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Phosphorylation of threonine 1736 in the 
C-terminal tail of integrin β4 contributes to 
hemidesmosome disassembly
Evelyne Frijns, Ingrid Kuikman, Sandy Litjens, Marcel Raspe, Kees Jalink, Michael Ports, 
Kevin Wilhelmsen*, and Arnoud Sonnenberg
Division of Cell Biology, The Netherlands Cancer Institute, 1066 CX Amsterdam, The Netherlands

ABSTRACT  During wound healing, hemidesmome disassembly enables keratinocyte migra-
tion and proliferation. Hemidesmosome dynamics are altered downstream of epidermal 
growth factor (EGF) receptor activation, following the phosphorylation of integrin β4 resi-
dues S1356 and S1364, which reduces the interaction with plectin; however, this event is in-
sufficient to drive complete hemidesmome disassembly. In the studies reported here, we 
used a fluorescence resonance energy transfer–based assay to demonstrate that the connect-
ing segment and carboxy-terminal tail of the β4 cytoplasmic domain interact, which facilitates 
the formation of a binding platform for plectin. In addition, analysis of a β4 mutant containing 
a phosphomimicking aspartic acid residue at T1736 in the C-tail suggests that phosphoryla-
tion of this residue regulates the interaction with the plectin plakin domain. The aspartic acid 
mutation of β4 T1736 impaired hemidesmosome formation in junctional epidermolysis asso-
ciated with pyloric atresia/β4 keratinocytes. Furthermore, we show that T1736 is phosphory-
lated downstream of protein kinase C and EGF receptor activation and is a substrate for 
protein kinase D1 in vitro and in cells, which requires its translocation to the plasma mem-
brane and subsequent activation. In conclusion, we identify T1736 as a novel phosphorylation 
site that contributes to the regulation of hemidesmome disassembly, a dynamically regulated 
process involving the concerted phosphorylation of multiple β4 residues.

INTRODUCTION
Hemidesmosomes (HDs) are junctional protein complexes that 
maintain epithelial tissue integrity. HDs mediate the stable adhe-
sion of epithelial cells to the underlying basement membrane by 
linking the extracellular matrix to the intermediate filament system. 
In simple epithelia this link is formed by type II HDs, which consist 

of integrin α6β4 and plectin, the latter of which binds directly to the 
keratin filament system. In squamous and complex epithelia more 
stable type I HDs occur (Green and Jones, 1996; Borradori and 
Sonnenberg, 1999). Type 1 HDs are formed via interaction between 
integrin α6β4 and plectin, with further stabilization occurring 
through interaction with bullous pemphigoid antigens 180 (BP180) 
and 230 (BP230) (Litjens et al., 2006). Genetic mutations that alter 
the expression and/or function of any of these proteins result in tis-
sue integrity defects known as epidermolysis bullosa (EB; Pulkkinen 
and Uitto, 1999).

Two known sites of interaction exist between integrin α6β4 and 
plectin. The primary site is formed by the first pair of fibronectin 
type III (FnIII) domains and a small part of the connecting segment 
(CS) of β4 that binds to the actin-binding domain (ABD) of plectin 
(Geerts et al., 1999; de Pereda et al., 2009). This interaction is suffi-
cient for the formation of HDs in cultured keratinocytes (Niessen 
et al., 1997; Schaapveld et al., 1998). Moreover, HD formation was 
not impaired in mice carrying a targeted deletion of the C-terminal 
cytoplasmic tail β4 up to residue 1355, which leaves the primary 
binding site for the plectin-ABD intact (Nikolopoulos et al., 2005). 
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To investigate whether phosphorylation of T1727 and T1736 
regulates the interaction of β4 with the plectin plakin domain, yeast 
two-hybrid and coimmunoprecipitation (coIP) assays were per-
formed. In agreement with previous studies, interaction of a frag-
ment of β4 comprising the fourth FNIII domain and C-tail (amino 
acids 1570–1752) with the plakin domain of plectin (amino acids 
284–1154, spectrin repeats 1–6; Sonnenberg et al., 2007) was ob-
served in yeast (Figure 1B; Rezniczek et  al., 1998; Koster et  al., 
2004). This interaction was prevented by the substitution of either 
T1727 or T1736 by a phosphomimicking aspartic acid, but not an 
alanine. In agreement, coIP experiments from transiently transfected 
cells confirmed the binding of the plectin plakin domain to the β4 
cytoplasmic domain (Figure 1C). Furthermore, as observed in yeast, 
binding of the plakin domain to the β4 cytoplasmic domain was 
prevented by the substitution of T1727 and T1736 by aspartic acid, 
but not alanine. Taken together, these data suggest that the interac-
tion between β4 and the plakin domain of plectin is regulated by the 
phosphorylation of T1727 and/or T1736.

Analysis of intermolecular interaction of the β4 cytoplasmic 
domain by fluorescence resonance energy transfer
Interaction between β4 and the plectin plakin domain depends on 
the C-tail of β4 and a specific region within the CS (1382–1436), which 
yeast two-hybrid and blot overlay assays suggest interact with each 
other (Rezniczek et al., 1998; Koster et al., 2004). It is not known, how-
ever, whether the interaction of the C-tail and the CS occurs within the 
full-length β4 molecule. Fluorescence resonance energy transfer 
(FRET), in which the excited cyan fluorescent protein (CFP) fluoro-
phore (donor) transfers energy to Venus fluorophore (acceptor) when 
in close proximity (<10 nm) and at the right dipole orientation, was 
used to study the β4 C-tail/CS tertiary structure further. Two β4 Venus-
CFP fusion proteins were generated. The CFP fluorophore was fused 
to the C-terminus, and the Venus fluorophore either replaced the 
nonfunctional CalX domain (β4ΔCalX, Venus/CFP) or was placed in the CS 
at position 1450 (β41450,Venus/CFP; Figure 1D). Rationale for Venus fluo-
rophore positioning within the CalX domain of β4 was based on pre-
vious findings that deletion of this domain did not alter HD dynamics 
(Niessen et al., 1997). Consistent with these findings, introduction of 
CFP and/or Venus at these different positions did not affect the func-
tion of β4: the two β4 fusion proteins were efficiently coprecipitated 
with the ABD of plectin (Supplemental Figure S1A). β4 Venus-CFP 
fusion proteins were transfected into COS-7 cells, and FRET was mea-
sured by recording the fluorescence emission spectra of lysates after 
excitation of CFP. Differences in emission spectra could not be as-
cribed to any variations in protein expression, as the expression levels 
of all β4 Venus-CFP fusion proteins were comparable (Figure 1E and 
Supplemental Figure S1B). Excitation of CFP in COS-7 cell lysates 
expressing β4CFP resulted in an emission peak at 475 nm, correspond-
ing to CFP emission (Figure 1F-H). A FRET signal was detected after 
excitation of CFP in lysates of COS-7 cells expressing β41450, Venus/CFP, 
as sensitized Venus fluorescence emission at 527 nm was detected in 
addition to the CFP emission at 475 nm (Figure 1F). Minimal 527-nm 
signal was detected in the lysates of COS-7 cells expressing 
β4ΔCalX,Venus/CFP. These results indicate that the C-tail is in close proxim-
ity to the CS of β4 but not to the CalX domain. In addition, coexpres-
sion of β4CFP and β41450,Venus did not result in a FRET signal, indicating 
that intramolecular rather than intermolecular FRET is detected. To 
confirm the existence of intramolecular FRET between the 
C-tail and the CS of β4 in live cells, we applied fluorescence lifetime 
imaging microscopy (FLIM) to PA-JEB keratinocytes transiently ex-
pressing β41450,Venus/CFP or β4ΔCalX,Venus/CFP. PA-JEB keratinocytes that 
express β4CFP showed an average lifetime value of 2.44 ± 0.0019 ns. 

Further support for the importance of this primary interaction site in 
regulating HD dynamics comes from the occurrence of two mis-
sense mutations in the second fibronectin type III (FNIII) domain 
of β4, identified in patients with nonlethal forms of junctional EB 
(Pulkkinen and Uitto, 1999; Nakano et  al., 2001). Both mutations 
were shown to inhibit interaction with plectin-ABD (Geerts et  al., 
1999; Koster et al., 2001; de Pereda et al., 2009). The secondary 
binding site is formed between the carboxy terminus of the CS, the 
carboxy-terminal tail (C-tail) of β4, and the plakin domain of plectin 
(Rezniczek et al., 1998; Koster et al., 2004). A nonsense mutation 
(Q1767X) in the C-tail of β4 was identified in an EB patient display-
ing a relatively mild, trauma-induced blistering of the skin (Nakano 
et al., 2001). This secondary interaction is predicted to stabilize the 
β4 and plectin-ABD complex, but its exact role in HD dynamics is 
not known.

During the migration and proliferation of keratinocytes, HD as-
sembly/disassembly and adhesion to the extracellular matrix must 
be dynamically regulated. Several growth factors have been impli-
cated in regulating HD disassembly, such as epidermal growth fac-
tor (EGF), hepatocyte growth factor, and macrophage-stimulating 
protein (Santoro et al., 2003; Werner and Grose, 2003; Litjens et al., 
2006; Barrientos et al., 2008). These factors collectively induce the 
Ras/MAPK signaling pathway and stimulate β4 phosphorylation on 
serine residues in the CS (Rabinovitz et al., 2004; Wilhelmsen et al., 
2007). Recently we showed that ERK1/2 and its downstream effec-
tor kinase p90RSK1/2 phosphorylate β4 on S1356 and S1364, re-
spectively, destabilizing the interaction between the FNIII domains 
of β4 and the ABD of plectin (Frijns et al., 2010), but the signaling 
mechanisms that regulate the interaction between the C-tail of β4 
and the plectin plakin domain remain unknown. Protein kinase D1 
(PKD1) is an important regulator of proliferation, apoptosis, and tu-
mor cell invasion (Van Lint et al., 2002; Rozengurt et al., 2005), pro-
cesses that require the (partial) disassembly of HDs. Here we set out 
to determine whether PKD1 has a putative role in regulating HD 
(dis)assembly and interaction between the C-tail of β4 and plectin.

We demonstrate that the C-tail is positioned in close proximity to 
the CS of β4 and that a β4 T1736 phosphorylation mimic prevents 
interaction between the C-tail of β4 and the plectin plakin domain. 
Furthermore, PKD1 directly phosphorylated T1736 in vitro, and 
T1736 was phosphorylated after phorbol-12-myristate-13-acetate 
(PMA)– or EGF-induced activation and membrane translocation of 
PKD1 in junctional epidermolysis associated with pyloric atresia 
(PA-JEB)/β4 keratinocytes. In summary, our results suggest that mul-
tiple phosphorylation events are necessary to regulate the interac-
tion of plectin with β4.

RESULTS
Mimicking phosphorylation of T1727 or T1736 prevents 
interaction between the C-terminal tail of β4 and the plectin 
plakin domain
We previously showed that the C-tail (amino acids 1667–1752) of 
the β4 cytoplasmic domain is important for binding to the plakin 
domain of plectin, and that phosphorylation of S1356 and S1364 in 
the CS disrupts the interaction with the ABD of plectin (Wilhelmsen 
et al., 2007; Frijns et al., 2010). To determine whether phosphoryla-
tion events can also potentially regulate the interaction of the C-tail 
with the plakin domain of plectin, putative phosphorylation sites in 
the C-tail of β4 were screened using the Netphos program. Thre-
onines 1727 and 1736 were identified to contain consensus se-
quences for PKD1-mediated phosphorylation (L/V-X-R-X-X-pS/T). 
Of importance, both threonines are evolutionarily conserved among 
several species (Figure 1A).
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FIGURE 1:  Mimicking phosphorylation of β4 on T1727 or T1736 prevents binding of the C-tail 
of β4 to the plakin domain of plectin. (A) Amino acid sequence (1721–1742) alignment of β4 
from different species using ClustalW. Besides the residues T1727 and T1736, the leucine, valine, 
and arginines (arrows) are highly conserved. (B) Substitution of T1727 or T1736 on β4 by a 
phosphomimicking aspartic acid residue resulted in loss of binding of the fourth FNIII domain 
and C-tail of β4 to the plectin plakin domain in a yeast two-hybrid interaction assay. 
(C) Coimmunoprecipitation from lysates of COS-7 cells cotransfected with different IL2R/β4 
chimeric and HA-tagged plectin plakin-domain constructs showed association of the plakin 
domain of plectin with the cytoplasmic domains of wild-type β4 and mutant β4 in which T1736 
had been replaced by alanine. Replacement of T1736 by aspartic acid eliminated binding. 
(D) Two β4 Venus-CFP fusion constructs were generated in which a CFP fluorophore was fused 
to the C-terminus and a Venus fluorophore, which either replaced the nonfunctional CalX 
domain (β4ΔCalX,Venus/CFP) or was inserted in the CS at position 1450 (β41450,Venus/CFP), where in the 
β4B variant an additional 53 amino acids are located. (E) COS-7 cells transiently transfected 
with β4CFP, β41450,Venus, a combination of β4CFP and β41450,Venus, β4ΔCalX, Venus/CFP, or β41450,Venus/CFP 
were lysed, and the levels of the different β4 Venus-CFP fusion proteins were analyzed by 
immunoblotting with polyclonal antibodies against β4. (F) COS-7 cells transiently expressing the 
indicated β4 Venus-CFP fusion proteins were serum starved overnight and lysed. The 
fluorescence emission spectra of the cell lysates upon excitation at 390 nm were recorded using 
a spectrophotometer and plotted. The expression of β41450,Venus/CFP resulted in a FRET signal at 
527 nm, indicating that the C-tail is in close proximity to the CS of β4. (G, H) Serum-starved 

A significant decrease in donor chromophore 
(CFP) lifetime values, indicative of FRET, 
occurred in cells expressing β41450,Venus/CFP 
or β4ΔCalX,Venus/CFP (Supplemental Figure S2). 
Similar to the results of the FRET determi-
nations in cell lysates, a higher FRET effi-
ciency was observed in cells expressing 
β41450,Venus/CFP than in β4ΔCalX,Venus/CFP cells. 
These data suggest that the β4 cytoplasmic 
domain supports intramolecular association 
between the C-tail and the CS, not only in 
cell lysates, but also in living cells.

Substitution of T1727 and T1736 by 
phosphomimicking aspartic acids does 
not alter the conformation of the β4 
cytoplasmic domain
To investigate whether intramolecular con-
formation is regulated by phosphorylation, 
aspartic acids or alanines were introduced 
into the putative phosphorylation sites 
T1727 and T1736 in β4 Venus-CFP. Both sets 
of amino acid substitutions (i.e., T1727A/
T1736A and T1727D/T1736D) had no effect 
on FRET efficiency (Figure 1G). Moreover, no 
change in FRET signal was detected for 
β41450,Venus/CFP in lysates from cells pretreated 
with calyculin A, an inhibitor of protein phos-
phatases-1 and -2A, and incubated with or 
without alkaline phosphatase (Figure 1H and 
Supplemental Figure S3). The same results 
were obtained in a different cell line, 
HEK293T, and using FLIM to measure FRET 
(unpublished observations). Together the 
data show that residues T1727 and T1736, 
which prevent interaction of β4 with the 
plectin plakin domain, do not disrupt the in-
tramolecular interaction between the CS and 
the fourth FnIII domain/C-tail of β4 integrin.

Integrin β4 is phosphorylated on 
T1736 by PKD1 in vitro
With the knowledge that aspartic acid sub-
stitution of the PKD1-consensus phosphory-
lation sites T1727 and T1736 prevented 
the interaction between β4 and the plectin 
plakin domain, we next wanted to determine 

COS-7 cells transiently expressing the 
indicated β4 Venus-CFP fusion proteins were 
either left untreated or treated with calyculin 
A (50 nM) in growth medium (DMEM + 
10% FCS) for 25 min and lysed. An aliquot of 
the lysate from the calyculin A–treated cells 
was incubated with alkaline phosphatases 
(AP; 60 U/ml) for 30 min at 37°C. The 
emission spectra of the cell lysates after 
excitation at 390 nm were analyzed and 
plotted. Substitution of T1727 and T1736 by 
alanine or aspartic acid, or treatment of 
lysates with calyculin A or AP, did not 
influence the emission spectra significantly.
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peptide and characterized the specificity of 
the antibody by immunoblot (IB). Lysates 
from PA-JEB and PA-JEB/β4 keratinocytes 
treated with or without calyculin A were ana-
lyzed by T1736 phosphospecific antibody 
IBs (Figure 3A, top). Antibody specificity for 
β4 was determined by IB analysis of β4 IPs 
(Figure 3, fourth panel) and was confirmed 
on lysates from PA-JEB keratinocytes ex-
pressing either wild-type or mutant β4 sub-
units. No reaction was obtained with β4 car-
rying a T1736A or T1736D mutation, 
whereas a reaction was observed with β4 
carrying a T1727A or T1727D mutation 
(Figure 3B). These results show that our anti-
body specifically recognizes β4 when phos-
phorylated on T1736.

PKD1 mediates PMA-stimulated 
phosphorylation of T1736 on β4

To further address the involvement of PKD1 in the phosphorylation 
of β4 on T1736, we coexpressed β4 with wild-type, constitutively ac-
tive (S744E/S748E), or kinase-dead GFP-PKD1 (D733A) fusion pro-
teins. PKD1 is activated by diacylglycerol (DAG) produced by Gβγ 
and/or growth factor–stimulated activation of phospholipase C (PLC), 
as well as artificially by phorbol esters that mimic DAG (Van Lint et al., 
1995; Matthews et  al., 2000). Treatment of transiently transfected 
cells with PMA resulted in the phosphorylation of β4 on T1736 in 
cells expressing wild-type or active PKD1 but not kinase-dead PKD1 
(Figure 4A). Compared to wild-type PKD1, coexpression of β4 with 
the active mutant resulted in a more pronounced increase in phos-
phorylation of β4 on T1736. Of interest, despite the fact that the 
constitutively active PKD1 is kept in an active conformation, as shown 

by the phosphorylation of S961, phosphory-
lation of β4 on T1736 was minimal in the ab-
sence of PMA. Next we investigated whether 
β4 is phosphorylated by PKD1 in keratino-
cytes. To this end, we generated PA-JEB/β4 
keratinocytes stably expressing wild-type, 
constitutively active, or kinase-dead GFP-
PKD1 fusion proteins. Similar to the results 
obtained in transiently transfected COS-7 
cells, PMA-stimulation increased T1736 
phosphorylation on β4 in cells that express 
wild-type or constitutive active but not ki-
nase-dead PKD1 (Figure 4B). Thus, in coex-
pression experiments using COS-7 cells and 
PA-JEB keratinocytes, PKD1 mediates the 
phosphorylation of β4 on T1736 in a PMA-
dependent manner.

PMA-induced plasma membrane 
translocation of PKD1 is required 
for phosphorylation of β4
The finding that phosphorylation of β4 
by active PKD1 requires PMA stimulation 
suggests that, in addition to protein kinase 
C (PKC)–mediated phosphorylation of 
S744/748 in the activation loop of PKD1, its 
membrane translocation is also necessary to 
stimulate phosphorylation of T1736 on β4. 
To visualize a possible translocation, we 

whether PKD1 could phosphorylate β4. To this end, an in vitro kinase 
assay was performed in which PKD1 was incubated with either wild-
type or mutant β4 proteins, in which one or both threonine residues 
were replaced by alanine. Subsequent phosphopeptide mapping 
showed that wild-type β4 is phosphorylated on several residues, 
whereas substitution of T1736, but not of T1727, resulted in the loss 
of a single phosphopeptide (Figure 2). This indicates that T1736, but 
not T1727, is a PKD1 phosphorylation site in vitro.

Generation and characterization of phosphorylated 
T1736-specific antibodies
To evaluate whether T1736 is phosphorylated in keratinocytes, we 
generated a rabbit polyclonal antibody against a phospho-T1736 

FIGURE 3:  The integrin β4 subunit is phosphorylated on T1736 in PA-JEB/β4 keratinocytes. 
(A) PA-JEB and PA-JEB/β4 keratinocytes were deprived of growth factors overnight and 
incubated with keratinocyte medium with or without bovine pituitary extract, EGF, and 50 nM 
calyculin A for 25 min. The cells were lysed, and β4 was immunoprecipitated using mAb 
450-11A. Phosphorylation of β4 was detected by immunoblotting using polyclonal antibodies 
specifically recognizing β4 phosphorylated at T1736. The total levels of β4 were verified using an 
antibody against β4. (B) PA-JEB keratinocytes reconstituted with wild-type or mutant β4 in which 
T1727 or T1736 were substituted by an alanine or aspartic acid were deprived of growth factors 
overnight and incubated with keratinocyte medium with or without bovine pituitary extract, 
EGF, and 50 nM calyculin A for 25 min. The cells were lysed in 1% NP-40 buffer and analyzed by 
immunoblotting using an antibody directed against phosphorylated β4 (T1736).

FIGURE 2:  The integrin β4 subunit is phosphorylated on T1736 by PKD1 in vitro. 
Phosphopeptide maps of chimeric proteins consisting of the extracellular and transmembrane 
domains of the IL2R fused to the cytoplasmic domain of β4WT, β4T1727A/T1736A, β4T1727A, and 
β4T1736A, isolated from transfected COS7 cells and phosphorylated in vitro by PKD1. As a 
control, precipitates prepared with anti-β4 mAb 450-11A from untransfected COS-7 cells were 
incubated with PKD1 and analyzed by gel electrophoresis, and an equivalent area of the gel 
where IL2R/β4 would run was excised and subjected to phosphopeptide analysis. Substitution 
of T1736 by an alanine resulted in the loss of a single phosphopeptide (encircled in red), 
indicating that T1736 is a phosphorylation site for PKD1 in vitro.
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apparatus. The kinase-dead mutant, how-
ever, was predominantly found at the Golgi 
apparatus, as judged by immunostaining of 
the trans-Golgi network (TGN; Supplemen-
tal Figure S4A). Stimulation with PMA in-
duced a rapid and near-complete transloca-
tion of all three PKD1 fusion proteins to the 
plasma membrane (Figure 4C; Matthews 
et  al., 1999a, 2000). Quantification of the 
fluorescence intensity of the cytoplasm over 
time revealed that the translocation of will-
type PKD1 is completed within 2 min after 
PMA-stimulation (Supplemental Figure S4B). 
In contrast, EGF was considerably less po-
tent in stimulating the translocation of wild-
type PKD1, and only a modest translocation 
of PKD1 to the plasma membrane was ob-
served (Figure 4C, bottom). Moreover, this 
translocation was highly transient and 
seemed to be associated with membrane 
ruffling induced by EGF. This suggests that 
EGF receptor (EGFR) signaling in PA-JEB/β4 
cells does not lead to a sufficiently strong 
activation of PLCγ and production of DAG 
to mediate membrane translocation of 
PKD1. In conclusion, the phosphorylation of 
β4 on T1736 requires both the activation of 
PKD1 and its translocation to plasma mem-
brane bound β4.

EGF-stimulated phosphorylation of 
T1736 on β4 is not mediated by PKD1
Next we determined whether endogenous 
PKD1 mediates phosphorylation of β4 in 
PA-JEB/β4 cells. Cells were stimulated with 
PMA or EGF, the latter known to activate the 
PLCγ-DAG-PKC signaling pathway. Analysis 
of the phosphorylation state of PKD1 
showed that only PMA stimulated PKD1 ac-
tivation (Figure 5). This result is in line with 
our findings that PMA, but not EGF, induces 
translocation of PKD1 to the plasma mem-
brane, where it is phosphorylated and acti-
vated by PKC. As with EGF-stimulated 
phosphorylation of T1736, the calyculin A–
inhibited dephosphorylation of this residue 
is not dependent on the activation of PKD1. 
Thus, although PKD1 might be involved in 
the phosphorylation of β4 on T1736 after 
PMA stimulation, another kinase may phos-
phorylate T1736 in response to EGF and 
calyculin A. Similar results were obtained us-
ing A431 epidermoid carcinoma cells, al-
though PMA and EGF induced a stronger 
stimulation of phosphorylation on T1736 in 
these cells than in PA-JEB/β4 keratinocytes 
(Figure 5). PMA and EGF also induced 
ERK1/2 activation and β4 phosphorylation 

on S1356 and S1364 in PA-JEB/β4 keratinocytes, consistent with 
previous results (Frijns et al., 2010). In contrast, A431 cells showed 
only a modest increase in β4 phosphorylation at S1356 and S1364 
following PMA and EGF stimulation. A431 cells also demonstrate 

performed immunofluorescence analysis of the localization of GFP-
PKD1 fusion proteins in PA-JEB/β4 keratinocytes. In unstimulated 
cells, wild-type and active PKD1 are primarily localized in the cyto-
plasm, with a small fraction of them being associated with the Golgi 

FIGURE 4:  PMA-induced plasma membrane translocation and activation of PKD1 result in the 
phosphorylation of β4 on T1736 in transfected COS-7 and PA-JEB keratinocytes. (A) COS-7 cells 
transiently cotransfected with plasmids expressing β4 and wild-type, GFP-tagged PKD1WT, β4, 
and constitutively active GFP-PKD1CA or β4 and kinase-dead GFP-PKD1KD, or transfected with 
the β4 expression plasmid alone were starved overnight and left unstimulated or stimulated 
with 100 ng/ml PMA for 15 min. Cells were lysed in 1% NP40 lysis buffer supplemented with 
protease and phosphatase (50 nM calyculin A) inhibitors and analyzed by immunoblotting using 
antibodies against phosphorylated β4 (T1736). Activation of PKD1 was verified using antibodies 
specific for phosphorylated PKD1 (S916), whereas the total levels of PKD1 were verified using 
anti-GFP. (B) PA-JEB/β4 keratinocytes stably expressing wild-type GFP-PKD1WT, kinase-dead 
GFP-PKD1KD, or constitutively active GFP-PKD1CA were deprived of growth factors and were 
left unstimulated or were stimulated with 100 ng/ml PMA for 15 min. Cells were lysed and 
analyzed by immunoblotting with antibodies against phosphorylated β4 (T1736), total β4, 
phosphorylated PKD1 (S916), or total PKD1 (anti-GFP). (C) The localization of GFP-PKD1WT, 
GFP-PKD1KD, and GFP-PKD1CA in PA-JEB/β4 keratinocytes that were deprived of growth factors 
overnight was analyzed using confocal microscopy in a fluorescence, a transmission, and an 
overlay image. Stimulation with 100 ng/ml PMA induced a rapid translocation of PKD1 from the 
cytoplasm and TGN to the plasma membrane, whereas stimulation with 100 ng/ml EGF did not. 
The translocation of PKD1 is visualized by plotting the fluorescent intensity of the dotted white 
line before (black curve) and after (green curve) stimulation.
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kinases other then PKD1 may also be inhibited by the compound. 
These kinases are likely to be structurally related to PKD1 and to 
belong to the CAMK family; nonetheless, to further control for off-
target effects, the compound was shown to not interfere with the 
activation and phosphorylation of PKC and ERK1/2 (Figure 6B).

Mimicking phosphorylation of T1736 induces HD 
disassembly
The data thus far demonstrate that phosphorylation of β4 on T1736 
prevents the binding of β4 to the plectin plakin domain, suggesting 
a role of T1736 phosphorylation in the regulation of HD (dis)assem-
bly. To investigate whether this interaction in necessary for HD for-
mation in cells, we performed immunofluorescence microscopy of 
PA-JEB keratinocytes stably expressing wild-type or mutant β4 con-
structs in which T1736 was substituted by either aspartic acid or ala-
nine. As shown in Figure 7, all three PA-JEB/β4 cell lines were able 
to assemble HDs as demonstrated by the colocalization of β4 and 
plectin. However, when PA-JEB keratinocytes expressing β4T1736D 
are deprived of growth factors to reduce basal β4 phosphorylation, 
fewer HDs are present in comparison to PA-JEB keratinocytes ex-
pressing wild-type β4 or β4T1736A. A further reduction in the number 
of HDs in PA-JEB keratinocytes expressing β4T1736D is observed 
when the cells are also stimulated with EGF, which induces the phos-
phorylation of β4 on S1356 and S1364 and disrupts the interaction 
between the ABD of plectin and β4 (Figure 5; Wilhelmsen et al., 
2007; Frijns et al., 2010). Together these data show that HD (dis)as-
sembly is a tightly regulated process involving the phosphorylation 
of several residues on β4, including T1736, S1356, and S1364.

DISCUSSION
In this study we show that the phosphorylation of T1736 in the C-tail 
of β4 augments HD disassembly. Aspartic acid mutation of T1736 
prevented the interaction between the C-tail of β4 and the plectin 
plakin domain. We present evidence that β4 can be phosphorylated 
on T1736 by PKD1, an event that requires both activation and mem-
brane translocation of PKD1 following PMA stimulation in cells. Pre-
vious studies showed enhanced HD dynamics and β4 phosphoryla-
tion on residues S1356 and S1364 downstream of activated EGFR 
(Rabinovitz et al., 2004; Wilhelmsen et al., 2007; Frijns et al., 2010). 
S1356 and S1364 phosphorylation prevents the binding of a region 
of β4 comprising the first pair of FNIII domains and a small N-termi-
nal fragment of the CS (1115–1355) to plectin-ABD. Here, the 
T1736D mutation augmented disassembly of HDs when PA-JEB/β4 
keratinocytes were stimulated with EGF, suggesting phosphoryla-
tion of this particular amino acid in conjunction with the phosphory-
lation of S1356 and S1364 regulates interaction with plectin through 
a series of posttranslational modifications.

Two other regions on β4 that mediate binding to the plakin do-
main of plectin are located in the C-terminal part of the CS (1382–
1436) and the C-tail (1667–1752). These two β4 fragments are sepa-
rated in the primary structure by a stretch of amino acids that forms 
the second pair of FNIII domains. Using FRET-based assays, we 
demonstrated that in the tertiary structure these two regions are in 
close proximity, forming a binding platform for the plakin domain. 
Three proline residues present in the relatively large segment that 
connects the third and fourth FNIII domains may be important for 
conferring a bent conformation on this region of the β4 cytoplasmic 
domain, thereby bringing the CS (1382–1436) and C-terminal tail 
(1667–1752) of β4 closely together (Figure 8). Although the two re-
gions are dispensable for the formation of HDs in vitro, their role in 
stabilizing the binding of β4 to the plectin-ABD is suggested be-
cause a nonsense mutation Q1767X (Q1714X in the mature protein) 

constitutive β4 phosphorylation, which is likely due to the high basal 
level of EGFR expression and activation in these cells. Thus stimula-
tion of PA-JEB/β4 keratinocytes and A431 epidermoid carcinoma 
cells with both PMA and EGF induces T1736 phosphorylation, but 
kinases in addition to PKD1 may be involved.

The PKD inhibitor kb-NB 142-70 suppresses PMA- and 
EGF-induced phosphorylation of β4 on T1736
To further investigate the role of PKD1 in PMA-induced phosphory-
lation of T1736 of β4, we compared the relationship between the 
activation of PKD1 and the phosphorylation of β4 in A431 cells 
treated with PMA (Figure 6A). The kinetics of PKD1 (S916) phospho-
rylation, a measure used to indicate activity, was similar to that of β4 
phosphorylation. Maximal phosphorylation of both PKD1 and β4 
was observed at 20–30 min and sustained for at least 2 h following 
stimulation. Next we examined the effect of kb-NB 142-70, a po-
tent and selective PKD inhibitor, on T1736 phosphorylation (LaValle 
et al., 2010). PMA-induced phosphorylation of β4 was reduced in a 
dose-dependent manner, and significant inhibition was detectable 
at 0.5 and 2 μM kb-NB 142-70, concentrations that had no notice-
able effect on PKD1 (S916) phosphorylation (Figure 6B). Maximum 
inhibition of PKD1 and β4 phosphorylation was seen at 25 and 
10 μM kb-NB 142-70, respectively. The compound kb-NB 142-70 
also inhibited EGF-induced β4 phosphorylation of T1736 only 
slightly less efficiently than it inhibited PMA-induced phosphoryla-
tion of β4 (Figure 6C). This inhibition was unexpected since PKD1 is 
not obviously activated downstream of EGFR and suggests that 

FIGURE 5:  EGF and PMA stimulate phosphorylation of β4 at T1736 in 
PA-JEB/β4 keratinocytes and A431 epidermoid carcinoma cells. 
PA-JEB/β4 (left) and A431 (right) cells were deprived of growth 
factors overnight and left untreated or were stimulated with 
100 ng/ml PMA or 50 ng/ml EGF for 15 min. The cells were lysed in 
RIPA buffer and analyzed for the phosphorylation of β4 at T1736, 
S1356, and S1364, PKD1 (S744/748 or S916), p44/p42 (T202/Y204), 
and PKC (βII S660) and for total levels of β4 using immunoblotting.
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does not affect the intramolecular interac-
tion of β4, the binding site on the C-terminal 
region for the CS might be different from 
that for the plakin domain of plectin. How-
ever, it should be realized that the results on 
the intramolecular interaction and the bind-
ing of the β4 to the plakin domain to plectin 
were obtained by different assays and that 
an effect of the T1736D mutation on the in-
teraction between β4 and the plakin domain 
of plectin may remain undetected in the 
FRET-based assay.

In the C-tail of β4, T1736 resides in a 
highly conserved consensus sequence for 
PKD1 (L/V-X-R-X-X-S/Tp). PKD1 is a member 
of the PKD family of Ca2+/calmodulin-de-
pendent kinase (CAMK)–related protein ki-
nases and is activated in response to multi-
ple stimuli, including growth factors, phorbol 
esters, and G protein–coupled receptors 
(Rozengurt et al., 2005). Our data show that 
PKD1 phosphorylates β4 on T1736 in vitro 
and when it is (over)expressed together with 
β4 in COS-7 or PA-JEB cells. In both cell 
types, PMA stimulation was required for the 
phosphorylation of β4 on T1736 by PKD1. 
PMA appeared to be essential not only for 
PKD1 activation, but also for its translocation 
to the plasma membrane. Thus PKD1 might 
contribute to HD disassembly at the plasma 
membrane. This is in agreement with results 
of previous studies in which PKD1 expres-
sion levels were correlated with the prolifera-
tion of keratinocytes, a process that requires 
HD disassembly to occur (Rennecke et  al., 
1999; Geuijen and Sonnenberg, 2002).

Together the correlation between PKD 
activation and β4 phosphorylation kinetics 
and the inhibition of PMA-induced phos-
phorylation of β4 by the PKD inhibitor kb-

NB 142-70 implies that PKD1 is also the kinase that endogenously 
regulates β4 phosphorylation at T1736. However, the finding that 
β4 phosphorylation is suppressed already at concentrations that do 
not inhibit PKD1 activity (as judged by the phosphorylation of PKD1 
at S916) suggests that not PKD1 but another kinase phosphorylates 
β4 at T1736. Moreover, the finding that kb-NB 142-70 inhibited 
EGF-induced phosphorylation, which is independent of PKD1 activ-
ity, indicates that the drug inhibits more targets than previously re-
ported (LaValle et  al., 2010). Thus it remains possible that both 
PMA- and EGF-stimulated β4 phosphorylation at T1736 is mediated 
by the same kinase and that this kinase could differ from PKD1. 
Consistent with the fact that PKD1 was not activated downstream of 
EGFR activation, this kinase was also not or only minimally translo-
cated to the plasma membrane upon EGF stimulation of PA-JEB/β4 
keratinocytes.

The substitution of T1736 by a phosphomimicking aspartic acid 
results in a relatively small effect on the formation and stability of 
HDs in PA-JEB/β4 keratinocytes. This observation is consistent with 
previous findings that show HD formation is primarily regulated 
through the interaction of β4 with the ABD of plectin (Schaapveld 
et  al., 1998; Geerts et  al., 1999). Concomitantly, EGF-mediated 
phosphorylation of S1356 and S1364 on β4 further enhanced the 

was identified in an EB patient with a mild skin-blistering condition 
(Nakano et al., 2001). This particular mutation is interesting because 
it introduces a premature stop codon resulting in the deletion of 39 
amino acids from the C-terminus of β4. T1727 and T1736, the threo-
nine residues that modulated interaction with the plakin domain of 
plectin, are located in this 39–amino acid stretch. However, because 
the binding site for the ABD of plectin remains, we predict that HDs 
are still formed with this truncated variant of integrin β4, resulting in 
only a relatively mild skin-blistering condition.

The same regions involved in the binding of β4 to the plakin 
domain have also been identified in yeast two-hybrid and dot blot 
assays to mediate intramolecular and/or intermolecular interaction 
(Rezniczek et al., 1998; Koster et al., 2004). Our FRET data are in 
agreement with a model that predicts these two regions interact in 
the β4 molecule. However, because no FRET signal was obtained 
when the Venus and CFP fluorophores were presented in separate 
β4 molecules (β41450,Venus and β4CFP), we have no evidence yet that 
these regions are also involved in self-association of β4 molecules. 
An inherent low affinity between the CS and C-tail regions of β4 and 
a relatively low protein concentration is likely responsible for the fact 
that intermolecular interaction could not be demonstrated by FRET 
in cell lysates. Because the substitution of T1736 by aspartic acid 

FIGURE 6:  Time course of PMA-induced phosphorylation of β4 at T1736 and inhibition of 
T1736 phosphorylation by the PKD inhibitor kb-NB 142-70. (A) Time courses of PMA-stimulated 
phosphorylation of β4 and PKD1 in A431 cells. Growth factor–starved A431 cells were 
stimulated with PMA for the indicated times. Cell lysates were analyzed by immunoblotting with 
antibodies specific for phosphorylated β4 (T1736) and PKD1 (S916). (B) Inhibition of PMA-
induced β4 phosphorylation at T1736 in A431 cells. A431 cells were pretreated with the 
indicated concentrations of kb-NB 142-70 for 30 min and then stimulated with 100 ng/ml PMA 
for 15 min. Cell lysates were analyzed by immunoblotting with antibodies specific for 
phosphorylated β4 (T1736), PKD (S916), PKC (βII S660), and p44/p42 MAPK. Immunoblotting for 
total β4 and PKD1 verified that equal amounts of these proteins were evaluated in the A431 
lanes. (C) Inhibition of EGF-induced β4 phosphorylation at T1736 in A431 cells. A431 cells were 
pretreated with the indicated concentrations of kb-NB 142-70 for 30 min and then stimulated 
with 50 ng/ml EGF for 15 min. Cell lysates were analyzed by immunoblotting with antibodies 
specific for phosphorylated β4 (T1736), PKD (S916), β4, and PKD1.
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MATERIALS AND METHODS
Cell culture
The immortalized PA-JEB keratinocyte cell 
line derived from a PA-JEB patient was de-
scribed previously (Schaapveld et al., 1998). 
These keratinocytes were cultured in serum-
free keratinocyte medium (SFM; Invitrogen, 
Rockville, MD) supplemented with 50 μg/ml 
bovine pituitary gland extract, 5 ng/ml EGF, 
100 U/ml penicillin, and 100 U/ml strepto-
mycin. PA-JEB/β4 and PA-JEB/β4+GFP-
PKD1 keratinocytes were generated by ret-
roviral transduction, as described previously 
(Geuijen and Sonnenberg, 2002). A431, 
COS-7, and HEK 293 cells were cultured in 
DMEM (Invitrogen) supplemented with 10% 
fetal bovine serum, 100 U/ml penicillin, and 
100 U/ml streptomycin. COS-7 and HEK293 
cells were transiently transfected with 10 μg 
of cDNA, using the DEAE-dextran method 
or FuGENE transfection agents, respectively 
(Seed and Aruffo, 1987).

Antibodies
Polyclonal rabbit antibodies specific for β4 
phosphorylated at residue T1736 were 
raised against a synthetic peptide, 
CTQEFVSRTLTTSGTLSTHM, in which the 
underlined threonine residue contained a 
phosphate group. To prevent recognition of 
unphosphorylated β4 in immunoblotting, 
the antiserum was used in combination with 
30 μM of the synthetic peptide lacking the 

phosphate group. The generation and specificity of the rabbit poly-
clonal antibodies that recognize phosphorylated S1356 or S1364 on 
the integrin β4 subunit have been described previously (Frijns et al., 
2010). The rabbit polyclonal antibodies recognizing the first pair of 
FNIII domains (residues 1115–1355) of β4 were generated as de-
scribed previously (Wilhelmsen et al., 2007). The rabbit polyclonal 
antibodies against phosphorylated PKD (S916), PKD (S744/S748), 
and PKC (βII S660) were purchased from Cell Signaling (Beverly, 
MA), and the rabbit polyclonal antibody against TGN46 was pur-
chased from Novus Biologicals (Huissen, Netherlands). The mouse 
monoclonal antibodies (mAbs) against plectin (clone 31) were ob-
tained from BD Biosciences (San Jose, CA), actin (clone C4) from 
Chemicon International (Temecula, CA), GFP (B34) from Covance 
(Princeton, NJ), anti-hemagglutinin (HA) epitope 12CA5 from Santa 
Cruz Biotechnology (Santa Cruz, CA), and β4 (clone 450-11A) from 
BD Biosciences (San Diego, CA). The secondary antibodies conju-
gated to Texas red goat anti-mouse immunoglobulin G (IgG) anti-
body (T-862) was from Invitrogen, and goat anti-rabbit IgG conju-
gated to Cy5 649 was from Jackson ImmunoResearch Laboratories 
(West Grove, PA). Secondary antibodies linked to horseradish 
peroxidase (HRP) were purchased from GE Healthcare UK (Little 
Chalfont, United Kingdom).

cDNA constructs
The construction of expression vectors encoding full-length β4 and 
the chimeric protein containing the extracellular and transmem-
brane domains of the IL2R fused to the intracellular domain of the 
IL2R/β4cyto has been described (Niessen et al., 1997; Nievers et al., 
2000). Point mutants of β4 T1727 and/or T1736 were generated by 

T1736D-mediated dissociation from plectin. Thus we propose a 
model in which several kinases cooperate to regulate the interaction 
between the two binding sites of β4 and plectin: phosphorylation of 
T1736 by PKD1, or another CAMK-like kinase, initiates β4 C-tail dis-
sociation from the plectin plakin domain, and ERK1/2- and 
p90RSK1/2-mediated phosphorylation of S1356 and S1364, through 
a proposed mechanism of phosphorylation-dependent auto-inhibi-
tion, disrupts the interaction between the first pair of FNIII domains 
and the plectin ABD (Litjens et al., 2006). Phosphorylation enables 
dynamic interaction between β4 and plectin; however, for complete 
disassociation, binding of either β4 or plectin to other molecules 
may still be required. Indeed, the plectin-ABD can bind directly to 
F-actin, and binding of β4 and F-actin to plectin was found to be 
mutually exclusive (Geerts et al., 1999; Garcia-Alvarez et al., 2003). 
In addition, there is evidence that calmodulin binds to the ABD of 
plectin in a calcium-dependent manner and inhibits the association 
of plectin with β4 (Kostan et al., 2009). Thus binding of the plectin-
ABD to either F-actin or calmodulin can shift the equilibrium toward 
a more complete dissociation of the two molecules (Figure 7). Re-
cent data suggest that other mechanisms may also control HD dis-
assembly. For example Germain et al. (2009) showed that a novel β4 
phosphorylation site, S1424, regulates HD disassembly in the trail-
ing edge of migrating keratinocytes. In addition, T1727 might be 
another residue that is involved in the regulation of HDs (this study). 
Although there is no evidence yet that T1727 is phosphorylated, the 
finding that a phosphomimetic, but not an unphosphorylatable, 
amino acid substitution prevented the binding of β4 to the plakin 
domain of plectin makes this residue an interesting target for further 
investigation.

FIGURE 7:  The assembly of HDs in PA-JEB/β4 keratinocytes is prevented by mimicking the 
phosphorylation of β4 at T1736, which contributes to the EGF-induced HD disassembly. PA-JEB 
keratinocytes expressing wild-type or mutant β4 in which T1736 is substituted by alanine or 
aspartic acid were starved overnight, stimulated with or without 50 ng/ml EGF for 60 min, and 
fixed for immunolabeling of β4 (red) and plectin (green). The degree of colocalization of β4 and 
plectin is visualized in the overlay image (yellow) and using a scatter plot in which the intensity 
of β4 (y-axis) and plectin (x-axis) for each pixel is plotted. The color code is a measure for the 
number of pixels with similar β4/plectin intensity. Right, pixels in which β4 and plectin are 
strongly colocalized (yellow) and β4 (red) and plectin (green) are not colocalized.
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flanked by XhoI restriction sites was in-
serted into full-length β4 using the XhoI re-
striction sites to generate the β4ΔCalX,Venus 
and β41450,Venus constructs. Finally, the SfiI 
fragment of β4-CFP was replaced by the 
corresponding fragments of β4ΔCalX,Venus 
or β41450,Venus, yielding β4ΔCalX,Venus/CFP or 
β41450,Venus/CFP, respectively.

Immunofluorescence
PA-JEB/β4 keratinocytes grown on glass 
coverslips were deprived of growth factors 
for 16 h. Cells were then stimulated with 
50 ng/ml EGF (Sigma-Aldrich, St. Louis, MO) 
for 1 h, fixed with 1% paraformaldehyde, 
and permeabilized with 0.5% Triton X-100. 
Cells were blocked with PBS containing 
2.5% bovine serum albumin (Sigma-Aldrich) 
for 1 h and incubated with the appropri-
ate primary and secondary antibodies for 
45 min each. Coverslips were mounted onto 
glass slides in Mowiol-DAPCO and visual-
ized using an AOBS confocal microscope 
(Leica, Mannheim, Germany). Colocalization 
between β4 and plectin was analyzed in se-
quentially acquired images using a custom-
made Visual Basic (version 6.0) program that 
depicted results in a scatter plot, as de-
scribed previously (Wilhelmsen et al., 2007).

PA-JEB/β4 keratinocytes expressing GFP-
PKD1 were grown on glass coverslips and 
deprived of growth factors overnight. Cells 

were stimulated with 100 ng/ml PMA for 10 min, and slides were 
prepared and visualized as described. The trans-Golgi apparatus 
and GFP-PKD1 were visualized by a maximum-intensity projection.

PA-JEB/β4+GFP-PKD1 was grown on glass coverslips and serum 
starved overnight. Fluorescence and transmission images were 
taken before and after stimulation with 100 ng/ml PMA or 50 ng/ml 
EGF. GFP-PKD1 translocation was analyzed using ImageJ (National 
Institutes of Health, Bethesda, MD).

Immunoblotting and coimmunoprecipitation assays
PA-JEB/β4 and PA-JEB/β4+GFP-PKD1 keratinocytes were starved 
overnight in growth factor–free keratinocyte-SFM, and COS-7 and 
A431 cells were starved overnight in DMEM without fetal calf serum 
(FCS). Cells were left untreated or treated with 50 ng/ml EGF, 
100 ng/ml PMA, or 50 nM calyculin A (Cell Signaling, Beverly, MA) 
for 15 min. In some experiments growth factor–deprived PA-JEB 
keratinocytes were challenged by replacing the keratinocyte-SFM 
medium with complete medium containing bovine pituitary extract, 
EGF, and 50 nM calyculin A and serum-starved COS-7 cells by 
replacing DMEM with DMEM supplemented with 10% FCS and 
50 nM calyculin A. For studies with the PKD inhibitor kb-NB 142-70 
(TOCRIS Biosciences, Bristol, United Kingdom), A431 cells were pre-
treated with the compound for 30 min before they were stimulated 
with PMA. Cells were lysed in radioimmunoprecipitation assay (RIPA) 
buffer supplemented with 1.5 mM Na3VO4, 15 mM NaF, 50 nM ca-
lyculin A, and protease inhibitor cocktail (Sigma-Aldrich). The cell 
lysates were cleared by centrifugation at 20,000 × g for 60 min at 
4°C. Proteins were separated using 4–12% NuPAGE Novex Bis-Tris 
gels (Invitrogen) and transferred to Immobilon-P transfer membrane 
(Millipore, Billerica, MA) for immunoblot analysis.

site-directed mutagenesis with the PCR-based overlap extension 
method using Pwo DNA polymerase (Roche Molecular Biochemi-
cals, Indianapolis, IN), and fragments containing the different muta-
tions were exchanged with corresponding fragments in the β4 
pcDNA3 or IL2R/β4cyto vectors. Retroviral vectors containing mutant 
β4 cDNAs were generated by subcloning the mutant β4 cDNAs into 
the EcoRI restriction site of the LZRS-MS-IRES-ZEO vector (Geuijen 
and Sonnenberg, 2002). The plectin-1C ABD-plakin (1–1154) and 
plakin domain (284–1154) constructs were cloned into the pcDNA3-
HA vector using EcoRI restriction sites (Koster et al., 2004). Wild-
type GFP-PKD1, kinase-dead GFP-PKD (D733A) and constitutively 
active GFP-PKD (S744E/S748E) were cloned in the pEF-plink2-
GFPC3 expression vector (Matthews et al., 1999a, 1999b).

The β4 Venus-CFP recombinant fusion constructs used in this 
study, shown in Figure 1C, were cloned into pcDNA3 (Invitrogen) in 
five steps. First, the coding region for CFP with a stop codon was 
placed downstream of a sequence encoding five glycine residues 
and the complete coding sequence for the β4 subunit, using the 
PCR-based overlap extension method. Subsequently, the resulting 
β4-CFP fragment was cloned into the EcoRV/EcoRI restriction sites 
of pcDNA3. Second, a PCR product containing the Venus (A206K) 
coding sequence flanked by XhoI restriction sites was generated 
and ligated into the pGEM-T Easy Vector (Promega, Madison, WI). 
Third, cDNA fragments of β4 with an XhoI restriction site either at 
the position of the CalX domain or in the CS at amino acid position 
1450 were generated by the PCR-based overlap extension method, 
using the Pwo DNA polymerase (Roche Molecular Biochemicals). 
The two β4 PCR fragments were then exchanged with the corre-
sponding fragments in full-length β4 cDNA in pUC18. Fourth, the 
Venus coding sequence containing the point mutation A206K and 

FIGURE 8.  Model for phosphorylation-induced dissociation of the β4-plectin complex. 
Phosphorylation of β4 on T1736 by PKD1 or other CAMK-like kinases results in the dissociation 
of the C-tail and the plakin domain of plectin, whereas phosphorylation of β4 at S1356 and 
S1364 by ERK1/2 and p90RSK1/2 causes a loss of plectin-ABD binding. Subsequent binding of 
plectin to F-actin or Ca2+/calmodulin may shift the equilibrium toward complete disassociation 
of the β4-plectin complex.
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COS-7 cells cotransfected with the HA-tagged plectin1-1154 and 
β4 CFP-Venus cDNAs or the HA-tagged plectin254-1154 plectin and 
IL2R/β4cyto cDNAs were lysed in 1% NP-40 lysis buffer supplemented 
with protease inhibitors. Cell lysates were cleared by centrifugation 
and incubated for 4 h with the mouse mAb 12CA5 and subsequently 
incubated with GammaBind G-Sepharose (Amersham-Pharmacia 
Biotech, GE Healthcare Bio-Sciences, Piscataway, NJ) to precipitate 
HA-tagged plectin1-1154. The immunoblots were analyzed with anti-
bodies against integrin β4 and HA and secondary antibodies linked 
to HRP. Results were visualized by chemiluminescence (GE Health-
care UK).

Fluorescence resonance energy transfer
COS-7 cells transfected with cDNAs encoding β4 CFP-Venus re-
combinant fusions were serum starved in DMEM overnight and 
treated or not with 50 nm calyculin A for 25 min. Cells were lysed 
in 1% NP-40 lysis buffer supplemented with protease inhibitors 
and cleared. Phosphate groups were removed by incubating cell 
lysates with alkaline phosphatase (60 U/ml; Roche, Mannheim, 
Germany) at 37°C for different periods of time. CFP was excited 
in the whole-cell lysates at 390-nm wavelength, and the emis-
sion spectrum was collected between 450 and 600 nm with a 
3-nm step size and a 2-s integration time, using the spectrofluo-
rimeter (PTI Quantamaster, MD-5020). The data were normal-
ized for 508 nm after subtraction of the background emission 
signal.

Frequency-domain FLIM measurements were obtained with Li-
FLIM hardware and software (Lambert Instruments, Roden, Nether-
lands) with a Il18MD MCP and a Vosskühler (CCD-1300D) camera 
coupled to the microscope (Leica DMIRE2; Leica Microsystems, 
Heidelberg, Germany) with a 63× objective (numerical aperture 1.3, 
glycerin). A 1-W, 442-nm LED was modulated at 36 MHz, and emit-
ted light (480 ± 15 nm) was collected from transiently transfected 
PA-JEB keratinocytes on 24-mm coverslips. The keratinocytes were 
placed in preheated (37°C) 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid (HEPES)–buffered saline (140 mM NaCl, 5 mM KCl, 
1 mM MgCl2, 1 mM CaCl2, 10 mM glucose, and 10 mM HEPES, pH 
7.4). All the experiments were done at 37°C.

Yeast two-hybrid assay
Yeast two-hybrid interaction assays were performed as described 
previously (Geerts et al., 1999; Koster et al., 2004). Constructs were 
generated using standard cloning techniques in which plasmid in-
serts were generated using restriction enzyme digestion or PCR us-
ing the Pwo DNA polymerase (Roche Molecular Biochemicals). For 
the yeast GAL4 BD or GAL4 AD fusion proteins, the pAS2.1 or 
pACT2 expression vector was used, respectively (Clontech, Moun-
tain View, CA).

Phosphopeptide mapping
From COS-7 cell lysates expressing IL2R/β4, β4 was immunopre-
cipitated using mAb 450-11A and subsequently incubated in vitro 
with purified PKD1 (Upstate, Millipore, Billerica, MA) in the pres-
ence of 50 μCi of [γ-32P]orthophosphate, 50 mM Tris-HCl, pH 7.5, 
10 mM MgCl2, 1 mM dithiothreitol, 20 μg/ml phosphatidyl serine, 
8 μg/ml diacylglycerol, and 0.5 mM ethylene glycol tetraacetic 
acid for 1 h at 30°C. The samples were subjected to SDS–PAGE, 
and the gel was dried. The film was exposed for 10 min at room 
temperature. Radioactive β4 was isolated from the gel and di-
gested with trypsin. Phosphopeptide mapping was performed as 
described previously (van der Geer et al., 1993; Wilhelmsen et al., 
2007).
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