






Distribution of BP230 and BP180 in hemidesmosomes
Next, we examined the spatial distribution of BP180 and BP230
with super-resolution microscopy and proximity analysis. A close
association between the C-terminus of BP230 and keratin-14 was
observed in super-resolution images (Fig. 2A). By contrast, BP180,
detected with an antibody against its extracellular domain, was
located farther from the keratin filaments. It displayed a wider,
bimodal distribution with a typical distance of about 56 nm
(Fig. 2B). This distance is less than that between the cytoplasmic
domain of β4 integrin and keratin (68 nm, see Fig. 1A), perhaps
reflecting the difference in size between plectin and BP230. Taken
together, these observations corroborate the notion that the C-
terminus of BP230 mediates binding to keratin.
Imaging of immunolabeled BP180 and BP230 together revealed

a remarkable pattern in the distribution of the two molecules. BP230
was often observed to form bright punctae, which are almost
invariably surrounded by BP180 molecules, seemingly at a regular
and characteristic distance (Fig. 2C). This was particularly apparent

in areas where the molecules were relatively sparse (Fig. 2C),
whereas in more dense regions, the labeling of BP180 became
somewhat continuous, in stripes that appeared to follow the
filaments (data not shown). Analyses of (radial) distance
distributions in sparsely stained regions (Fig. S2) indicated an
average distance of 55 nm between BP180 and the center of the
BP230 punctae. In summary, our data indicate that BP180 and
BP230 are assembled into highly organized concentric structures
that are distinct from those of β4 integrin and plectin.

BP180 andBP230co-distributewith β4 integrin andplectin in
hemidesmosomes
The distribution of BP180 and BP230 relative to β4 integrin and
plectin in type-I hemidesmosomes was determined using antibodies
against the extracellular domains of both BP180 and β4 integrin.
The results show that in the stripe-like structures that were co-
distributed with keratin filaments (Figs 1 and 2), the two
transmembrane proteins were in close proximity of each other
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Fig. 3. Proximity mapping of hemidesmosome
components in keratinocytes. (A) In keratinocytes,
labeled BP180 and β4 integrin often appear in stripes but
also as individual dots. Note the appearance of single
BP180 dots at the very edge of the cell and a region with
predominant labeling of β4 integrin adjacent to it. Stripe-
like structures decorated with both labels are found about
1 µm farther inwards. (B) Stripe-like localization of BP230
and plectin is visible at some distance from the cell margin
but not at the cell edge. (C) Proximity map of BP180 and
β4 integrin. The intensity of blue throughout the cell
denotes the prevalence of small molecular distances
(<70 nm) between the two labels. Stripe-like blue areas of
close proximity are not present in the outermost area
(∼1 µm). As in B, single BP180 molecules are present at
the outermost region of the cell, and β4 integrin occupies
a small zone of ∼1 µm adjacent to it. The lack of blue
coloration shows that the distance between these two
molecules is more than 70 nm. (D,E) Detailed proximity
maps of the regions depicted in A and C. Note that the
blue bands in E are slightly narrower than those in D,
reflecting a shorter distance between the cytolinker
protein and keratin filaments. Representative images of
three to five experiments are shown. Scale bars: 500 nm.
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(Fig. 3A). More towards the periphery of the cell, there was a region
in which β4 integrin occurred without labeling of BP180, whereas at
the very front of the cell, some isolated BP180 was present. BP230
and plectin, detected with antibodies against their C-terminals,
appeared to be closer to each other, in line with their direct
interaction with keratin filaments (Fig. 3B).
To quantify these observations, we developed an automatic

image analysis method for mapping protein proximity in super-
resolution images (Fig. S2C). Molecular proximity was visualized
by using false-color (blue) superposition, the intensity of which
decreases with increasing distance between the red and green labels.
In the proximity map in Fig. 3C, the spots with an intense blue color
indicate that BP180 and β4 integrin were not distributed in a
mutually exclusive manner, but rather were localized together over
large areas of the cell. No specific proximity was detected between
β4 integrin and an unrelated membrane protein, MHC class 1 heavy
chain (not shown). In these analyses, proximity cut-off was set at
70 nm. Importantly, there was no tight association between the two
molecules in the outermost region of the cell periphery (Fig. 3D).
Proximity mapping of BP230 and plectin (Fig. 3E) yielded a
narrower blue-striped structure, indicating that they were in close
apposition to keratin filaments. The filamentous patterns for the
different pairs of hemidesmosome components in the proximity
maps provide further support for a role of keratin in the organization
of hemidesmosomes in cultured keratinocytes (Figs 2 and 3).
In conclusion, proximity mapping shows that BP180 and β4

integrin are not distributed in an alternating or random manner,
but co-distribute in large regions of the cells (Fig. 3C–E). The
data support a model in which nascent hemidesmosomes, formed
at the outer zone of the cell, mature in the more central parts of

the cell through the recruitment of BP230 and BP180 (Koster
et al., 2004).

Super-resolution fluorescencemicroscopyofhemidesmosome
components in skin
To investigate and compare the molecular organization of
hemidesmosomes in cultured keratinocytes with that in tissues,
we performed super-resolution fluorescence microscopy on cross-
sections of human skin. Antibodies against the extracellular domain
of β4 integrin produced a discontinuous linear staining pattern along
the base of the keratinocytes, whereas antibodies against keratin-14
apparently reacted with an irregular and dense network of keratin
filaments in the cytoplasm (Fig. 4A). Strikingly, there was a visible
gap of 50–150 nm between the two labels that is likely to reflect the
space occupied by plectin and the intracellular part of β4 integrin.
The gap was detectably smaller when an antibody against the β4
integrin cytoplasmic domain was used (Fig. 4B). Furthermore,
sections labeled with antibodies against the central rod domain
(Fig. 4C) or the C-terminal keratin-binding domain of plectin (data
not shown) showed a close proximity of keratin and plectin with
little, if any, discernible space between them. Staining for BP180
(cytoplasmic domain) and BP230 (C-terminal domain) revealed
that, in skin sections, BP230 was also in close proximity to keratin
filaments (Fig. 4D), whereas there was a gap of 100–150 nm
between BP180 and keratin (Fig. 4E).We also often found BP230 in
distinct punctae at the basal membrane (Fig. 4D,F). These results
illustrate that the architecture of hemidesmosome in skin, with the
cytolinkers plectin and BP230 linking keratin filaments to the
transmembrane proteins β4 integrin and BP180, resembles that
observed in cultured keratinocytes.

In summary, we have mapped the position of proteins in
hemidesmosomes in unprecedented detail by using super-resolution
microscopy and proximity analysis, and for the first time show that
formed hemidesmosomes in the peripheral parts of cultured
keratinocytes are associated with keratin filaments, and that
BP180 and BP230 have a characteristic arrangement within
hemidesmosomes.

MATERIALS AND METHODS
Antibodies
The following antibodies were used: anti-keratin-14 (Covance), 121 (against
the rod domain of plectin; Hieda et al.,1992), 233 (against the cytoplasmic
domain of BP180; Nishizawa et al.,1993), 439-9B (against the extracellular
domain of β4 integrin), 450-11A (against the cytoplasmic domain of β4
integrin), 5E (against the C-terminal domain of BP230; Ishiko et al., 1993),
P1 (against the C-terminal plakin-repeat of plectin; Stegh et al., 2000) and
anti-BP230 (recognizing the C-terminal domain of BP230; Tanaka et al.,
1990). Secondary goat antibodies were: anti-rat IgG (Alexa-Fluor488- or
Alexa-Fluor-647-conjugated), anti-rabbit IgG (Alexa-Fluor-488-, Alexa-
Fluor-532- or Alexa-Fluor-647-conjugated), anti-mouse IgG (Alexa-Fluor-
488-, Alexa-Fluor-532- or Alexa-Fluor-647-conjugated), anti-guinea pig
IgG (Alexa-Fluor-488-conjugated) and anti-human IgG (Alexa-Fluor-488-
conjugated) from Invitrogen.

Cell lines and immunofluorescent analysis
Pyloric atresia junctional epidermolysis bullosa (PA-JEB) keratinocyte cells
expressing β4 integrin (PA-JEB/β4) or β4R12181W integrin (PA-JEB/
β4R12181W) were cultured as described previously (Geerts et al., 1999).
For immunofluorescent analysis, keratinocytes grown on coverslips were
fixed, permeabilized and incubated with primary and secondary antibodies
at room temperature with extensive washing steps in between.

Sections (∼5 µm thick) of skin frozen in optimal cutting temperature
(OCT) compound were placed onto coverslips coated with 10% poly-L-
lysine and dried for 1 h at room temperature. After washing with PBS for
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Fig. 4. Super-resolution imaging of hemidesmosome components in
humanskinsections. (A)Crosssection of humanskin tissue. Thedistribution of
β4 integrin (extracellular domain) and keratin-14 shows a distinct gap of
50–150 nm, which is likely to reflect the space occupied by the cytolinker plectin.
(B) The labels of keratin-14 and the cytoplasmic domain of β4 integrin are
juxtaposed but do not overlap. (C) Keratin-14 and plectin (rod domain) labels
partially overlap and show no visible gap. (D) The BP230 label partially overlaps
with that of keratin-14 with no discernable gap. (E) A gap of about 100–150 nm is
also visible between keratin and BP180. (F) Individual hemidesmosomes
resolvedwith super-resolution imaging inhuman skin.As in vitro, in skin sections,
BP230 appears punctate and surrounded by patches of BP180. All images are
representatives of at least five different preparations. Scale bars: 500 nm.
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5 min, sections were fixed in 2% paraformaldehyde for 10 min, blocked
with 2% BSA in PBS and incubated with primary and secondary antibodies
as described above.

Optimized super-resolution imaging
Super-resolutionmicroscopy in total internal reflection fluorescence (TIRF) or
epifluorescence mode was performed with a Leica SR-GSD microscope
(Leica Microsystems) equipped with 488-, 532- and 647-nm lasers, using a
160×oil immersion objective and, for three-dimensional images, an astigmatic
lens. Much effort was dedicated towards optimization of two- and three-color
image acquisition as well as to post-acquisition corrections. A full description
is given in Fig. S1B,C and the legend. Full super-resolution versions of figures
1 to 4 can be downloaded at https://icedrive.nki.nl/sharedcontent.aspx?
s=499C179995B0B10DC8F85E90D44953E400F53EFC or obtained from
K. Jalink by email request.
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Magin, T. M. (2013). Keratins mediate localization of hemidesmosomes and
repress cell motility. J. Invest. Dermatol. 133, 181-190.

Seltmann, K., Cheng, F.,Wiche, G., Eriksson, J. E. andMagin, T. (2015). Keratins
stabilize hemidesmosomes through regulation of β4-integrin turnover. J. Invest.
Dermatol. 135, 1609-1620.

Song, J.-G., Kostan, J., Drepper, F., Knapp, B., de Almeida Ribeiro, E., Jr.,
Konarev, P. V., Grishkovskaya, I., Wiche, G., Gregor, M., Svergun, D. I. et al.
(2015). Structural insights into Ca2+-calmodulin regulation of plectin 1a-integrin
β4 interaction in hemidesmosomes. Structure 23, 558-570.

Stegh, A. H., Herrmann, H., Lampel, S., Weisenberger, D., Andra, K., Seper, M.,
Wiche, G., Krammer, P. H. and Peter, M. E. (2000). Identification of the cytolinker
plectin as a major early in vivo substrate for caspase 8 during CD95- and tumor
necrosis factor receptor-mediated apoptosis. Mol. Cell. Biol. 20, 5665-5679.

Tanaka, T., Korman, N. J., Shimizu, H., Eady, R. A. J., Klaus-Kovtun, V. Cehrs,
K. and Stanley, J. R. (1990). Production of rabbit antibodies against carboxy-
terminal epitopes encoded by bullous pemphigoid cDNA. J. Invest. Dermatol. 94,
617-623.

Walko, G., Castan ̃ón, M. J. and Wiche, G. (2015). Molecular architecture and
function of the hemidesmosome. Cell Tissue Res. 360, 529-544.

3719

SHORT REPORT Journal of Cell Science (2015) 128, 3714-3719 doi:10.1242/jcs.171892

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce

http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.171892/-/DC1
https://icedrive.nki.nl/sharedcontent.aspx?s=499C179995B0B10DC8F85E90D44953E400F53EFC
https://icedrive.nki.nl/sharedcontent.aspx?s=499C179995B0B10DC8F85E90D44953E400F53EFC
http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.171892/-/DC1
http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.171892/-/DC1
http://dx.doi.org/10.1046/j.1523-1747.1999.00546.x
http://dx.doi.org/10.1046/j.1523-1747.1999.00546.x
http://dx.doi.org/10.1046/j.1523-1747.1999.00546.x
http://dx.doi.org/10.1083/jcb.147.2.417
http://dx.doi.org/10.1083/jcb.147.2.417
http://dx.doi.org/10.1083/jcb.147.2.417
http://dx.doi.org/10.1083/jcb.147.2.417
http://dx.doi.org/10.1126/science.1137395
http://dx.doi.org/10.1083/jcb.116.6.1497
http://dx.doi.org/10.1083/jcb.116.6.1497
http://dx.doi.org/10.1083/jcb.116.6.1497
http://dx.doi.org/10.1172/JCI116368
http://dx.doi.org/10.1172/JCI116368
http://dx.doi.org/10.1172/JCI116368
http://dx.doi.org/10.1172/JCI116368
http://dx.doi.org/10.1172/JCI116368
http://dx.doi.org/10.1172/JCI116368
http://dx.doi.org/10.1242/jcs.00241
http://dx.doi.org/10.1242/jcs.00241
http://dx.doi.org/10.1242/jcs.00241
http://dx.doi.org/10.1091/mbc.E03-09-0697
http://dx.doi.org/10.1091/mbc.E03-09-0697
http://dx.doi.org/10.1091/mbc.E03-09-0697
http://dx.doi.org/10.1016/j.tcb.2006.05.004
http://dx.doi.org/10.1016/j.tcb.2006.05.004
http://dx.doi.org/10.1016/j.tcb.2006.05.004
http://dx.doi.org/10.1083/jcb.134.6.1455
http://dx.doi.org/10.1083/jcb.134.6.1455
http://dx.doi.org/10.1083/jcb.134.6.1455
http://dx.doi.org/10.1038/jid.2012.256
http://dx.doi.org/10.1038/jid.2012.256
http://dx.doi.org/10.1038/jid.2012.256
http://dx.doi.org/10.1038/jid.2015.46
http://dx.doi.org/10.1038/jid.2015.46
http://dx.doi.org/10.1038/jid.2015.46
http://dx.doi.org/10.1016/j.str.2015.01.011
http://dx.doi.org/10.1016/j.str.2015.01.011
http://dx.doi.org/10.1016/j.str.2015.01.011
http://dx.doi.org/10.1016/j.str.2015.01.011
http://dx.doi.org/10.1128/MCB.20.15.5665-5679.2000
http://dx.doi.org/10.1128/MCB.20.15.5665-5679.2000
http://dx.doi.org/10.1128/MCB.20.15.5665-5679.2000
http://dx.doi.org/10.1128/MCB.20.15.5665-5679.2000
http://dx.doi.org/10.1111/1523-1747.ep12876200
http://dx.doi.org/10.1111/1523-1747.ep12876200
http://dx.doi.org/10.1111/1523-1747.ep12876200
http://dx.doi.org/10.1111/1523-1747.ep12876200
http://dx.doi.org/10.1007/s00441-015-2216-6
http://dx.doi.org/10.1007/s00441-015-2216-6

