide with the tubulin, 
keratinn or actin filament networks, although 
somee overlap with actin was occasionally 
observedd (not shown; see also Fig. 6, D,E). A 
similarr filamentous pattern was seen with plec284-
1154,, suggesting that the plakin domain is 
responsiblee for the abnormal distribution of the 
plec111544 mutant protein (Fig. 5B, J-L). To ensure 
thatt the results were not unique for MD-EBS cells, 
thee different plectin mutants were also 
transientlyy expressed in PA-JEB/J34 cells. Analysis 
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Fig .. 8 N-termina l plecti n fragment s containin g th e rod domai n are localize d in HD-lik e structures . 
MD-EBSS keratinocytes were transiently transfected with HA-tagged plec1390'2532 (A-C), plec2842532 (D-F), 
pleci-25322 (Q. | ) o r fu||-|ength plectin (J-L). Cells were stained for HA-tagged proteins (A, D, G, J) and p4 (B, 
E,, H, K). Merged images are shown in C, F, I and L. Co-localization appears as yellow. 

off these cells yielded results similar to those in 
MD-EBSS cells, except that in PA-JEB/(34 cells the 
plec13399 and plec1606 mutants were not found in 
HDs.. They were exclusively co-localized with 
actinn filaments (Fig. 6, A-C). The plec11154 and 
plec28411544 mutants again appeared as dense 
distortedd filament structures and were not co-
localizedd with F-actin (Fig. 6, D-F). Intriguingly, 
thee expression of plec1339, plec1606 and plec11154 

mutantt proteins in PA-JEB/(34 cells exhibited a 
clearr dominant-negative effect on the localization 
off endogenous plectin in HDs (Fig. 7, A-C). No 
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suchh effect was seen with a chimeric molecule 
off plec1605 in which the ABD of plectin had been 
replacedd by that of dystrophin (Fig. 7, D). 
Thesee data suggest that in spite of the presence 
off the additional (34 binding sites in the plakin 
domain,, in the absence of the ABD, plectin is 
nott recruited into HDs, and furthermore, that 
thee additional (}4 binding sites do not noticeably 
contributee to the localization of the ABD in HDs. 
Inn line with an important role of the ABD in the 
localizationn of plectin into HDs, fragments 
containingg this domain exhibit a clear dominant-



negativee effect on the localization of endogenous 
plectinn into HDs. 

Extensio nn o f a plecti n f ragmen t t o includ e 
th ee ro d domai n al low s recru i tmen t int o 
HDss eve n in th e absenc e o f th e AB D in MD-
EBSS cell s 
Thee rod domain of plectin is considered to be 
involvedd in homo-dimerization of the plectin 
moleculee (Wiche, 1998), and thus, through its 
abilityy to dimerize the p4 binding sites could 
contributee to an efficient localization of this 
proteinn in HDs. To test this possibility, we have 
expressedd various mutant plectin proteins 
containingg the central rod domain in MD-EBS 
keratinocytes.. The rod domain by itself (plec1390-

2532)) is not localized in HD-like structures (Fig. 8, 
A-C).. However, different N-terminal plectin 
constructss that contain either two of the three 
(344 binding sites (those that are located on the 
plakinn domain, plec284-2532), or all three binding 
sitess (those that are located on the ABD and 
plakinn domain, plec12532), together with the rod 
domainn did become co-localized with (34 in HD-
likee structures (Fig. 8, D-I). The number of 
transfectedd cells in which the two plectin mutant 
proteinss were co-localized in HD-like structures 
wass small (~5-10 % ) , but clearly larger than 
thatt of cells that were transfected with either of 
thee corresponding plectin constructs lacking the 
rodd domain. No apparent further improvement 
wass obtained when a full-length plectin molecule 
wass used (Fig. 8, J-K), suggesting that most if 
nott all of the important information for the 
localizationn of plectin in HDs is contained within 
thee N-terminal end of this molecule. Similar 
resultss were obtained when PA-JEB/fM cells were 
usedd (data not shown). 

Takenn together these results show that the [34 
bindingg sites in the plakin domain, although not 
ablee to mediate recruitment of this domain as a 
monomer,, can do so, when dimerized by the rod 
domain.. Furthermore, the presence of two 
distinctt regions on the (34 cytoplasmic domain 
(CSS and IV-C-tail) that can mediate binding to 
thee same plectin fragment suggest that a single 
(344 subuni t can bind two di f ferent plectin 
molecules. . 
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Bindin gg o f th e firs t plecti n molecul e t o {34 
iss  require d fo r bindin g o f a secon d plecti n 
molecul e e 

Thee plectin binding sites in the CS and the C-tail 
off [34 are the same as those involved in the intra-
molecularr interaction of the (34 cytoplasmic 
domainn (Geerts et at., 1999). Therefore, after 
thee first plectin molecule is bound to (34 by its 
ABD,, subsequent binding of the plakin domain 
too the CS might break the intra-molecular 
associationn between the CS and C-tail, thus 
exposingg binding sites in the C-terminal half of 
(344 for the second plectin molecule and other 
hemidesmosomall components, i.e. BP180 and 
BP230.. The observation that the mutation 
R1281WW in the second fibronectin repeat of (34, 
renderingg (34 unable to recruit the plectin 
moleculee into HDs (Geerts et at., 1999; Koster 
etet al., 2001), strongly reduced the recruitment 
off BP180 and BP230 into HDs, already suggested 
suchh a model. Additionally, plectin might be 
requiredd for the efficient recruitment of BP180 
intoo HDs because it contains an important 
bindingg site for this molecule (Koster et al., 
2001),, and secondarily for the localization of 
BP2300 into HDs, because it is associated with 
BP180. . 

Too further study the role of the plectin binding 
sitess in the CS and C-tail of [34, the effects of 
deletingg these binding sites on the ability to 
recruitt plectin, as well as other HD components 
wass investigated. After stable expressionn of the 
mutantt proteins in [34-deficient PA-JEB 
keratinocytess through retroviral transduction, the 
distributionn of the hemidesmosomal components 
inn these cells was studied by 
immunofluorescencee microscopy. Consistent with 
thee observation that a (34 subunit truncated at 
positionn 1355, can recruit plectin, the two (34 
mutantss ((34A13831437 and (341670) also recruited 
plectinn into HDs (Fig. 9, A,I). However, in contrast 
too [341355, (341670 and to lesser extent also (34A1383" 
14377 did associate with BP180 and BP230 (Fig. 9, 
B-D,J-L).. To test whether plectin is required for 
thee incorporation of BP180 and BP230 into HDs, 
wee also mutated the ABD site on (34 (R1281W) 
inn these constructs. Similarly to what has been 
observedd with (34R1281W, the amounts of BP180 
andd BP230 in HDs of PA-JEB cells that stably 
expresss |34R1281W ( ^ ^ - I W ) o r p4Ri28iw, i6?o w a s 

reducedd as compared to cells expressing the 
04*1383-14377 o r p4i670/ respectively (Fig. 9, F-H,N-
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Fig .. 9 Distributio n of HD component s in PA-JEB keratinocyte s expressin g differen t B4 mutants . 
PA-JEBB cells, stably expressing p4 i1383-»37 (A-D), p4Ri2aiw(Ai383-i437) (E_H) p4i67o (|.L) o r p4rfi28iw, lero ^ . p ^ 
weree double-immunostained for (54 (red) and plectin (green) (A,E,I,M), for p4 (red) and BP180 (green) 
(B,F,J,N),, for P4 (red) and BP230 (green) (C,G,K,0) or for BP180 (red) and BP230 (green) (D,H,L,P). Co-
localizationn appears as yellow. 

P).. Thus, prevention of intra-molecular folding 
off the p4 cytoplasmic domain does not result in 
aa more efficient localization of BP180 and BP230 
intoo HDs. Probably, binding of the first plectin 
moleculee is not only required for unfolding of 
thee (34 cytoplasmic domain but also plays an 
importantt role by providing an additional binding 
sitee for BP180. 

Discussio n n 
Bindingg of a6p4 to plectin is a critical step in the 
formationn of HDs in cultured keratinocytes. When 
thiss binding is prevented, recruitment of BP180 
andd BP230 into HDs is severely compromised. 
Inn previous studies, we showed that the ABD of 
plectinn interacts with the first pair of FNIII 
repeatss and a small fragment of the CS (residues 
1328-1355)) of (34. In this study, we have further 
evaluatedd the binding of plectin to the 
cytoplasmicc domain of (34. In line with 
84 4 

observationss made by Rezniczek et al. (1998), 
wee show that, in addition to the ABD, the plakin 
domainn of plectin also interacts with the integrin 
(344 subunit. In this interaction the CS (residues 
1383-1437)) and the IV-C-tail of |34 are involved. 
Importantly,, we found that binding of plectin to 
thee IV-C-tail of [34 is also mediated by its ABD 
andd is dependent on the interaction of a first 
plectinn molecule with the first pair of FNIII 
repeatss and the CS. In addition, we identified 
twoo proline residues in the CS of p4 that play a 
criticall role in plectin binding and thus in the 
formationn of HDs. 

AA singl e (34 subuni t can bin d tw o plecti n 
molecule s s 
Thee fact that in yeast two different regions on 
thee (34 cytoplasmic domain (the first pair of FNIII 
repeats/CSS and the fourth FNIII repeat/C-tail) 
cann bind to the same plectin fragments (plec1" 



6066 and plee284"1154) suggests that a single p4 
subunitt can interact with two plectin molecules 
(Fig.. 10). Moreover, the regions on plectin (ABD 
andd plakin) that independently can mediate 
bindingg to p4 flank each other, like the regions 
onn (34 that mediate binding to plectin (the first 
pairr of FNIII repeats and the CS, and the fourth 
FNIIII repeat and the C-tail). Also from a 
structurall point of view, binding of a first plectin 
moleculee to the first pair of FNIII repeats/CS, 
andd a second one to the fourth FNIII repeat/C-
tail,, therefore, is realistic. Although the ABD of 
plectinn is involved in binding the two plectin 
moleculess to p4, the conditions for binding of 
eachh of them differ greatly. For achieving strong 
bindingg of the ABD to the fourth FNIII repeat 
andd the C-tail of (54 additional plectin sequences, 
C-terminall of the ABD (residues 339-606), are 
required,required, whereas this is not true for the binding 
off the ABD to the first pair of FNIII repeats and 
thee region 1328-1355 of the CS. We assume that 
thee ABD interacts with the fourth FNIII repeat 
because,, as for its interaction with the second 
FNIIII repeat, binding of the plec1'606 construct 
couldd be eliminated by a double point mutation 
inn the ABD (Litjens et al., in press). Critical for 
bindingg of the ABD to the second FNIII is arginine 
att position 1281 that is located in the loop region 
thatt connects two p strands (EC) (Koster et ai., 
2001).. In the fourth FNIII repeat, arginine is 
presentt at an identical position (R1630) and it is 
temptingg to speculate that this residue, in 
analogyy to R1281, is involved in binding to the 
plectin-ABD.. Possibly, because the surrounding 
residuess are different, binding of the ABD to the 
fourthh FNIII repeat is less avid than to the second 
FNII I ,, and therefore requires additional 
sequencess from the C-tail, that interacts with 
thee plakin domain, to be detectable in yeast. Of 
notee is that the ABD is not essential for binding 
off plectin to the IV-C-tail of p4 in yeast, since a 
fragmentt lacking this region, but encompassing 
thee sequences 284-1154 from plectin, does bind. 
Itt is likely that these plakin sequences primarily 
interactt with the C-tail of p4, and indeed, a weak 
interactionn was observed with the C-tail of P4. 
Thee importance of the C-tail of P4 for the 
assemblyy and integrity of HDs is underscored 
byy the fact that a patient, homozygous for a 
nonsensee mutation in the C-tail causing p4 to 
bee truncated at position 1714 suffered from a 
lethall form of JEB (Nakano era/., 2001). As we 
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showw in this study, this mutation prevents binding 
off plectin to the C-terminal half of p4. However, 
inn cultured keratinocytes, the recruitment of 
plectinn into HDs, through interaction with the 
firstt pair of FNIII repeats, is not noticeably 
affectedd by this mutation (Q1714X), and hence 
thee formation of HDs is also not perturbed. Why 
thiss mutation is associated with a severe form 
off skin blistering is at present unclear. Possibly, 
losss of binding of plectin to the C-terminal half 
off p4 does not reduce the formation but the 
stabilityy of HDs, thereby causing fragility of the 
skinn and its rupture upon application of 
mechanicall stress. 

Bindin gg of othe r HD component s to p4 
require ss bindin g of plecti n to th e firs t pai r 
off  FNI I I repeats/C S regio n 
Ass for the binding of BP180 and BP230 to p4, 
bindingg of plectin to the IV-C-tail of p4 requires 
thatt first another plectin molecule has to interact 
withh the first pair of FNIII repeats/CS region of 
p4.. This conclusion is based on the fact that 
plectinn is not co-localized with p4R1281w (a p4 
mutantt containing an amino acid substitution in 
thee second FNIII repeat, that abrogates binding 
too plectin) at the basal cell membrane, but is 
diffuselyy distributed throughout the cytoplasm 
(Geertss et ai, 1999; Koster et al., 2001). 
Althoughh for the first plectin molecule to become 
recruitedd into HDs, interaction of the plakin 
domainn with residues 1383-1437 of p4 appears 
nott to be essential (plectin is efficiently recruited 
byy p41355), binding to these residues might be 
importantt for the subsequent binding and 
recruitmentt of the second plectin molecule. We 
andd others have previously shown that the same 
regionn of [34 (1383-1437) that can bind to the 
plakinn domain of plectin, also binds to the C-tail 
off p4 itself (Geerts etai, 1999; Rezniczek et ai., 
1998).. Therefore, it is possible that the p4 
cytoplasmicc domain is folded backwards in such 
aa way that the binding sites for the second plectin 
molecule,, as well as for BP180 and BP230 that 
aree all located in the C-terminal half of P4, are 
nott accessible (Koster et ai, 2003). Binding of 
thee first plectin molecule to the region 1383-
1437,, might break the intramolecular association 
betweenn the C-terminal domain of P4 and the 
regionn 1383-1437 of its CS, and in doing so 
activatee the p4 cytoplasmic domain, rendering 
itt capable of binding to the second plectin 
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Fig .. 10 Mode l for the assembl y of hemidesmosome s in culture d keratinocytes . 
Thee formation of HDs is initiated by the binding of the ABD of a first plectin molecule to the (34 cytoplasmic 
domain.. Subsequent to this binding, the plakin domain of the same plectin molecule interacts with the CS, 
whichh leads to unfolding of the cytoplasmic domain of [34, exposing binding sites for a second plectin 
moleculee in the fourth FNIII repeat and the C-tail, for BP180 in the third FNIII repeat and for BP230 in the 
thirdd and fourth FNIII repeats. Binding of BP230 requires binding to both BP180 and (54 for it to become 
recruitedd into HDs 

molecule,, as well as to BP180 and BP230 (Fig. 
10).. Studies with two p4 mutants that in addition 
too the R1281W mutation contain a deletion of 
thee residues 1383-1437 (p4Ri28iw(Ai383-i437)) o r t h e 

C-taill of (34 ((34R1281W'1670) indicate that prevention 
off the intramolecular association by itself is not 
sufficientt for recruiting the BP180 and BP230 
moleculess into HDs. No increased co-localization 
off BP180 and BP230 with p4R1281w w™-™v or 
p4Ri28iw,, 1670 w a s observed in keratinocytes that 
stablyy express these p4 mutants, as compared 
too cells that express the p4R1281w mutant. Thus, 
despitee the fact that BP230, like plectin, can 
interactt with both p4 and BP180 (Gonzales et 
al.,al., 2001; Koster et ai, 2003), it cannot replace 
plectinn in inducing the formation of HDs. 
Furthermore,, p4R1281w (AISM-MS^ which contains 
ann intact binding site for the second plectin 
molecule,, is unable to recruit plectin into HDs. 
Thus,, in addition to a possible activation of the 
P44 cytoplasmic domain, binding of the first plectin 
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moleculee might also be required for another yet 
unknownn function. Perhaps, it contributes to the 
localizationn of BP180 into HDs by providing an 
additionall binding site for this molecule (Koster 
era/.,, 2003). Incorporation of the second plectin 
moleculee into HDs might be dependent on the 
presencee of the first plectin molecule, because 
itss affinity for P4 is probably too weak to lead to 
itss recruitment. In turn, for the incorporation of 
BP230,, whose localization into HDs is associated 
withh the presence of BP180 (Borradori er al., 
1998;; Koster ef al., 2003), a direct interaction 
withh BP180 as well as p4 might be required. 

Rolee of prolin e residue s in p*4 bindin g to 
plecti n n 
Thee region 1328-1355 of p4 is crucial for the 
recruitmentt of plectin into HDs (Niessen er al., 
1997b;; Schaapveld er al., 1998). A P4 subunit 
thatt is truncated at position 1355, but not one 
thatt is truncated at position 1328, can mediate 



thiss recruitment. In the present study we show 
thatt two proline residues in this region (P1330 
andd P1333) play a critical role in the recruitment 
off plectin into HDs. When these prolines are 
substitutedd by alanines in full-length (34, 
recruitmentt of plectin into HDs was prevented. 
Itt is possible that the proline residues in the CS 
directlyy contribute to the binding of the ABD to 
thee first pair FNIII repeats. However, since the 
effectt of mutating these residues on the binding 
off (3411151355 to the plectin-ABD in yeast is 
relativelyy weak, it seems more likely that they 
affectt the structure of the protein. The increase 
inn binding activity of the plectin-ABD to (34, when 
thee (34 fragment 1115-1355 is extended with 
sequencess from CS, indicates that the CS region 
hass a positive influence on the binding of the 
ABDD to (34. This positive effect of the CS, 
however,, is almost completely abrogated by 
substitutingg the two prolines by alanines. We 
thereforee assume that the proline residues in 
thee region 1328-1355, rather than that they 
directlyy participate in the binding to plectin, help 
too determine the position of the remaining part 
off the CS with respect to the first pair of FNIII 
repeatss in such a way that the binding sites for 
thee ABD are optimally exposed. Apparently, when 
thiss position is changed as a result of mutating 
thee proline residues to alanines, binding of plectin 
iss severely compromised. 

N-termina ll  fragment s of plecti n are 
distribute dd int o an aberran t filamentou s 
networ k k 
Transfectionn of keratinocytes with plec11154 

revealedd that the expressed protein was often 
distributedd in a densely distorted filamentous 
patternn that only partly overlapped with that of 
F-actin.. A similar pattern was observed with 
plec284'1154,, which lacked the ABD, suggesting that 
thee plakin domain in plec11154 is responsible for 
thiss abnormal distribution pattern. Moreover, the 
introductionn of an analogous construct of BP230 
(BP2301887)) had the same results (data not 
shown).. It seems likely that the aberrant 
distributionn pattern of the plec2841154 construct 
iss due to the truncated form of this fragment 
andd the exposure of a cryptic binding site(s) for 
onee or more filamentous proteins, since a larger 
plectinn fragment including the rod domain was 
nott distributed in this abnormal pattern. In fact, 
thiss plec2842532 fragment as well as plec12532, were 
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localizedd in HD-like structures in transfected cells. 
Althoughh it is clear that masking of such cryptic 
bindingg sites on the plakin domain might be 
essentiall for its localization into HDs, this 
localizationn might have been further facilitated 
byy dimerization of the [34 binding sites, which 
couldd occur because of the presence of the 
heptadd repeats in the rod domain. That 
dimerizationn of plectin via the rod is not a 
prerequisitee for its localization into HDs is 
illustratedd by the fact that a rod-less variant that 
iss expressed in the MD-EBS cells does become 
localizedd in HDs (see below). 

MD-EBSS cell s contai n rod-les s plecti n 
tha tt  is recruite d to HDs 
Previouslyy it was concluded that MD-EBS cells 
doo not contain plectin, which was based on the 
factt that antibodies directed against the rod 
domainn of plectin did not react (Geerts et at., 
1999).. We here show that the MD-EBS cells 
expresss a plectin variant lacking the rod domain. 
Thiss variant reacted with antibodies directed 
againstt the N- and C-terminal ends of the protein. 
Ass shown by RT-PCR, this rod-less variant is 
producedd as a result of alternative RNA splicing 
thatt omits exon 31, which encodes the entire 
rodd domain of plectin, from the primary 
transcript.. An identical variant has been 
describedd by Elliott etal. (1997) and is expressed 
inn a variety of tissues. 
Itt is of interest that many mutations in MD-EBS 
patientss are missense mutations that are 
confinedd to exon 31 of the PLEC1 gene and cause 
prematuree termination of protein translation 
(Uittoo etal., 1996). Such mutations are predicted 
too result in low steady-state levels of plectin 
mRNAA due to nonsense-mediated mRNA decay, 
andd thereby result in a loss of protein expression. 
However,, differentially spliced transcripts that do 
nott contain these mutations will be produced 
andd translated into proteins. Therefore, patients 
carryingg missense mutations in exon 31 may not 
containn mutated plectin, but still contain the 
normall rod-less variant, which, because it is 
localizedd in HDs, could fulfill important functions 
inn HD assembly and integrity. The presence of 
thesee rod-less variants may also explain why 
plectin-nulll mice had a much more dramatic 
phenotypee than MD-EBS patients, and die almost 
immediatelyy after birth (Andra etal., 1997). 
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Abstrac t t 
Plecti nn is a majo r componen t of th e cytoskeleto n and link s th e intermediat e filamen t 
syste mm to hemidesmosome s by bindin g to th e integri n p"4 su bun it . Previously , a bindin g 
sit ee fo r p4 was mappe d on th e actin-bindin g domai n (ABD ) of plecti n and bindin g of 
p44 and F-acti n to plecti n was show n to be mutuall y exclusive . Here we sho w tha t onl y 
th ee ABDs of plecti n and dystoni n bin d to p*4, wherea s thos e of othe r actin-bindin g 
protein ss do not . Mutation s of th e ABD of plectin-1 C sho w tha t Q131 r R138 and N149 
aree critica l fo r tigh t bindin g of th e ABD to p4. These residue s for m a smal l cavity , 
occupie dd by a well-ordere d wate r molecul e in th e crysta l structure . The B4 bindin g 
pocke tt  partl y overlap s wit h th e actin-bindin g sequenc e 2 (ABS2) , previousl y show n 
too be essentia l fo r acti n binding . Therefore , steri c interferenc e may rende r bindin g of 
F-acti nn and 04 to plecti n mutuall y exclusive . Finally , we provid e evidenc e indicatin g 
tha tt  th e residue s precedin g th e ABD in plectin-l A and -1C, althoug h unabl e to mediat e 
bindin gg to [34 themselves , modulat e th e bindin g activit y of th e ABD fo r (34. These studie s 
demonstrat ee th e uniqu e propert y of th e plectin-AB D to bin d to bot h F-acti n and B4, 
andd explai n wh y severa l othe r ABD-containin g protein s tha t are expresse d in basal 
keratinocyte ss are no t recruite d int o hemidesmosomes . 

Introductio n n 
Anchoringg of cells to the basement membrane 
iss crucial for the function and integrity of 
epitheliall tissues. Hemidesmosomes are protein 
complexess that mediate stable anchoring by 
providingg a tight link between the intracellular 
intermediatee filament system and the 
extracellularr matrix. They are assembled at the 
basall side of basal epithelial cells in (pseudo-) 
stratif iedd and some complex epithelia. 
Hemidesmosomess consist of at least five distinct 
proteins.. Three of these are transmembrane 
proteins:: the integrin oc6[}4 (Stepp etal, 1990; 
Sonnenbergg et al, 1991; Jones et al, 1991), 
thee bullous pemphigoid antigen 180 (BP180) 
(Giudicee etal., 1992), and the tetraspanin CD151 
(Sterkk et ai, 2000). The two cytoplasmic 
proteins,, BP230 and plectin, that are localized 
inn the hemidesmosomal plaque play a major role 
inn linking the intermediate filament system to 
thee hemidesmosome (Borradori and 
Sonnenberg,, 1996; Green and Jones, 1996; 
Burgesonn and Christiano, 1997). 
Thee interaction of plectin with a6p4 is essential 
forr establishing the link between the extracellular 
matrixx and the intermediate filament system. 
Inactivationn of the genes for either a6 or [34 in 

humanss results in a severe and fatal skin 
blisteringg disease, called pyloric atresia 
associatedd with junctional epidermolysis bullosa 
(PA-JEB)) (Vidal etal, 1995; Ruzzi etal, 1997). 
AA similar phenotype is observed in genetically 
modifiedd mice that lack either a6 or p4 (van der 
Neutt etal, 1996, Dowling etal, 1996, Georges-
Labouessee etal, 1996). Similarly, the loss of or 
aa reduced expression of plectin leads to a 
blisteringg disorder, called epidermolysis bullosa 
simplexx associated with muscular dystrophy 
(MD-EBS)) (Gache et al., 1996; McLean et al., 
1996;; Smith et al, 1996; Andra et al, 1997). 
Thesee examples of both human patients and 
micee show the importance of hemidesmosomes 
forr the stable adhesion of the dermis to the 
epidermiss as well as for tissue integrity. Most of 
thee mutations identified in PA-JEB patients are 
nonsensee mutations or mutations at splice sites 
thatt result in the early termination of translation 
off the [34 protein. Missense mutations, resulting 
inn the substitution of a single amino acid have 
alsoo been described. Two of these point 
mutationss (R1225H and R1281W) have been 
disclosedd in patients with a non-lethal form of 
epidermolysiss bullosa (EB) (Pulkkinen et al., 



1998;; Nakano et al., 2001), and recently these 
mutationss were shown to result in the inability 
off p4 to recruit ptectin into hemidesmosomes 
(Kosterr et al., 2001). 
Plectinn is a widely expressed cytoskeletal linker 
proteinn of over 500 kDa that interacts with actin, 
intermediatee filaments and microtubules (for a 
revieww see Steinbock and Wiche, 1999). It 
belongss to the plakin family of proteins, the 
memberss of which share a similar multi-domain 
structure:: a long central coiled-coil rod domain, 
flankedd by N- and C-terminal globular domains. 
Thee central rod domain mediates dimerization 
and/orr multimerization of plectin (Foisner and 
Wiche,, 1987; Uitto eta/., 1996). The C-terminal 
domainn contains a binding site for intermediate 
filamentt proteins. The N-terminal domain 
containss a highly conserved actin-binding domain 
(ABD)) of the p-spectrin type (McLean et al., 
1996).. This type of ABD is found in many actin-
bindingg proteins, including dystonin, oc-actinin, 
utrophin,, filamin and dystrophin, and consists 
off a pair of calponin homology (CH) domains 
(forr reviews, see Hartwig, 1994; Gimona eta/., 
2002).. Plectin is encoded by the PLEC1 gene, 
whichh is a large and complex gene containing 
severall alternative first exons. Each of these first 
exonss can be spliced into a common exon 2, 
encodingg the start of the ABD (encoded by exons 
2-8),, thus generating a variety of plectin variants. 
Thee resulting plectin splice variants have 
characteristicc tissue expression and actin binding 
propertiess (Fuchs etal., 1999). 
Previously,, we showed that plectin binds to the 
p44 subunit of the integrin a6p4 via its N-terminal 
ABDD and that this interaction prevents the 
associationn of the ABD with F-actin (Geerts et 
at.,at., 1999). This suggests that the binding sites 
onn the ABD for F-actin and (34 overlap or even 
aree identical. In the calponin-type ABD three 
regionss are essential for actin binding, i.e. the 
actin-bindingg sequences 1-3 (ABS1-3) (Bresnick 
ett al., 1990; Levine et at., 1992). No specific 
sequencee in the ABD, which interacts with pM, 
hass yet been identified. Furthermore, the 
influencee on p4 binding of the variable sequences 
precedingg the ABD, which vary from 5 to 180 
aminoo acids in length and share no sequence 
similarityy (Fuchs etal., 1999), is as yet unclear. 
Inn this study, we investigated whether p4 
interactss with the ABDs of actin-binding proteins 
otherr than plectin. We also studied the influence 
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off the stretch of amino acids preceding the ABD 
onn p4 binding, focusing on plectin-lA and -1C, 
sincee these two variants are strongly expressed 
inn keratinocytes (Fuchs etal., 1999). In addition, 
wee endeavored to identify the residues that are 
criticallyy involved in the binding of the plectin-
ABDD to p4. 

Material ss  & Method s 
Celll  Lines and Antibodie s 
Thee immortalized keratinocyte cell lines derived from PA-
JEBB and MD-EBS patients have been described previously 
(Schaapveldd et al., 1998; Geerts et al., 1999). These 
keratinocytee cell lines were maintained in keratinocyte 
serum-freee medium (Life Technologies, Rockville, MD) 
supplementedd with 50 (ig/ml bovine pituitary extract, 5 
ng/mll EGF, 100 U/ml penicillin and 100 U/ml streptomycin. 
Ratt embryo fibroblasts (REF52) and COS-7 cells were 
grownn in DMEM (Life Technologies, Rockville, MD) 
containingg 10% fetal calf serum (FCS). 
REF522 cells and MD-EBS keratinocytes were transiently 
transfectedd with cDNA constructs using Lipofectin (Life 
Technologies,, Rockville, MD) according to the 
manufacturer'ss instructions. COS-7 cells were transiently 
transfectedd with cDNA constructs using the DEAE-dextran 
methodd (Seed and Aruffo, 1987). 
Thee rabbit polyclonal antibodies against the extracellular 
domainn of 04 (H-101), the IL2-Ra (N-19) and the 
haemaglutininn (HA)-epitope (Y-ll), and the mAb 12CA5 
againstt the HA-epitope were purchased from Santa Cruz 
Biotechnology,, Inc. (Santa Cruz, CA) The mAb 346-11A 
againstt p4 was purchased from Pharmingen (San Diego, 
CA).. The rabbit polyclonal antibody against filamin-B was 
aa kind gift from Dr. S. Shapiro (Thomas Jefferson University, 
Philadelphia,, PA), and the rabbit polyclonal antibody (P2) 
againstt plectin was a generous gift from Dr. H. Herrmann 
(Germann Cancer Research Center, Heidelberg, Germany). 
Donkeyy anti-rabbit horseradish peroxidase conjugated 
antibodyy was purchased from Amersham Biosciences. 
(Piscataway,, NJ), and FITC-conjugated goat anti-mouse 
antiserumm from Dockland. Goat anti-rabbit and anti-mouse 
Texass Red conjugated antibodies, and Alexa 568-
conjugatedd phalloidin were obtained from Molecular Probes 
(Eugene,, OR). 

cDNAA Construct s 
Alll nucleotide and amino acid positions have been given a 
numberr with the ATG initiation codon at position 1. Plasmid 
insertss were generated by polymerase chain reaction 
(PCR),, using the proofreading Pwo DNA polymerase (Roche 
Molecularr Biochemicals. Indianapolis, IN) and gene-specific 
sensee and anti-sense primers containing restriction site 
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Figur ee 1. Localizatio n of plecti n and filamin- B in mous e ski n section s and plecti n transcrip t 
expressio nn in huma n keratinocyt e cel l lines . (A) Sections were stained for (S4 (red) and plectin (green, 
leftt panel) or filamin-B (green, right panel). Co-localization appears as yellow. (6) PCR with plectin-1A 
(laness 1 -6) and -1C specific primers (lanes 7-12) was performed on cDNA synthesized from mRNA of MD-
EBSS (lanes 1, 2, 8 and 9) and PA-JEB/|34 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 
(laness 5 and 12) or plectin-1C (lanes 6 and 13). As a further negative control, no DNA was used (lanes 7 
andd 14). 

tags.. All plasmid inserts were verified by sequencing, and 
proteinn expression and their size were confirmed by 
westernn blotting. 
Thee GAL4 fusion plasmids used in this study are depicted 
inn Fig. 2 and 7C. The construction of p4,n51457 and plectin-
lC1'339,, fused in-frame to the GAL4 activation domain (AD) 
off the pACT2 vector (Clontech, Palo Alto, CA), and of 
plectin-lC1335,, plectin-Al65339, dystrophin1337, plectin-lC1-
'Vdystrophin11'3377 and dystonin-21336 fused in-frame to the 

GAL44 DNA-binding domain (BD) of the pAS2.1 vector 
(Clontech),, has been described previously (Geerts et a/., 
1999;; Fontao et at., 2001). Plectin-IA1312 was generated 
fromm a human keratinocyte cDNA library by PCR using 
appropriatelyy synthesized pairs of oligonucleotide primers 
withh BamHl and Sail sites at the 5' and 3' end and cloned 
intoo the corresponding site of the pAS2.1 vector. In a similar 
way,, a chimeric (34/plectin construct (unrelated sequence 
(URS)165/plectin65-339)) was created by inserting a PCR-
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amplifiedd cDNA fragment of p4753"818 in front of plectin-

Al65"339.. Exon 1A and -1C of the PLEC1 gene were amplified 

byy PCR, using plectin 1A1"312 and plectin 1C1335 as 

templates.. The various plectin point mutants were 

generatedd by the PCR overlap extension method. Dystonin-

vv-388-388 w a s obtained by RT-PCR on mRNA isolated from SK-

N-MCC cells (ATCC HTB-10), and filamin-A1365, filamin-B1 

33s,, utrophin1"363 and a-actinin1337 by PCR using full length 

cDNAss for these proteins as templates. The full-length 

cDNAA for utrophin was kindly provided by Dr. S.J. Winder 

(Universityy of Glasgow, Glasgow, UK), and that for a-

actininn was a kind gift from Dr. D.R. Critchiey (University 

off Leicester, Leicester, UK). Chimeras of the filamin-A and-

B,, utrophin, and a-actinin ABDs with the peptides encoded 

byy exon 1A or exon 1C of the PLEC1 gene were generated 

byy cloning the exonic sequences of 1A or 1C in front of 

thee cDNAs for these ABDs. The plectin- 1A1 ^/dystrophin11 

3377 chimera was made by replacing the exonic 1C sequence 

inn plectin-lC^/dystrophin11-337 with that of exonic 1A. 

Full-lengthh plectin-lC in pcDNA3-HA, a derivative of the 

eukaryoticc expression vector pcDNA3 (Invitrogen Corp., 

Carlsbad,, CA) that contains an extra sequence 5' of the 

multiplee cloning site encoding the HA tag, was assembled 

inn several steps. First, the fragments 1-296 and 284-606 

weree generated by PCR using plectin-1C1339 and pPLEC (a 

kindd gift from Dr. T. Magin, University of Bonn, Germany) 

ass templates. These products were then fused by overlap 

extensionn PCR and cloned into pcDNA3-HA, resulting in 

plectin-lC1606.. Subsequently, plectin-1C12532 was obtained 

byy cloning an EcoRl-BstElI fragment from the pPLEC clone 

andd a fragment of plectin2443"2532 obtained by PCR on a 

keratinocytee cDNA library using primers containing BsfEII 

andd BamHl restriction sites, into the EcoRI/BamHI site of 

plect in- lC1 6 0 6 .. The final fragment plectin2532-4574 was 

isolatedd from pPLEC by sequential digestion with EcoRI, 

Klenoww fragment and Hindlll. This fragment was then 

ligatedd into plectin-lC12532, by using Xbal (with blunt end) 

andd Hindlll restriction sites, generating a full-length 

plectin-- 1C14574 cDNA clone. To construct the full-length 

plectin-1AA and plectin-A cDNA constructs, PCR fragments 

off plectin-lA1-312 and plectin-Al65'339 were amplified with 

ann EcoRV site in the upstream primers and digested with 

EcoRV.. Subsequently, the EcoRV-fragment from plectin-

lC1"4574,, using the EcoRV-site at position 332 of the ABD 

DNA,, was replaced with the PCR derived EcoRV fragments 

off plectin-lA and - A l . Plectin-lC1339 in pcDNA3-HA has 

beenn described previously (Geerts etal., 1999). The other 

plectinn ABD constructs were prepared by exchanging 

EcoRV-fragmentss as described above. Dystrophin1-337 in 

pcDNA3-HAA was generated by PCR and subsequent cloning 

intoo pcDNA3-HA. Full-length plectin-lC/dystrophin-ABD 
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wass generated by exchanging the plectin-ABD in full-length 

plectin-lCC with the dystrophin-ABD. 

Thee IL2R/p4c^0 chimera in pCMV has been described 

previouslyy (Nievers eta/., 1998). 

Thee plectin-ABD constructs were isolated from pAS2.1 

plectin-ABDD (described above) and inserted into the 

bacteriall GST-fusion protein expression vector pRP261, a 

derivativee of the pGEX-3X vector (Amrad Corp. Ltd., 

Melbourne,, Australia) that contains a slightly modified 

multiplee cloning site for the production of recombinant 

GSTT fusion proteins. 

Immunohistochemistr y y 

Cryosectionss of mouse epithelial tissue (5-6 urn thick) 

placedd on glass slides were fixed for 5 min in acetone at -

.. Nonspecific binding was blocked by incubating the 

sectionss for 45 min in PBS containing 2% bovine serum 

albuminn (BSA). After rinsing in PBS, the slides were 

incubatedd with primary antibodies, washed three times 

withh PBS and subsequently incubated with secondary 

antibodies.. The sections were washed again and coverslips 

weree then mounted onto the glass slides with VectaShield 

antifadee (Vector Laboratories, Inc., Burlington, CA). 

RT-PCR R 

Immortalizedd PA-JEB/p"4 (PA-JEB cells in which (J4 has been 

reconstitutedd by retroviral introduction; Sterk etal., 2000) 

andd MD-EBS keratinocytes were grown for three days in 

keratinocytee SFM, supplemented with bovine pituitary 

extractt and EGF (low Ca2+ medium) or in a 1:3 mixture of 

Ham'ss F12 and DMEM supplemented with 5% (vol/vol) 

FCSS (high Ca2+ medium). RNA was isolated using RNA-

Beee (Tel-test, Inc., Friendswood, TX) and cDNA was made 

usingg Superscript reverse transcriptase (Invitrogen Corp.). 

Thee cDNA was used for PCR with plectin-lA or plectin-lC 

specificc primers. 

Yeastt  Two-Hybri d Assa y 

Yeastt strain Saccharomyces cerevisiae PJ69-4A (a gift from 

Dr.. P. James, University of Wisconsin, Madison, WI), which 

containss the genetic markers t rp l -901, leu2-3, his3-200, 

gal4A,, gal80A, LYS2::GAL1-HIS3, GAL2-ADE2 (James er 

al.,al., 1996), was used as the host for the two-hybrid assay. 

Itt contains two tightly regulated reporter genes, his and 

ade,, making it suitable for the sensitive detection of 

protein-proteinn interactions. The use of PJ69-4A was 

essentiallyy as described by Schaapveld et al., 1998) and 

Geertss etal., 1999). Equal aliquots of transformed cells 

weree spread out on plates containing yeast synthetic 

completee medium lacking leu and trp (vector markers) 

(SC-LT)) or lacking leu, trp, his and ade (vector and 

interactionn markers) (SC-LTHA). The plates were scored 
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Figur ee 2. Yeast two-hybri d analysi s of the interaction s betwee n B4 and ABDs of severa l proteins . 
(A)(A) Binding of ABDs of plectin, dystonin, dystrophin, a-actinin, utrophin and filamin to either (54 or the 
plectin-11 C ABD. (B) Influence of the sequences preceding the plectin-ABD on the interaction of the ABD 
withh (34. (C) Effect of mutations in the plectin-ABD or dystrophin-ABD on binding to p4 or the plectin-ABD. 
Interactionss in (A-C) were scored (+), when the plating efficiencies on selective SC-LTHA plates were 
greaterr than 30% of those on nonselective SC-LT plates at 5 d of growth, , when they were 10-30%, and 
(-)) when no colonies were detected at 5 d of growth or when the growth on SC-LTHA plates was less than 
3%% of that on SC-LT plates at 10 d. ND indicates not determined. (D) Quantitative p-galactosidase assay 
showingg the strength of interactions between the various ABDs and (34 in yeast. The values indicated are 
arbitraryy values and representatives of multiple assays. The negative control is represented by the interaction 
afterr co-transfection of |34 in pACT2 and a mock pAS2.1 vector. The positive control is represented by the 
interactionn between PTP1-1 and PVA3-1. URS is unrelated sequence. 

afterr 5 and 10 days of growth at . The plating 
efficienciess on SC-LTHA plates, as compared with the 
platingg efficiency on SC-LT plates was used as a measure 
off the strength of the signal generated by the two-hybrid 
interaction.. Expression of the fusion proteins was analyzed 
byy immunoblotting with antibodies against the GAL4 
Activationn Domain (AD) or GAL4 DNA-binding Domain (BD) 

(sc-16633 and sc-510 respectively; Santa Cruz 
Biotechnology).. As a quantitative method to measure the 
strengthh of interactions, we used a yeast p-galactosidase 
assayy kit (Pierce Chemical, Rockford, IL), essentially as 
describedd by the manufacturer. In short, 3 times 5 yeast 
coloniess were picked from the SC-LTHA plates if possible, 
otherwisee from the SC-LT plates and grown to OD660 of 
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0.6-0.88 in SC-LT medium. After measuring the OD, 100 |il 
off the cultures was pipetted in triplo into a 96-wells plate 
andd 100 \L\ of the p-galactosidase assay mixture was 
added.. ODW5 was measured at several time points. 

Immunofluorescenc ee microscop y 
MD-EBSS keratinocytes, grown on glass coverslips, were 
transfectedd with HA-tagged constructs and switched to 
Ham'ss F12/DMEM (1:3) containing 5% (vol/vol) FCS, 24 
hourss before incubation with antibodies. The cells were 
fixedd with freshly prepared 1% (wt/vol) paraformaldehyde 
inn phosphate-buffered saline (PBS) for 10 min at room 
temperaturee and permeabilized with 0.5% (vol/vol) Triton 
X-1000 in PBS for 5 min at room temperature. After rinsing 
inn PBS and blocking with 2% (wt/vol) BSA in PBS for 60 
minn at room temperature, the cells were incubated with 
primaryy antibodies (rabbit anti-fW and mouse anti-HA) in 
PBSS containing 2% BSA for 45 min at room temperature. 
Afterr washing with PBS, cells were incubated with FITC-
labeledd anti-mouse IgG and Texas-Red-labeled anti-rabbit 
IgGG for 45 min at room temperature. 
REF522 cells were transfected with HA-tagged plectin-ABD 
constructs.. Immunolabeling was essentially as described 
abovee for MD-EBS cells, except that the cells were fixed 
withh 3% (wt/vol) paraformaldehyde in PBS. Instead of 
rabbitt anti-fJ4 and Texas-Red-labeled anti-rabbit IgG, Alexa 
568-conjugatedd Phalloidin was used in order to stain F-
actin. . 

Afterr rinsing in PBS, the coverslips were mounted onto 
glasss slides with Mowiol/DABCO and viewed under a Leica 
TCS-NTT confocal laser microscope. Immunofluorescence 
imagess were taken using a Leica confocal laser scanning 
microscope. . 

Inn vitr o bindin g assay and immunoblottin g 
COS-77 cells were transiently transfected with IL2R/B4cvto 

chimeraa and different plectin-HA-tagged ABD constructs. 
322 h after transfection, cells were lysed with m-Per buffer 
(Pierce),, containing a cocktail of protease inhibitors 
(Sigma-Aldrich,, St. Louis, MO). After the lysates were 
clearedd by centrifugation at 14,000 x gfor 10 min at , 
mAbb 12CA5 was added and the mixture was incubated o/ 
nn at . GammaBind G sepharose (Amersham 
Biosciences),, pre-incubated with BSA to block nonspecific 
bindingg sites, were incubated with the lysates for 1 h at 

.. The beads were washed three times with m-Per buffer, 
dissolvedd in SDS-sample buffer and analyzed by SDS-PAGE. 
Proteinss were transferred to Immobilon-PVDF membranes 
(Milliporee Corp., Bedford, MA) and after incubation with 
2%% non-fat dried milk, dissolved in TBS containing 0.05% 
Tween-20,, to block nonspecific binding sites, the blots 
weree incubated with first and secondary antibodies. As a 
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substratee for the horseradish peroxidase enzyme, 
SuperSignal®® West Dura (Pierce) was used. 

Purificatio nn of Recombinan t Fusio n Protein s 
Thee Escherichia co//strain BL21(DE3) (Novagen, Madison, 
WI)) was transformed with different recombinant pRP261 
plasmids.. Colonies obtained were used to inoculate Luria 
Bertanii medium containing 100 u,g/ml ampicillin and 
culturess were grown o/n at . Cultures were then 
dilutedd 1:20 in fresh medium, grown to an OD^ of 0.7 at 

CC and induced by the addition of isopropyl-1-thio-p-D-
galactopyranosidee (IPTG) to 0.2 mM o/n at . Bacteria 
weree harvested by centrifugation at 4,000 x g, 
resuspendedd in column buffer (50 mM Tris-HCI, pH 7.6, 
1000 mM NaCI, 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 
clearedd by centrifugation for 30 min at 10,000 x g and 

,, and the supernatants were incubated with glutathione 
Sepharosee beads (Amersham Biosciences). Beads with 
affinity-boundd proteins were washed with column buffer, 
equilibratedd with elution buffer (50 mM Tris-HCI, pH 8.0, 
1000 mM NaCI, 1 mM EDTA, 0.1% (vol/vol) Triton X-100, 
10%% (vol/vol) glycerol and protease inhibitors, and eluted 
inn elution buffer containing 10 mM glutathione. 
Bufferss containing the eluted fusion-proteins were 
exchangedd in PBS containing 5% glycerol by dialysis and 
proteinss were concentrated using Centrtcon 10 filters 
(Milliporee Corp.). 

Acti nn Bindin g Assay 
Priorr to assaying the binding of recombinant proteins to 
F-actin,, they were clarified by centrifugation at 150,000 x 
gg for 1 hour at C and kept on ice in PBS. Actin co-
sedimentationn assays were performed with a Non-muscle 
Actinn Binding Protein Biochem kit (Cytoskeleton Inc., 
Denver,, CO) as described by the supplier. In brief, actin 
wass allowed to polymerize for 1 h at room temperature. 
Actinn filaments were incubated with the different GST-
plectin-ABDD proteins for 30 min and subsequently pelleted 
byy centrifugation at 150,000 x gfor 1.5 h at . Equal 
amountss of pellet and supernatant were resolved by SDS-
PAGEE and proteins were visualized by Coomassie Brilliant 
Blue-staining. . 

Result s s 
p44 bind s to th e ABDs of plecti n and 
dystonin ,, but not to thos e of dystrophin , 
utrophin ,, a-actini n and filami n 
Thee ABD of plectin is a domain of 220-residues 
withh sequence similarity to the ABDs found in 
dystrophin,, utrophin, a-actinin and filamins. 



Severall of these ABD containing proteins are 
expressedd in the same cells that also express 
p4.. Yet only plectin is co-localized with p4 in 
hemidesmosomes,, suggesting that not all ABDs 
bindd to (34. As shown in Fig. 1A, only plectin and 
nott e.g. filamin-B is co-localized with (34 in basal 
keratinocytes.. To test directly which of the ABDs 
off the above proteins bind to (34, we isolated 
theirr cDNAs, as well as that of dystonin which, 
likee plectin, is a member of the plakin family, 
andd whose ABD is highly similar to that of plectin. 
Wee isolated the ABDs of splice variants of 
dystoninn and plectin, which have different N-
terminall sequences, i.e. dystonin-1 and -2 
(Brownn er al., 1995), and plectin-lA and -1C 
(Fuchss et al., 1999). Both plectin-lA and -1C 
aree expressed in murine keratinocytes, and 
transcriptss for both were also detected in two 
humann keratinocyte cell lines, PA-JEB/P4 and 
MD-EBS,, grown under low as well as high Ca2+ 

conditionss (Fig. IB). The polypeptides encoded 
byy the different cDNAs were tested in a yeast-
two-hybridd interaction assay against a (34 
fragmentt containing the first pair of fibronectin 
typee I I I repeats (FNIII) and the complete 
connectingg segment ((3411151457). In the analysis, 
wee included a plectin-ABD construct, which 
containss an amino acid substitution at position 
1499 (N149D), as it occurs as part of a 
polymorphismm in plectin (McLean ef al., 1996; 
Liuu et al., 1996) As shown in Fig. 2A, only the 
ABDss of plectin and dystonin interacted with (34. 
Differences,, however, were observed in the 
strengthh of binding, the ABD of plectin-1C149N 

andd -ic149D binding more strongly than that of 
plectin-lAA and dystonin-1, which in turn bound 
moree strongly than that of dystonin-2 (Fig. 2D). 
Inn summary, only the ABDs of plectin and 
dystoninn bind to p4, whereas those of dystrophin, 
utrophin,, a-actinin and filamin do not. 

Influenc ee of th e residue s precedin g th e 
plectin-AB DD on (34 bindin g 
Thee ABDs of plectin-1A and -1C are identical as 
welll as those of dystonin-1 and -2. However, 
theyy bind to |34 with different affinities (Fig. 2D), 
suggestingg that the sequences preceding the 
ABDD affect the binding activity. To further study 
thee influence of the N-terminal sequences on 
thee binding of the plectin-ABD to (34, the effects 
off removal of these sequences or their 
substitutionn by an unrelated sequence of the 
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samee length as the one encoded by exon 1C of 
thee PLEC1 gene were analyzed. Moreover, we 
testedd whether the peptides encoded by exons 
1AA and 1C could mediate (34 binding, either by 
themselvess or when fused to the ABDs of 
dystrophin,, a-actinin, filamin-A or filamin-B. The 
dataa show that after the deletion or the 
replacementreplacement of the N-terminal sequences of 
plectin-lCC by an unrelated sequence, binding to 
(344 was reduced and even weaker than that of 
plectin-lAA (Fig. 2B and D). However, neither the 
fragmentss encoded by exons 1A and 1C, by 
themselves,, nor when fused with the above 
proteinss bound to (34 (Fig. 2B). From these data 
wee conclude that the stretch of amino acids that 
precedee the ABD of plectin- 1A and -1C do not 
bindd to p4 themselves, but modulate the binding 
activityy of the plectin-ABD, at least as assessed 
inn yeast-two hybrid assays. 

Introductio nn of an N149S/D150T mutatio n 
inn th e plectin-AB D abrogate s bindin g to (34 
Wee have shown previously that binding of P4 
andd F-actin to plectin is mutually exclusive 
(Geertss et al. 1999). Because the ABS2 of the 
ABDD was shown to be essential for binding to F-
actinn (Bresnick era/., 1990; Bresnick etal., 1991), 
wee focused on this part of plectin to identify the 
residuess that mediate binding to p4. Alignment 
off the ABS2 sequences from different actin-
bindingg proteins, revealed the presence of a 
subregionn of four amino acids that is conserved 
inn the ABS2 of plectin and dystonin, but not in 
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Figur ee 3. Schemati c representatio n of the 
plectin-AB DD wit h an alignment  of the amin o acid 
sequenc ee of the ABS2 of differen t ABDs . The 
boxedd region represents a stretch of four amino 
acids,, which is not conserved among the ABDs of 
plectin,, dystonin, dystrophin, utrophin, a-actinin and 
filamin. . 
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Figur ee 4. Biochemica l analysi s of the interactio n of (34 wit h wild-typ e or mutan t plectin-ABDs . The 
topp two panels show precipitation of HA tagged plectin-ABD and co-precipitation of IL2R/p4cyt0. The bottom 
twoo panels show total lysates after transfection, indicating transfection efficiencies. The numbers indicate 
thee relative strength of interaction between IL2R/p4cyto and the plectin-ABDs, with 1 representing the strongest 
interaction.. The relative strength was calculated by determining the percentage of co-precipitated IL2R/ 
P4cvto,, compared to the total IL2R/p4cyto and correcting this value for the amount of precipitated HA-plectin-
ABD.. WT, wild-type; Mut, mutant (N149S/D150T) 

thatt of the other actin-binding proteins (Fig. 3). 
AA double point mutation was generated, based 
onn the difference between the ABDs of plectin 
andd dystrophin. The substitutions N149S/D150T 
(correspondingg to plectin-lC numbering) were 
introducedd in the ABDs of plectin-lA and plectin-
1C,, and in the ABD construct lacking the N-
terminall sequences (plectin-Al). In all three 
constructs,, the double point mutation completely 
abolishedd the interaction with (34 (Fig. 2C and 
D).. Further analysis of mutated ABDs revealed 
thatt N149, but not D150, is the critical residue 
forr binding to (34. Substitution of N149 by serine, 
alaninee or glycine, as present at this position in 
dystrophin,, utrophin and a-actinin, reduced 
bindingg to [34 dramatically, whereas substitution 
off D150 by threonine, as present at this position 
inn dystrophin, had no effect (Fig. 2C and D). 

Previouss studies have shown that the plectin-
ABDD can interact with the ABD of another plectin 
molecule,, but not with the ABD of dystrophin 
(Fontaoo et al., 2001). As shown in Fig. 2A and 
C,, this ability of the plectin-ABD to form 
homodimerss was not impaired by the double 
pointt mutation, indicating that residues other 
thann those involved in (34 binding mediate 
bindingg of two plectin-ABDs to each other. 
Furthermore,, these results show that the plectin-
ABDD mutant is expressed in yeast cells, and thus 
thatt the lack of (34 binding was not caused by a 
defectt in protein expression. Importantly, binding 
too (34 was not induced when the GST (95-97) 
residuess in the corresponding region of the ABD 
off dystrophin were replaced by RDD (148-150 
inn plectin-lC; Fig. 2C), suggesting that additional 
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residues,, other than N/D149, in the plectin-ABD 
aree likely to be involved in binding to (34. 

Biochemica ll  character izat io n of th e 
plectin-AB DD variant s 
Too confirm biochemically that the double point 
mutationn in the plectin-ABD abrogates binding 
too (34, COS-7 cells were transfected with different 
HA-taggedd plectin-ABD constructs (wild-type or 
thee N149S/D150T mutant) along with an IL2R/ 
(34c*t00 chimera. This IL2R/p4c>"0 chimera is 
expressedd at the cell surface independent of 
associationn with a6 (Nievers et al., 1998). As 
shownn in Fig. 4, the II^R/pM0*0 chimera was co-
precipitatedd with the ABD of both wild-type 
plectin-lAA and plectin-lC, as well as that of 
plectin-Al.. In contrast to the results of the yeast 
(5-galactosidasee assays, we found that the ABD 
off plectin-Al (lacking the N-terminal residues) 
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bindss most strongly to (34. Possibly, in the yeast 
two-hybridd assays, the bulky GAL4 binding 
domain,, by steric interference, prevents efficient 
bindingg of the plectin-Al ABD to (34. Co-
precipitationn of the II^R/pM0*0 chimera with the 
N149S/D150TT mutant plectin-ABDs was strongly 
reducedd as compared to that of the wild-type 
ABDss (Fig. 4), but wass not completely abrogated. 
Bindingg of the mutated plectin-Al ABD was still 
fairlyy strong, but since the binding of the ABD of 
wild-typee plectin-Al is much stronger than that 
off plectin-lA and -1C, the reduction of binding 
alsoo in this case was considerable. 
Inn conclusion, these results show that the 
substitutionn of asparagine and aspartate at 
positionn 149 and 150 in the ABS2 of the plectin-
ABDD by serine and threonine respectively, 
significantlyy weakens, but does not completely 
abrogatee binding to (34. 
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Figur ee 5. Distributio n of plectin-ABD s in MD-EBS keratinocytes . MD-EBS keratinocytes were transfected 
withh HA-tagged plectin-1A ABD (A-C), full-length plectin-1A (D-F), plectin-1C ABD (G-l), full-length plectin-
1CC (J-L), plectin-A1 ABD (M-O), full-length plectin-A1 (P-R), dystrophin ABD (S-U) or plectin-1C1'65/ 
dystrophin-ABD11-337plectin339-45744 chimera (V-X). Cells were stained for HA-tagged proteins (A, D, G, J, M, 
P,, S, V) and |34 (B, E, H, K, N, Q, T, W). Overlay images are shown in C, F, I, L, O, R, U and X. Co-
localizationn appears as yellow. 
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Figur ee 6. Distributio n of mutan t (N149S/D150T) plectin-ABD s in MD-EBS keratinocytes . MD-EBS 
keratinocytess were transfected with HA-tagged mutant plectin-1 A ABD (A-C), full-length mutant plectin-1 A 
(D-F),, mutant plectin-1 C ABD (G-l), full-length mutant plectin-1 C (J-L), mutant plectin-A1 ABD (M-O), or 
full-lengthh mutant plectin-A1 (P-R). Cells were stained as described in figure 5. 

Celll  biologica l characterizatio n of the 
plectin-AB DD variant s 
Too determine the effect of the double point 
mutationn on the co-localization of the isolated 
plectin-ABDss and of full-length plectin with |34 
inn hemidesmosomes, an HA-tagged plectin-ABD 
andd full-length plectin (wild-type or mutant) were 
expressedd in keratinocytes from an MD-EBS 
patient,, who is homozygous for an 8-bp 
duplicationn mutation in exon 31 of the PLEC1 
gene,, causing an early stop-codon to be 
introducedd 14 bp downstream of the insertion 
(Smithh etal., 1996). Therefore, plectin variants 
containingg the rod-domain (encoded by exon 31) 
aree not expressed in these cells. However, we 
didd observe the expression of a rod-less plectin 
variant,, containing the N-terminal ABD and C-
terminall sequences, which is also co-localized 
withh p4 in hemidesmosomes (our unpublished 
results). . 
Transfectionn of these cells with the wild-type 
ABDss of plectin-lA (Fig. 5A-C), plectin-lC (Fig. 
5G-I)) and plectin-Al (Fig. 5M-0) results in weak 
co-localizationn of these ABDs with f54 in a 
minorityy of the cells. The weak and restricted 
co-localizationco-localization with p4 is probably due to the 
highh affinity of the ABDs for F-actin. When full-
lengthh plectin-lA (Fig. 5D-F), plectin-lC (Fig. 5J-
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L)) or plectin-Al (Fig. 5P-R) were introduced, the 
co-localizationn with (34 was more pronounced, 
whichh is likely due to the presence of additional 
bindingg sites on plectin outside the ABD 
(Rezniczekk etal., 1998; our unpublished results). 
Inn accordance with the results of the in vitro 
bindingg assay, we found that the recruitment of 
thee ABD of plectin-Al into hemidesmosomes is 
moree efficient than that of the naturally occurring 
plectinn variants, 1A and 1C. Furthermore, only 
thee plectin-ABD, and not the dystrophin-ABD was 
co-localizedd with (34 (Fig. 5S-U). A full-length 
chimeraa in which the plectin-ABD was replaced 
byy the dystrophin-ABD, however, was weakly co-
localizedd with p4, which also indicates the 
presencee of additional, weak binding site(s) on 
plectinn outside the ABD (Fig. 5V-X). 
Next,, the ability of plectin-lA, -1C and -A l , 
containingg the N149S/D150T substitutions in the 
ABS22 of the ABD, to become co-localized with 
p44 in MD-EBS keratinocytes was tested. In 
agreementt with our finding that binding was 
stronglyy reduced due to these substitutions (Fig. 
4),, co-localization of the plectin-lA, -1C and -
A ll N149S/D150T mutants, either as short ABD-
fragmentss or as full-length proteins, with p4 was 
alsoo reduced, but not entirely absent (Fig. 6). 
Thee remaining co-localization was most evident 
forr those mutants, whose corresponding wild-
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Figur ee 7. Compariso n of the crysta l structure s and molecula r surface s of the ABDs fro m plectin , 
dystrophi nn and utrophin . (A) Ribbon diagrams and solvent-accessible surfaces of the ABDs of plectin, 
dystrophinn and utrophin were created using the atomic coordinates derived by X-ray diffraction analysis 
(Garcia-Alvarez,, ef a/., 2003; Norwood ef al., 2000; Keep ef a/., 1999) and the program WebLab ViewerLite 
3.200 (Molecular Simulations Inc.) for the ribbon diagrams and the program SPOCK (The Center for 
Macromolecularr Design, Texas A&M University) for the solvent-accessible surface, colored according to 
electrostaticc potential with values ranging from -12 kT/e- (dark red) to +12 kT/e- (dark blue). The locations 
off N149 in plectin-1C and the corresponding amino acids in dystrophin and utrophin, as well as the CH1 
andd CH2 domains are indicated. The ABS1 is colored in blue, ABS2 in yellow, and ABS3 in green. (S) 
Close-upp of the structure and solvent accessible surface around N149, created with SPOCK and rendered 
withh RASTER3D (Merrit and Bacon, ef al., 1997), as in A. N149 forms the center of a shallow grove 
surroundedd by polar residues Q128, Q131, D135, R138, R148 and D150. In the crystal structure, a water 
moleculee occupies the small cavity. Most of the surrounding residues are conserved between plectin and 
dystonin,, but not dystrophin, utrophin, cx-actinin, and filamins A and B. The ABS2 region, colored in yellow, 
partiallyy overlaps with the P4 binding pocket. (C) Effect of mutations in the plectin-ABD on binding to (34 
withh yeast two-hybrid analysis. Indications are as in figure 2. 
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Figur ee 8. Biochemica l analysi s of the interactio n of F-acti n wit h wild-typ e or mutan t plectin-ABD s 
andd distributio n of wild-typ e and mutan t plectin-ABD s 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. 
Equall amounts of pellet (P) and supernatant (S) were subjected to SDS-PAGE and visualized by 
Coomassiee Blue staining. (6) REF52 cells were transfected with HA-tagged wild-type (A-C, G-l, M-O) or 
mutantt forms (D-F, J-L, P-R) of plectin-1A ABD (A-F), plectin-1C ABD (G-L), and plectin-A1 ABD (M-R). 
Cellss were stained for HA-tagged proteins (A, D, G, J, M, P) and F-actin (B, E, H, K, N, Q). Overlay 
imagess are shown in C, F, I, L, O and R. Co-localization appears as yellow. 
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typee polypeptides had the strongest basic binding 
activity,, i.e. N149S/D150T plectin-ABD and -full 
lengthh proteins, lacking the stretch of amino 
acidss N-terminal of the ABD. Apparently, the 
residuall binding activity of the mutant ABDs for 
(344 allows this weak co-iocalization with [34 in 
hemidesmosomes,, or alternatively, the mutant 
plectin-ABDss are incorporated into 
hemidesmosomess by dimerization with the ABD 
off the endogenous rod-less plectin present in 
thee MD-EBS cells. 
Inn conclusion, the cell biological data confirm 
thee yeast two-hybrid and biochemical findings 
thatt the plectin-ABD specifically mediates binding 
too [34 and that N149 is involved in this interaction. 

Mappin gg of th e mutate d residue s ont o th e 
three-dimensiona ll  structur e of th e plectin -
ABD D 
Mappingg of the substituted amino acid of the 
ABS22 of the plectin-ABD (N149 in plectin-lC) 
ontoo the three-dimensional crystal structure of 
thee plectin-ABD (Garcfa-Alvarez er al., 2003) 
showedd that this amino acid is located at the 
beginningg of helix F of the CHI domain (Fig. 
7A).. Because the fold of the CHI domain of the 
ABDD of plectin, (Garcia-Alvarez et al., 2003) is 
almostt identical to that of dystrophin (Norwood 
etai,etai, 2000) and utrophin (Keep era/., 1999), it 
iss not to be expected that substitution of N149 
byy either glycine or serine, as present at this 
positionn in dystrophin and utrophin, would cause 
aa major disruption of the 3D structure (Fig. 7A). 
Therefore,, it is improbable that the loss of 
bindingg to (34 is due to a distortion of the 3D 
structuree of the ABD. Rather, N149 may 
contributee directly to the binding activity by 
contactingg one or more residues on (34. As shown 
inn Fig. 7B, N149 is structurally well defined and 
accessiblee on the surface in the center of a 
shalloww grove surrounded by polar residues 
includingg Q128, Q131, D135, R138, R148 and 
D150.. The side chain of N149 forms a hydrogen 
bondd with the side chain of Q131 and together 
withh R138 coordinates a water molecule, located 
inn a small cavity formed by these residues and 
D1355 (Garcia-Alvarez er al., 2003; Fig. 7B). 
Interestingly,, like N149, Q131, D135 and R138 
aree conserved in dystonin (R138 being a lysine 
inn dystonin), but not in dystrophin, utrophin, a-
actininn and the filamin isoforms. With the 
exceptionn of D135, substitution of these residues 
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(Q1311 and R138) by the amino acids present at 
thiss position in dystrophin abrogates binding to 
(344 in a yeast two-hybrid assay (Fig. 7C). This 
findingg further supports the idea that these 
aminoo acids form a small binding pocket for a 
sidee chain of a (34 residue. 
Inn summary, next to N149 also Q131 and R138 
inn the plectin-ABD are important for binding to 
[34,, and mutation of these amino acids does not 
seemm to affect the structure of the ABD. 

Thee plectin-AB D mutant s can bin d act in 
filament s s 
Wee have shown previously that plectin has a 
functionall ABD, capable of binding F-actin, both 
inin vitro and in vivo (Fontao er al., 2001). To 
investigatee whether the double point mutation 
(N149S/D150T)) in the ABD of plectin affects the 
capacityy of this domain to bind F-actin, we 
performedd an actin co-sedimentation assay (Fig. 
8A).. Consistent with the findings of Fontao et 
al.al. (2001), the results of this assay showed that 
thee plectin-Al ABD only poorly bound to F-actin, 
ass shown by the presence of plectin-Al in the 
supernatantt (Fig. 8A, bottom panel). We found 
thatt the ABDs of both plectin-lA and plectin-1C 
bindd F-actin with similar efficiency (Fig. 8A, upper 
andd middle panels). Like the ABDs of wild-type 
plectin-lA,, plectin-1C and plectin-Al, those 
carryingg the N149S/D150T mutations were able 
too bind F-actin (Fig. 8A). 
Thee distribution of the plectin-ABDs was also 
assessedd in transfected REF52 cells, which do 
nott express [34. In agreement with the results 
off the in vitro binding assay, all constructs, wild-
typee and mutant, are co-localized with actin 
stresss fibers (Fig. 8B). As expected, the plectin-
A ll wild-type and mutant constructs became co-
localizedd with F-actin less efficiently than the 
plectin-lAA and plectin-lC constructs (Fig. 8B). 
Thesee results show that the mutated ABDs, 
whosee capacity to bind |34 is strongly reduced, 
bindd to F-actin as efficiently as the wild-type 
ABDs,, further implicating that the fold of the 
ABDD is not affected by the mutation. 

Discussio n n 
Inn this study we show that the actin-binding 
domainn (ABD) of plectin, and also that of 
dystonin,, interacts with the integrin (34 subunit 
andd that the residues preceding the ABD 
dramaticallyy influence the affinity of binding, 

105 5 



Plectin-ABD D Firstt pair of FNIII of (34 

N149 9 

Figur ee 9. Solvent-accessible surfaces of the plectin-ABD and the first pair of FNIII repeats of f*4 colored as 
describedd in Fig. 7. The basic cleft in the plectin-ABD extends along the interdomain contact, and is flanked 
byy negatively charged patches. The acidic groove in p4 has shape complementarity to the basic belt in the 
plectin-ABDD and is flanked by positively charged residues. 

althoughh they themselves do not bind to |34. 
Furthermore,, we have identified three residues 
thatt are critical for tight binding of the plectin-
ABDD to (34. One of these amino acids, N149 (as 
numberedd in plectin-lC) is located in the ABS2 
off the plectin-ABD, while the other two (Q131 
andd R135) reside in the region preceding this 
sequence.. These amino acids are not present in 
thee ABDs of dystrophin, utrophin and filamin-A 
andd -B, and the ABDs of these proteins do not 
interactt with [34. 

Characteristic ss of th e ABD fo r bindin g to 
(344 integri n 
Plectinn contains an ABD of the p-spectrin type, 
whichh is highly conserved among other ABD-
containingg proteins, such as dystonin, 
dystrophin,, a-actinin, utrophin and filamins. 
Severall of these ABD-containing proteins are 
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expressedd in basal keratinocytes that also 
expresss a6p4. However, of these proteins, only 
plectinn is recruited by p4 into hemidesmosomes 
inn keratinocytes. Our results, which show that 
P44 binds to the plectin-ABD, but not to the ABDs 
off dystrophin, a-actinin, and filamin-A and -B, 
explainn why plectin is the only of these proteins 
thatt is present in hemidesmosomes. 
Interestingly,, also the dystonin-ABD interacts 
withh p4. Other than plectin, dystonin is not 
expressedd in keratinocytes, but in neuronal cells 
(Brownn et al., 1995). Initially, dystonin was 
clonedd and characterized as the neuronal variant 
off BP230, encoded by the BPAG1 gene. It was 
reportedd that dystonin (or BPAGl-n), like BP230 
(orr BPAGl-e), contains a plakin domain, a central 
rod-domainn and C-terminal plakin repeats 
containingg an intermediate filament-binding 
domain,, as well as an N-terminal ABD (Brown 



etet ai, 1995). However, recent studies indicated 
thatt not BPAGl-n, but BPAGl-a is the 
predominantt product of the BPAG1 gene in 
neuronall cells. BPAGl-a shares the ABD and 
plakinn domains with BPAGl-n, but its rod domain 
iss composed of spectrin repeats and the C-
terminall domain contains a Gas2-related 
microtubule-bindingg domain (Leung etal., 2001). 
Possibly,, in previous studies on dystonin, BPAG1-
aa and not BPAGl-n was investigated. We only 
studiedd the N-terminal part of dystonin, which 
iss present in both BPAGl-n and BPAGl-a. 
Dystoninn was reported to be essential for the 
polarization,, matrix attachment and organization 
off the cytoskeleton in Schwann cells during 
myelinationn (Bernier etal., 1998). Interestingly, 
alsoo oc6[34 is expressed in Schwann cells 
(Sonnenbergg etal., 1990; Einheber etal., 1993; 
Niessenn et al., 1994), its expression requiring 
continuouss axon-Schwann cell interactions and 
itss localization is only polarized during 
myelinationn (Feltri et at., 1994). Feltri and 
coworkerss already suggested a possible function 
off a6(34 in providing polarity and communication 
off the basal lamina with the cytoskeleton in order 
too generate the mechanical force necessary for 
Schwannn ceil myelination. However, the 
possibilityy of physical interactions between a6[34 
andd intermediate filaments (vimentin, nestin or 
neurofilaments)) and/or microtubules in Schwann 
cellss had to be explored. Our current findings 
suggestt that in Schwann cells it may be dystonin/ 
BPAGl-aa that links the a6(34 integrin to the 
cytoskeleton. . 

Thee effec t of th e residue s precedin g th e 
plectin-AB D D 
Thee PLEC1 gene encodes a wide variety of plectin 
splicee variants. Only some of these variants are 
expressedd in keratinocytes, most strongly plectin-
1AA and plectin-lC and more weakly, plectin-1 
andd plectin-lB (Fuchs et at., 1999). Recently, 
Andraa et al. (2003) reported that only plectin-
1AA is present in basal keratinocytes of the mouse 
andd recruited into hemidesmosomes, whereas 
plectin-lCC is not. However, the PA-JEB and MD-
EBSS keratinocyte cell lines, which are derived 
fromm human basal keratinocytes, contain in 
additionn to plectin-lA also plectin-lC transcripts, 
albeitt at lower levels (Fig. IB). Since we lack 
splicee variant-specific antibodies, we cannot test 
whetherr both variants are expressed at the 
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proteinn level or whether they both are located 
inn hemidesmosomes. Our results with the ABD 
off plectin, in which the N-terminal sequence of 
residuess had been deleted or exchanged with 
ann unrelated sequence, confirm that the residues 
precedingg the ABD can affect its affinity for (34. 
Furthermore,, in the yeast two-hybrid assay 
plectin-lCC bound to p4 with much higher 
efficiency.. However, although in both the in vitro 
bindingg assay and the immunofluorescence 
experimentt the binding of plectin-lA to (34 
appearedd to be slightly more efficient than 
bindingg of plectin-lC to |34, the difference in (34 
bindingg between plectin-1A and plectin-1C in 
thesee experiments was not significant. Most 
likely,, other factors in the cell play an important 
rolee in the binding of plectin to [34, such as the 
bindingg of plectin to other hemidesmosomal 
componentss or a regulation of its affinity for F-
actinn and (34 by post-translational modifications. 
Furthermore,, in both MD-EBS and PA-JEB/(34 
cellss dimerization of the exogenously introduced 
ABDss with the ABD of endogenous plectin may 
playy a role in binding to (34 and thus their 
recruitmentt into hemidesmosomes (Fontao et 
al.,al., 2001). That other factors may indeed play a 
rolee is shown in a recent study by Andra and 
coworkerss (2003), who showed that transfected 
plectin-lA,, but not plectin-lC, is co-localized with 
(344 in plectin-deficient murine keratinocytes, 
whereass in our human MD-EBS and PA-JEB/(34 
keratinocytess all three full-length plectin variants, 
includingg plectin-1C, are co-localized with (34. 
Thee N-terminal sequences of amino acids do not 
onlyy influence the binding of the plectin-ABD with 
[34,, but also the binding of plectin to F-actin. 
Deletionn of the N-terminal residues specific for 
plectin-lAA or -1C results in decreased binding 
off the plectin-ABD to F-actin, as evaluated in an 
actin-polymerizationn assay and in transfection 
experimentss with REF52 cells. Similar 
observationss were made with the ABD of 
utrophin,, whose affinity for F-actin is reduced 
byy a factor four after deletion of the N-terminal 
residuess (Keep etal., 1999). Interestingly, while 
deletionn of the N-terminal sequences reduces 
thee affinity of the plectin-ABD to F-actin, it 
increasess the binding activity for (34. This is 
suggestedd by the observation that plectin 
constructss lacking the sequences N-terminal of 
thee ABD localized more efficiently into 
hemidesmosomess than the corresponding 
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plectin-lAA and -IC constructs. Thus, it seems 
thatt binding of the plectin ABD to either F-actin 
orr (34 can be regulated via the N-terminal 
sequencee of amino acids in an apparently 
oppositee manner, i.e. a decrease in binding to 
F-actinn and an increase in binding to p4, and 
vicee versa. Further work is needed to identify 
thee signals that regulate this affinity switch. 

Thee effec t of mutatin g N149 in plecti n on 
B44 bindin g 
Ourr observations that a double point mutation 
inn the ABS2 of the plectin-ABD is sufficient to 
completelyy abrogate binding to p4 in yeast, but 
nott to prevent its co-localization with [34 in 
transfectedd MD-EBS cells, cannot be explained 
byy the possibility that we have introduced a 
putativee phosphorylation site. In yeast, 
phosphorylationn of serine at this site may result 
inn a different binding affinity of plectin for (34. 
However,, by substituting the critical asparagine 
residuee at position 149 by alanine or glycine 
insteadd of serine, we exclude such a mechanism. 
Importantly,, a complete loss of binding of the 
plectin-ABDD mutants to (34, as observed in the 
yeastt two-hybrid assay, was not found in the in 
vitrovitro binding assay. Together these findings 
indicatee that the substituted amino acid at 
positionn 149, although important for binding to 
(34,, is not solely responsible for the interaction 
off the plectin-ABD with p4. Indeed, we found 
thatt also glutamine and arginine at positions 131 
andd 138 respectively, are critical for binding to 
P4.. Furthermore, an asparagine residue at 
positionn 149 of the plectin-ABD permits binding 
too P4, but also an aspartate residue allows (34 
binding.. Together these results indicate that 
multiplee residues on the plectin-ABD are involved 
inn the binding to p4. 

Structur ee of th e plectin-AB D 
Garcia-Alvarezz et al. (2003) observed a basic 
"belt"" in plectin around the interdomain waist 
andd the helix G of CHI, which is surrounded by 
acidicc residues, one of which is N149 (Fig. 9). 
Thee shape of the basic belt is such that it fits 
welll in the acidic V-shaped groove formed at 
thee interface between the first and second FNIII 
repeatt of p4 (de Pereda et al., 1999). 
Interestingly,, the residues R1225 and R1281 of 
p44 that are critical for binding to the plectin-
ABDD (Koster et ai, 2001) lie at the edge of this 
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acidicc groove (Fig. 9). Garcia-Alvarez et al. 
(2003)) already suggested that the plectin-p4 
interactionn involves the interdomain surfaces in 
bothh pairs of tandem CH and FNIII domains. If 
so,, either R1225 or R1281 in p4 may come into 
closee proximity with Q131, R138 or IM149 in 
piectin-lC,, allowing a direct contact between one 
orr more of these amino acids. 
Inn the crystal structure of the plectin-ABD, the 
residuess Q131, R138 and N149, together with 
D1355 form a small cavity in which a well-ordered 
waterr molecule is present. There is direct contact 
betweenn N149 and Q131, and between R138 
andd D135, while R138 and N149 are involved in 
coordinatingcoordinating the water molecule located in this 
cavityy (Garcia-Alvarez et al., 2003; Fig. 7B). 
Possibly,, this water molecule is displaced when 
aa side chain from a p4 residue docks into the 
pocket.. Alternatively the water molecule may 
formm part of the complex and mediate a specific 
contactt with p4. Interestingly, only the residues 
formingg contacts with either N149 (Q131) or the 
waterr molecule (R138), but not D135, which 
contactss R138, are crucial for binding to P4. 
Mutationn of residue D150 that like the above 
residues,, is available at the surface of the 
structure,, but located somewhat outside the 
putativee binding pocket, does not affect binding 
too p4 in a yeast two-hybrid assay (Fig. 2C). 
Additionally,, other regions in the ABD may be 
involvedd in the interaction with p4. The 
interactionn requires both CH domains of plectin 
(Geertss et al., 1999), suggesting that CH2 
harborss additional contact sites. The first pair of 
FNIIII domains of p4 adopts an extended 
conformationn in the crystal structure (de Pereda 
ett al., 1999), and no significant interdomain 
bendingg is likely to occur upon binding to plectin, 
sincee the linker between the FNIII domains is 
veryy short. Therefore the binding interface in 
plectinn is likely to extend over only one of the 
facess of the ABD. The area of CH2 around the 
ABS33 is oriented on the same side of the 
moleculee as Q131, R138 and N149 (Fig. 7A). In 
factt the ABS2-ABS3 face of the ABD contains 
mostt of the solvent exposed residues conserved 
amongg 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 
thee plectin-ABD involved in binding to p4. The 
factt that N149 is part of the p4 binding pocket 
butt also of the ABS2, and the close proximity of 



thiss pocket to ABS2, explains how by steric 
interferencee the binding of the plectin-ABD to 
f}44 and F-actin is mutually exclusive. 
Comparisonn of the crystal structures of the ABDs 
off plectin (Garcia-Alvarez etal., 2003), utrophin 
(Keepp etal., 1999) and dystrophin (Norwood et 
aL,aL, 2000) (Fig. 7A), shows that the fold of the 
CHII domain is very similar in these ABDs. Hence, 
thee substitution of Q131, R138 or N149 for 
residuess as they occur in utrophin or dystrophin, 
mostt likely does not induce large structural 
differences.. However, the position of the CH2 
domainn relative to the CHI domain is different 
inn the crystal structures of these three ABDs (Fig. 
7A)) due to the dimerization by domain swapping 
off the ABDs of utrophin and dystrophin. Despite 
thee high degree of structural conservation in the 
backbonee of the CHI and CH2 domains, the 
solventt exposed residues are not conserved 
amongg the three ABDs, leading to specific 
surfacee details in each molecule. As a 
consequence,, the electrostatic surfaces of the 
moleculess are different (Fig. 7A). Therefore lack 
off binding to p4 by ABDs other than plectin and 
dystoninn may be due to loss of specific contacts, 
losss of charge complementarity or variations in 
thee relative orientation of CH domains. The 
presencee of multiple interaction sites within the 
ABDD may explain why the substitution of the 
threee amino acids GST (position 95-97) in the 
ABS22 of dystrophin by RDD as present in plectin, 
doess not induce binding to (34. The structure of 
thee amino acid stretch preceding the ABD is not 
modeled.. Since we found the stretch of amino 
acidss preceding the ABD to be important in 
regulatingg the binding of the plectin-ABD to p4, 
wee hypothesize that these residues may spatially 
interferee with the binding site for f$4, e.g. the 
basicc belt or the surrounding acidic residues. 
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Summar y y 

Thee skin forms a selective barrier that protects humans and other organisms against influences 
fromm the external environment. The epidermis constitutes the outer layer of the skin and is composed 
off epithelial cells (keratinocytes). The basal side of the epidermis is anchored to the underlying 
basementt membrane. Anchorage is mainly provided by specialized adhesion structures called 
hemidesmosomess that are present at the cell surface of keratinocytes. Hemidesmosomes provide 
thee linkage between laminin-5 in the basement membrane and the keratin intermediate filament 
systemm inside the cell, and thereby ascertain a strong attachment of the epidermis to the rest of 
thee body. 
Thee integrin a6|34 is an important component of hemidesmosomes. It is a heterodimeric 
transmembranee protein of which the cytoplasmic domain of the [3 subunit is extremely long (1000 
aminoo acids) as compared to other (3 subunits (50 amino acids). The cytoplasmic domain has little 
characteristicss in common with other proteins, except for the presence of 2 pairs of fibronectin 
typee three repeats which are separated from each other by a connecting segment. 
Twoo other constituents of the hemidesmosome are BP230 and plectin. These closely related 
cytoskeletall linker proteins belong to the same family of proteins called the plakins. In addition to 
thesee proteins, also BP180 and the tetraspanin CD151 are present in hemidesmosomes. 
Thee studies presented in this thesis have focused on the analysis of interactions between different 
hemidesmosomall components, with primary interest in the involvement of plakins. 
Inn Chapte r 1 an overview of the current literature on HDs is given. 
Inn Chapte r 2 the effect of 2 mutations in (34, initially detected in patients, in tissue culture and 
yeastt two-hybrid experiments is described. Both mutations could be mapped to the same region 
onn the first pair of FNIII repeats after extrapolation on the 3 dimensional structure of these 
domains.. Introduction of (34 constructs containing these mutations in yeast two-hybrid experiments, 
resultss in the abrogation of binding between the mutants and the ABD of plectin, while binding of 
thee ABD to wild type [34 is not affected. The introduction of these mutations in full length cDNA 
constructss of (34, followed by their expression in cell lines, also results in the loss of plectin recruitment 
intoo hemidesmosomes by the mutants. Other mutants of (34, that have also been tested for their 
abilityy to bind plectin, did not show an effect on recruitment. These results explain why patients 
carryingg these mutations develop a skin disease called epidermolysis bullosa, because a crucial 
bindingg between (34 and plectin is broken. 
Inn Chapte r 3 studies on the interactions between BP230 and BP180 are described. To detect 
thesee interactions we made use of the yeast two-hybrid system. With this technique we identified 
directt interactions between the two proteins. Next, we determined the minimal regions involved in 
binding,, by progressively shortening the BP180 and BP230 constructs used in the assay. With the 
knowledgee of the minimal binding surfaces required for the binding of BP180 to BP230, we 
determinedd the importance of these regions in the assembly of hemidesmosomes. For this, we 
havee utilized a keratinocyte cell line obtained from a patient who does not express BP180. Without 
BP180,, these cells assemble hemidesmosome-like structures containing a6(34 and plectin, but 
lackingg BP180 and BP230. Introduction of full length BP180 into these cells results in the expression 
off BP180, and the assembly of hemidesmosomes, containing in addition to cc6(34 and plectin, also 
BP1800 and BP230. However, when a mutant BP180 is used, which lacks the binding surface for 
BP230,, the formed hemidesmosome structure lacks BP230. Since we did not have a cell line 
derivedd from a patient lacking BP230 at our disposal, we generated haemaglutinin-tagged BP230, 
andd determined whether this clone is recruited into hemidesmosomes. When a mutant was used 
thatt no longer contains the binding site for BP180, then again, BP230 is not recruited into HDs. We 
thuss demonstrated that the recruitment of BP230 into HDs is completely dependent on BP180. In 
aa cell line of a patient lacking (34, no hemidesmosomes are formed, neither are complexes of 
BP1800 and BP230. Thus, even though recruitment of BP230 into hemidesmosomes is dependent 
onn BP180, BP180 by itself is not sufficient to recruit BP230. 
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Inn addition, we have determined that BP180, next to BP230, also interacts with the plakin protein 
plectinn and that the binding sites on plectin and BP230 are homologous. Furthermore, an interaction 
betweenn BP230 and [34 was identified and we determined the minimal binding surface for (34 on 
BP180.. Based on all the interactions identified in this chapter, we have proposed an hierarchical 
modell for the assembly of hemidesmosomes. 
Inn the studies described in Chapte r 4, we focused on the interaction between plectin and (34, that 
hass previously been identified in our laboratory. Initially, we determined that the actin binding 
domainn (ABD) of plectin interacts with the first pair of FNIII repeats of [34. At that time, it was also 
determinedd that this was the only binding site for (34 on the N-terminal region of plectin. However, 
theree is hardly any recruitment of the ABD of plectin into hemidesmosomes, when introduced in 
celll lines. Based on this finding, we decided to once again look into the (34 binding capacities of the 
N-terminuss of plectin. 
Wee started with the analysis of a cell line that stably expresses a (34 subunit truncated at amino 
acidd 1355 (f31355) and showed that plectin was recruited into HDs in these cells. Since we already 
showedd previously that (341328 is unable to recruit plectin, we closely examined the sequence 
betweenn 1328 and 1355 and identified two proline residues that are essential for the recruitment 
off plectin, since when replaced by alanine in a full length (34 construct, recruitment is abrogated. 
Next,, we identified an additional binding site for (34 in the first 606 residues of plectin (plectin1606). 
Thiss fragment is able to interact with both the second FNIII repeat, a region in the connecting 
segment,, and the C-tail of (34. With co-immunoprecipitations we were able to show involvement of 
alll three regions in the binding of plectin to (34. 
Introductionn of plectin1606 in cells, however, did not result in the recruitment of this fragment into 
hemidesmosomess but rather it decorates a filamentous network. Extension of plectin to contain 
alsoo the rod domain was required for recruitment into hemidesmosomes. Also in the absence of 
thee ABD, recruitment into hemidesmosomes occurs, however only when the cells also contain a 
plectinn ABD that can interact with the first pair of fibronectin type I I I repeats. 
Thee results indicate that the extra binding sites on plectin can only be used when a plectin ABD is 
boundd to (34 and that (34 can interact with two plectin molecules at the same time. 
Chapte rr  5 covers the identification of crucial amino acids in the ABD of plectin that are involved 
inn binding to the first pair of FNIII repeats in [34. 
Wee first investigated the specificity of ABD binding to (34 by testing ABDs of different proteins for 
theirr binding to (34. From this experiment it became apparent that only the ABD of plectin and that 
off a variant of BP230, dystonin, bound to (34, while all other ABDs tested did not. Next, we 
investigatedd the involvement of the sequences in front of the ABD in the interaction with (34. These 
sequencess do not directly interact with |34, but do influence the binding. 
Carefull analysis of the sequences of ABDs, has lead to the identification of a region that is present 
inn plectin and dystonin, but not in any of the other ABDs analyzed. Mutation of two amino acids in 
thiss region into the respective residues present in another ABD (that does not interact with (34), 
resultss in the inability to bind to [34 in yeast. In co-immunoprecipitations, the introduction of these 
mutationss greatly reduced the binding to |34. Also in cell transfection experiments, the recruitment 
off the mutant into hemidesmosomes was hampered. Co-sedimentation experiments showed that 
thee introduction of these mutations did not affect the binding to actin. 
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Samenvattin g g 

Dee huid vormt een selectieve barrière die de mens en andere organismen beschermt tegen invloeden 
vann buiten. De epidermis vormt de buitenste laag van de huid en is opgebouwd uit epitheliale 
cellenn (keratinocyten). De basale kant van de epidermis is stevig verankerd aan de onderliggende 
basaalmembraan.. Deze verankering wordt voornamelijk verzorgd door gespecialiseerde 
adhesiestructuren,, hemidesmosomen, aan de oppervlakte van de keratinocyten. Hemidesmosomen 
verzorgenn een verbinding tussen een component van de basaalmembraan, laminine-5 en keratine 
filamentenn van het cytoskelet, en zorgen daarmee voor een stevige aanhechting van de epidermis 
aann de rest van het lichaam. 
Dee integrine a6(34 is een belangrijke component van hemidesmosomen. Het is een heterodimeer 
transmembraann eiwit waarvan het cytoplasmatisch domein van de p keten extreem lang is (1000 
aminozuren)) in vergelijking met andere p ketens (50 aminozuren). Het cytoplasmatisch domein 
vertoontt weinig overeenkomst met andere eiwitten, afgezien van twee paren fibronectine type III 
motievenn die gescheiden worden door een verbindend segment. 
Tweee andere componenten van hemidesmosomen zijn BP230 en plectine. Deze nauw verwante 
eiwittenn behoren tot de plakin-familie, en zijn betrokken bij het verankeren van cytoskelet eiwitten. 
Daarnaastt maken ook het collageen BP180 en de tetraspanin CD151 deel uit van de 
hemidesmosoom. . 
Dee studies beschreven in dit proefschrift hebben zich geconcentreerd op de analyse van interacties 
diee plaatsvinden tussen de verschillende hemidesmosoom eiwitten, en dan met name op de 
bindingenn waarbij plakins een rol spelen. 
Inn Hoofdstu k 1 wordt de huidige stand van zaken omtrent de kennis over hemidesmosomen 
behandeld. . 
Inn Hoofdstu k 2 wordt het effect beschreven van 2 mutaties in p4, die oorspronkelijk zijn aangetoond 
inn patiënten, in weefselkweek- en gist hybride experimenten. Beide mutaties blijken in dezelfde 
regioo in het eerste paar fibronectine motieven te zijn gelokaliseerd na extrapolatie van de 
driedimensionalee structuur van deze motieven. Uit de introductie van p4 constructen met deze 
mutatiess in gist hybride experimenten blijkt dat er geen interactie is tussen deze mutanten en 
plectine,, terwijl het wildtype eiwit wel bindt. Introductie van deze mutaties in volledige cDNA 
constructenn van p4 en expressie van deze mutanten in cellijnen, resulteert eveneens in de 
afwezigheidd van plectine rekrutering in hemidesmosomen door deze p4 mutanten, dit in tegenstelling 
tott het wildtype eiwit, dat wel plectine rekruteert. Andere P4 mutanten, die ook getest zijn op hun 
vermogenn om plectine te binden, hadden geen effect op de recruitering. De resultaten verklaren 
waaromm patiënten met deze mutaties de huidziekte epidermolysis bullosa ontwikkelen, namelijk 
tenn gevolge de verbreking van een cruciale binding tussen p4 en plectine. 
Inn Hoofdstu k 3 wordt onderzoek beschreven over interacties tussen BP230 en BP180. Om 
bindingenn tussen deze eiwitten te detecteren hebben we gebruik gemaakt van het gist hybride 
systeem.. Via deze techniek hebben we directe bindingen geïdentificeerd tussen deze 2 eiwitten. 
Vervolgenss hebben we de minimale bindingsgebieden voor deze interactie bepaald door steeds 
korteree stukjes van BP230 of BP180 te gebruiken in de assay. Met de kennis van de minimale 
regio'ss die nodig zijn voor de binding tussen BP180 en BP230, hebben we bepaald hoe belangrijk 
dezee binding is voor de vorming van hemidesmosomen. Hiervoor hebben we gebruik gemaakt van 
eenn keratinocyten cellijn geïsoleerd uit een patiënt die BP180 niet tot expressie brengt. Zonder 
BP1800 maakt deze cellijn hemidesmosoom-achtige structuren die zowel <x6p4 als plectine bevatten, 
maarr waarin BP180 en BP230 ontbreken. Introductie van een volledig BP180 cDNA in deze cellen, 
resulteertt in de expressie van BP180, en hemidesmosomen die naast a6p4 en plectine nu ook 
BP1800 en BP230 bevatten. Echter, als een BP180 mutant, die de bindingsplaats voor BP230 mist, 
geïntroduceerdd wordt in deze cellen, leidt dit tot hemidesmosoom-achtige structuren waarin BP230 
bijnaa altijd ontbreekt. Omdat we niet de beschikking hebben over een cellijn van patiënten waarin 
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BP2300 ontbreekt, hebben we een construct gemaakt waarin BP230 een HA- epitoop bevat, en 
daarvann vastgesteld dat die in hemidesmosomen gerekruteerd wordt. Als we hiervan een mutant 
makenn waarin de bindingsplaats voor BP180 ontbreekt, zien we opnieuw dat de BP230 mutant 
niett meer in de hemidesmosomen voorkomt. Op deze manier hebben we laten zien dat de rekrutering 
vann BP230 in hemidesmosomen volledig afhankelijk is van de aanwezigheid van BP180 in de 
hemidesmosoom.. In een cellijn afgeleid van een patiënt waarin (34 ontbreekt, worden geen 
hemidesmosomenn gevormd en in die cellijn rekruteert BP180 alleen ook geen BP230. Dus, ook al 
iss de rekrutering van BP230 afhankelijk van BP180, BP180 alleen is niet voldoende om BP230 te 
rekruteren. . 

Inn dit hoofdstuk hebben we verder bepaald dat BP180 naast BP230 ook aan het homologe eiwit 
plectinee kan binden, en dat daarvoor een bindingsplaats wordt gebruikt die homoloog is aan die 
opp BP230. Ook is er een binding gevonden tussen BP230 en [34, en hebben we de minimale 
bindingsplaatss op BP180 bepaald voor binding aan (34. 
Opp grond van alle resultaten in dit hoofdstuk hebben we een hiërarchisch model opgesteld voor de 
assemblagee van hemidesmosomen. 
Bijj het onderzoek bescreven in Hoofdstu k 4 hebben we gekeken naar de binding tussen plectine 
enn (34, die al eerder in ons laboratorium was geïdentificeerd. In eerste instantie is er toen vastgesteld 
datt het actine bindend domein (ABD) van plectine, een interactie aan kan gaan met het eerste 
paarr fibronectine type I I I modules van (34. Er is toen ook vastgesteld, dat dit de enige bindingsplaats 
voorr (34 was op het N-terminale gedeelte van plectine. Echter, het geïsoleerde ABD van plectine 
wordtt nauwelijks gerekruteerd in hemidesmosomen wanneer het in cellijnen geïntroduceerd wordt. 
Dezee bevinding deed ons besluiten om opnieuw naar de (34 bindende capaciteiten van de N-
terminuss van plectine te kijken. 
Inn deze studie zijn we begonnen met de analyse van een cellijn die een (34 integrine, getrunkeerd 
opp positie 1355 ((31355), stabiel tot expressie brengt. In deze cellijn wordt plectine naar 
hemidesmosomenn gerekruteerd . Omdat uit eerdere studies al gebleken was dat |341328 niet in 
staatt is om plectine te rekruteren, hebben we nauwlettend de sequentie tussen 1328 en 1355 
bekekenn en twee proline residuen geïdentificeerd die essentieel zijn voor de rekrutering van plectine, 
omdatt wanneer ze zijn vervangen door alanine, de rekrutering van plectine niet meer mogelijk is. 
Vervolgenss hebben we een additionele bindingsplaats voor [34 gevonden in de eerste 606 residuen 
vann plectine. Dit fragment kan een interactie aangaan met zowel de 2e fibronectine type II I module, 
alss met een gedeelte van het segment tussen de 2 paren fibronectine modules, en met de staart 
vann (34. Met behulp van co-immunoprecipitatie experimenten hebben we de betrokkenheid van de 
regio'ss op (34 voor de binding aan plectine aan kunnen tonen. 
Introductiee in cellen van het plectine fragment met de drie bindingsplaatsen voor (34 alleen leidt 
echterr nog steeds niet tot rekrutering in hemidesmosomen. Het is gecolokaliseerd in een netwerk 
patroonn in de cellen. Voor rekrutering in hemidesmosomen is het nodig om naast het N-terminale 
gedeeltee ook het centrale rod domein van plectine te introduceren. Alleen in dat geval wordt het 
eiwitt efficiënt in de hemidesmosoom gevonden. Ook in de afwezigheid van het ABD kan een 
plectinee mutant in de hemidesmosoom gerekruteerd worden, echter alleen als in de cellijn ook 
eenn plectine ABD voorkomt die kan binden aan het eerste paar fibronectine type I I I motieven. De 
resultatenn wijzen in de richting dat de extra bindingsplaatsen alleen gebruikt kunnen worden op 
hett moment dat het plectine ABD gebonden is aan (34 en dat dit integrine gelijktijdig twee plectine 
moleculenn kan binden. 
Inn Hoofdstu k 5 wordt de identificatie van cruciale aminozuren in de ABD van plectine die betrokken 
zijnn bij de binding aan de eerste serie Fibronectine type III motieven op (34. Eerst hebben we 
gekekenn naar de specificiteit van de binding van ABDs aan (34 door vergelijkbare domeinen uit 
homologee eiwitten te testen op interacties met {34. Hieruit bleek dat alleen het ABD van plectine en 
vann een variant van BP230, dystonine, binden aan [34. De andere ABD's vertoonden geen 
bindingsactiviteit.. Vervolgens hebben we de invloed van de sequenties voorafgaand aan het ABD 
bekekenn op de binding aan (34. Deze sequenties binden niet direct aan (34, maar kunnen wel 
degelijkk de interactie tussen het ABD en f34 beïnvloeden. Nauwkeurige analyse van de sequenties 
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vann meerdere ABD's heeft geleid tot de identificatie van een regio die wel in plectine en dystonine 
voorkomt,, maar die een andere samenstelling heeft in de rest van de ABD's. Mutatie van 2 
aminozurenn in deze regio van plectine tot de aminozuren die op dezelfde plek in een ander ABD 
voorkomenn had tot gevolg dat (M niet langer kon binden aan het ABD van plectine in gist. In co-
immunoprecipitatiee experimenten had de introductie van de mutaties een grote reductie in binding 
aann (34 tot gevolg. In celtransfectie experimenten werd de mutant ook minder efficiënt naar de 
hemidesmomenn gerekruteerd. Met behulp van een co-sedimentatie experiment konden we laten 
zienn dat de introductie van deze mutaties geen invloed had op de binding van de ABD aan actine. 
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Omm maar melodramatisch met het dankwoord te beginnen: aan alles komt een einde. Dat dit zelfs 
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Inn de eerste plaats wil ik mijn co-promotor Arnoud bedanken voor al zijn adviezen en hulp bij het 
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mett je samen te werken. Mijn promotor, Anton Berns dank ik voor de beoordeling van mijn 
proefschrift. . 
Mijnn eerste aanraking met het NKI kwam in de vorm van een stage bij Dirk Geerts in het lab van 
Arnoud.. Dirk, jij hebt mij enthousiast weten te maken voor integrines en mij de fijne kneepjes 
voorr het uitvoeren van zelfstandig onderzoek meegegeven. Ik heb jouw begeleiding en grote 
interessee in de voortgang van mijn promotieonderzoek altijd erg gewaardeerd. Dat de 
wetenschapsgemeenschapp klein kan zijn, blijkt wel uit het feit dat we opnieuw collega's zijn. 
Sandra,, jou wil ik heel erg bedanken voor alle steun. Niet alleen in de persoonlijke sfeer als mijn 
lievee vriendinnetje, maar zeker ook voor al het werk watje voor mij gedaan hebt tegen het einde 
vann mijn OiO periode. Ik zou niet meer weten wat ik zonder jou zou moeten beginnen. 
Alss een van de weinige promovendi op de afdeling (waarschijnlijk zelfs de enige) kan ik zeggen 
datt ik opeenvolgend met 2 van mijn labgenootjes onder 1 dak heb gewoond. Ten eerste ruim een 
halfjaarr met Sandy (als collega's), en aaneensluitend tot op de dag van vandaag met Sandra (als 
meerr dan collega's). 
Sandy,, door jouw doorzettingsvermogen zijn de initiële bevindingen met de ABD uitgegroeid tot 
eenn hele mooie paper. 
Ookk al heb ik dan niet de luxe gehad van een eigen analist, toch zou ik niet zonder de hulp van 
Ingridd hebben kunnen promoveren. Vooral de laatste jaren ben je vaak bijgesprongen met allerlei 
experimenten,, hetgeen ook wel blijkt uit het aantal publicaties waar onze beide namen op (gaan) 
staan. . 
Duco,, ook al hebben jouw verwoede pogingen met de pulldowns niet geleid tot een publicabel 
resultaat,, toch ben ik je erg dankbaar voor je inzet in deze. We zijn altijd een goed duo geweest 
omm de collega's een beetje op stang te jagen. 
Maaike,, ondanks jouw harde werk aan de "SH3" domeinen, is er jammer genoeg nooit iets uit 
voortt gekomen om te publiceren (science sucks!). 
Zonderr Maaike en Cecile, was dit proefschrift nooit geboren. In een grijs verleden hebben jullie 
tweeënn er voor gezorgd dat ik de moed niet heb opgegeven toen het onderzoek er niet zo rooskleurig 
uitt zag. Jullie hadden gelijk... Ik kan het;) 
II also wish to express my gratitude to Luca, who I first met during my stay as a student, and have 
collaboratedd with extensively during my time as a PhD student. Your funny accent and complete 
confidencee in my qualities as a scientist always had a positive influence on me. I would like to 
thankk Bertrand for a fruitful collaboration on the BP230 work. 
Alsoo Lionel (our Mario Brother), thanks for the great times in the lab, but also outside of the lab. 
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Verderr wil ik al mijn ex-schrijfkamergenootjes, waaronder Sandra, Sander, Gerben, Tomek, Sandy, 
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Figuu rr  1. Sonnenbergje s van nu en vroege r die ik 
wi ll  bedanke n voo r hun adviezen , discussie s en 
gezelligheid . . 
Aangezienn iedereen altijd wil weten of hij/zij genoemd 
wordtt in het dankwoord, heb ik in plaats van een 
waslijstt aan namen gekozen voor een speurpuzzel. 
KunKun jij ze allemaal vinden? 

Jeroo wil ik bedanken voor het opvangen van 
mijnn guppies. Al heb ik onlangs vernomen dat 
err eentje de brui aan gegeven heeft, ik heb 
hett volste vertrouwen in jouw guppen-
verzorgkwaliteiten. . 
Allee (ex-)collega's van het Sonnenberg lab: 
bedanktt voor alle discussies, adviezen en 
gezelligheidd (benieuwd of ik aan iedereen 
gedachtt heb? Zie figuur 1). Daarnaast wil ik 
ookk alle Hl-ers van nu en vroeger die nog niet 
genoemdd zijn bedanken voor de te gekke 6 
jaarr op het NKI. 
Doorr mijn iets meer dan gemiddelde interesse 
inn computers, en mijn bereidheid om altijd een 
handjee te helpen, heb ik contact gehad met 
velenn van jullie maar vooral met één iemand in 
hett bijzonder. John, ik hoop dat je computer 
hett nog steeds doet nu ik er niet meer ben om 
dee probleempjes op te lossen.... 
Datt ik het erg naar mijn zin heb gehad op de 
afdelingg celbiologie, blijkt ook wel uit alle tijd 
diee ik en mijn alter ego Piet Paparazzi gestoken 
hebbenn in de Hl-funpage (h t tp : / / 
hlfunpage.hypermart.net).. Piet en ik hebben 

altijdd met veel plezier het wel en wee van de afdeling openbaar gemaakt in woord en beeld en de 
verlaterss van het Hl-nest voorzien van een eigen filmposter op de website. 
Hugoo wil ik bedanken voor al zijn steun en bemoedigende conversaties in goede maar ook slechtere 
tijden.. Ook al kun je het mij soms moeilijk maken met een potje C&C (ion cannon ready) en 
eigenlijkk altijd moeilijk maken met squash (you bastard), je blijft mijn beste vriend. 
Natuurlijkk wil ik mijn ouders, mijn zusje Sandra (ja, ik weet het, ik heb een zwak voor Sandra's) 
mijnn "schoonouders", oma, vrienden en familie bedanken voor hun steun tijdens deze belangrijke 
periode.. Jullie waren er altijd voor me. 
Sandra,, jij bent het beste wat mij overkomen is. Ik hou van je. 
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