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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 
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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. 
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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 
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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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