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Abstract. The cornified envelope is a layer of trans-
glutaminase cross-linked protein that is assembled un-
der the plasma membrane of keratinocytes in the outer-
most layers of the epidermis. We have determined the
cDNA sequence of one of the proteins that becomes in-
corporated into the cornified envelope of cultured epi-
dermal keratinocytes, a protein with an apparent mo-
lecular mass of 195 kD that is encoded by a mRNA
with an estimated size of 6.3 kb. The protein is ex-
pressed in keratinizing and nonkeratinizing stratified
squamous epithelia and in a number of other epithelia.
Expression of the protein is upregulated during the ter-
minal differentiation of epidermal keratinocytes in vivo
and in culture. Immunogold electron microscopy was
used to demonstrate an association of the 195-kD pro-
tein with the desmosomal plaque and with keratin fila-

ments in the differentiated layers of the epidermis. Se-
quence analysis showed that the 195-kD protein is a
member of the plakin family of proteins, to which en-
voplakin, desmoplakin, bullous pemphigoid antigen 1,
and plectin belong. Envoplakin and the 195-kD protein
coimmunoprecipitate. Analysis of their rod domain se-
quences suggests that the formation of both ho-
modimers and heterodimers would be energetically fa-
vorable. Confocal immunofluorescent microscopy of
cultured epidermal keratinocytes revealed that en-
voplakin and the 195-kD protein form a network radi-
ating from desmosomes, and we speculate that the two
proteins may provide a scaffolding onto which the
cornified envelope is assembled. We propose to name
the 195-kD protein periplakin.

role in the function of the epidermis as a protective
barrier between the body and the environment. The
envelope is a layer of insoluble protein, ~15-nm thick, that
is closely apposed to the cytoplasmic face of the plasma
membrane of keratinocytes in the outermost layers of the
epidermis (for review see Reichert et al., 1993; Simon,
1994). The envelope is made of several precursor proteins
that are cross-linked by e-(y-glutamyl) lysine bonds in a
calcium-dependent reaction that is catalyzed by epidermal
transglutaminases. Mutation of the cornified envelope
precursor loricrin or the membrane-bound, keratinocyte-
specific transglutaminase results in severe perturbation of
epidermal differentiation and function (Huber et al., 1995;
Maestrini et al., 1996).
In 1984, Simon and Green (1984) identified two mem-
brane-associated proteins with apparent molecular weights
of 195 and 210 kD that are upregulated during terminal

THE cornified envelope is believed to play a major
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differentiation of cultured epidermal keratinocytes, and
that are cross-linked on transglutaminase activation. We
have recently described the sequence of the 210-kD corni-
fied envelope precursor and named it envoplakin (Ruhr-
berg et al., 1996). Envoplakin is expressed in both kerati-
nizing and nonkeratinizing, stratifed squamous epithelia
and belongs to the plakin family, which includes the pro-
teins desmoplakin, bullous pemphigoid antigen 1 (BPAG1),!
and plectin (for review see Green et al., 1992; Ruhrberg
and Watt, 1997). Envoplakin colocalizes with desmoplakin
at desmosomal plaques and on keratin filaments through-
out the differentiated layers of human epidermis (Ruhr-
berg et al., 1996), raising the possibility that envoplakin is
involved in anchoring keratin filaments to desmosomes.
The sequencing of peptides released on proteolytic diges-
tion of isolated cornified envelopes has provided direct ev-
idence that both desmoplakin and envoplakin are cross-
linked into the cornified envelope (Robinson et al., 1997;
Steinert and Marekov, 1997). In addition to their potential

1. Abbreviations used in this paper: BPAG1, bullous pemphigoid antigen
1; CSK, cytoskeleton extraction.
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role in anchoring keratin filaments to desmosomes, the
two proteins may therefore also anchor desmosomes and
keratin filaments to the cornified envelope in terminally
differentiated epidermal keratinocytes.

We have now sequenced overlapping cDNA clones en-
coding the 195-kD cornified envelope precursor and show
that, like envoplakin, it belongs to the plakin family of
proteins. Its expression pattern and subcellular localiza-
tion suggest that the 195-kD protein, like envoplakin, is as-
sociated with desmosomes and with keratin filaments in
human epidermis. We speculate that envoplakin and the
195-kD protein provide a scaffolding on which the corni-
fied envelope is assembled.

Materials and Methods

Screening of cDNA Libraries and cDNA Sequencing

A mouse mAb, 3c, raised against the 195-kD protein of Simon and Green
(1984) was used to screen a random primed keratinocyte A\gt11 expression
library (a gift from R. Buxton, National Institute of Medical Research
[NIMR] London, UK) using the conditions described previously for im-
munoblotting (Ruhrberg et al., 1996), and the cDNA clone p195-1 was
isolated. A probe (P195-1) derived from this clone was used to rescreen
the Agt1l expression library and to screen an oligo dT—primed plasmid li-
brary (provided by P. Jones, Imperial Cancer Research Fund [ICRF],
London, UK) as described previously (Ruhrberg et al., 1996), and two fur-
ther cDNA clones were isolated, p195-111 from the Agtll library, and
p195-5 from the plasmid library. The inserts of the Agt11 clones were sub-
cloned into pBluescript II KS (+/—) (Stratagene Ltd., Cambridge, UK)
for sequencing. The cDNA clones were sequenced with oligonucleotides
synthesized by Oligonucleotide Synthesis Services, ICRF, using the
dideoxy chain termination method with the Sequenase II kit (Amersham
International plc., Little Chalfont, UK) or the ABI PRISM™ Cycle Se-
quencing Ready Reaction kit with fluorescent dye terminators (Perkin-
Elmer, Beaconsfield, UK).

Northern Blot Analysis

Northern blotting was performed as described previously, using mRNA
isolated from human epidermal keratinocytes that were cultured on tissue
culture plastic or suspended for 24 h in methylcellulose (Ruhrberg et al.,
1996). Briefly, 2 pg of polyadenylated (poly[A]") RNA per lane were sep-
arated on 1% formaldehyde gels, transferred to HybondN membrane
(Amersham International plc.) and hybridized at 42°C for 16 h with
probes labeled by random priming. The probe P195-1 was used to investi-
gate whether the mRNA for the 195-kD protein was upregulated during
terminal differentiation of epidermal keratinocytes, using a Northern blot
that had previously been hybridized with probes specific for envoplakin,
involucrin, and glyceraldehyde-3-phosphate dehydrogenase (Ruhrberg et
al., 1996).

Structure Predictions and Sequence Comparisons

Secondary structure predictions were obtained using the algorithms of
Garnier et al. (1978) or Chou and Fasman (1978) as implemented by
MacVector 3.5 (International Biotechnologies Inc., Cambridge, UK).
Coiled-coil analyses were performed using the program MacStripe
(Knight and Kendrick-Jones, 1993), based on the algorithm of Lupas et al.
(1991), and the computer predictions were corrected by visual inspection.
Interchain ionic interactions between the two strands of a coiled-coil
polypeptide sequence were examined using the method described by
Parry et al. (1977). The predicted protein sequence was examined for po-
tential transmembrane domains using MacVector 3.5, based on the
method of Kyte and Doolittle (1982), and TOPRED II (Claros and von
Heijne, 1994), based on the method of Argos and Rao (1986). The Swiss-
Prot and PIR protein databases were searched with the BLAST program
at the National Center for Biotechnology Information (Bethesda, MD).
Dotplot homology comparisons were made with the programs COM-
PARE and DOTPLOT in the University of Wisconsin Genetics Com-
puter Group (UWGCG; Madison, WI) software suite.
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Alignments of the NH,- and COOH-terminal domains of the plakin
proteins were performed using the UWGCG programs, BESTFIT for
pairwise comparisons, and PILEUP for multiple sequence comparisons.
In calculating the percentage amino acid identity between the 195-kD pro-
tein and other plakins we excluded the rod domain because of its high
content of heptad repeats. To calculate identity in the NH,- and COOH-
terminal sequences gaps of greater than three amino acids were not in-
cluded.

Antibodies

The mouse mAbs 3c and 1b, raised against the 195-kD cornified envelope
precursor described by Simon and Green (1984), were a gift of M. Simon
(State University of New York, Stony Brook, New York). The mAb
AE11, specific for the 195-kD keratinocyte protein described by Ma and
Sun (1986), was a generous gift of T.T. Sun (New York University School
of Medicine, New York). The mouse antiserum to envoplakin, M, used for
immunoblotting, and the rabbit antiserum to envoplakin, CR1, used for
immunogold electron microscopy and immunoprecipitation, have been
described previously (Simon and Green, 1984; Ruhrberg et al., 1996). The
mouse mAb to desmoplakin, 11-5F, used for immunofluorescence micros-
copy and immunoblotting, was a gift of D. Garrod (University of
Manchester, Manchester, UK) (Parrish et al., 1987). The mouse mAb to
desmoplakin, 2.15, used for immunofluorescence microscopy, was pur-
chased from ICN Pharmaceuticals Inc. (Thame, UK). The rabbit antise-
rum to desmoplakin, DPy,;, used for immunofluorescence microscopy,
was a gift of A. Magee (NIMR) (Arnemann et al., 1993). A rabbit antise-
rum raised against gel-purified bovine epidermal desmocollins that reacts
with both desmocollins and desmoplakin was used for immunofluores-
cence microscopy and was provided by D. Garrod.

A peptide corresponding to 25 amino acid residues (RLTPAQY-
DRYVNKDMSIQELAVLVSG) in the predicted COOH terminus of the
195-kD protein was synthesized by Peptide Synthesis Services, ICRF, con-
jugated to keyhole limpit hemocyanin (Pierce Chemical Co., Rockford,
IL), and then injected into a rabbit to generate the antiserum CR3. Anti-
serum CRS5 was raised in a rabbit against a his-tagged recombinant
polypeptide containing NH,-terminal sequences of envoplakin (amino
acid residues 222-793; Ruhrberg et al., 1996); the recombinant polypep-
tide was expressed from the isopropyl B-p-thiogalactoside—inducible ex-
pression vector pTrcHis (Invitrogen, San Diego, CA) in Escherichia coli
XL1-blue (Stratagene Ltd.), and then was purified on nickel columns un-
der denaturing conditions using the Xpress™ protein purification system
(Invitrogen) as recommended by the manufacturer.

FITC-conjugated, goat anti-rabbit IgG and Texas red—conjugated,
horse anti-mouse IgG were obtained from Vector Laboratories (Peter-
borough, UK). FITC-conjugated, goat anti-mouse IgG and rhodamine-
conjugated, goat anti-rabbit IgG were purchased from Tago Inc. (Burlin-
game, CA). Goat anti-mouse IgG conjugated to 5 nm gold was purchased
from Bio Cell International (Cardiff, UK). Horseradish peroxidase—con-
jugated sheep anti-mouse or donkey anti-rabbit IgGs were purchased
from Amersham International plc.

Immunoblotting and Immunoprecipitation

The following primary human cultured cells were used for immunoblot-
ting: keratinocytes from neonatal foreskin epidermis and adult esophagus
(grown as described previously by Ruhrberg et al., 1996), and dermal fi-
broblasts from neonatal foreskin. Human cell lines used for immunoblot-
ting were: MCF7 (breast carcinoma), MTSV-1 (SV40-transformed mam-
mary epithelium), HCA-7 and SW1222 (both colon carcinoma), Chang
liver, HPAF (pancreatic carcinoma), EJ/28 (bladder carcinoma), and
HeLa (cervical carcinoma). Extracts of human colon, kidney, and heart
muscle were purchased from CLONTECH (Palo Alto, CA).

For immunoblotting, cultured cells were lysed in Laemmli SDS-PAGE
sample buffer containing 10% B-mercaptoethanol and 10 mM EDTA as
described previously (Ruhrberg et al., 1996). Tissue extracts were supplied
in PAGE sample buffer, and 10% B-mercaptoethanol was added before
analysis. Samples and molecular weight standards (high range, prestained
protein molecular weight markers (GIBCO BRL, Paisley, UK), or rain-
bow molecular weight markers (Amersham International plc.) were re-
solved on 6% SDS-PAGE gels and immunoblotted as described previ-
ously (Ruhrberg et al., 1996).

In some experiments, subconfluent adherent keratinocyte cultures
were incubated for various times with 50 nCi/ml [¥S]methionine and
[*>S]cysteine (sp act > 1,000 Ci/mmol; Trans*S-label [ICN Pharmaceuticals
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Inc.]) before immunoprecipitation. For immunoprecipitation, 3°S-labeled
or unlabeled confluent keratinocyte cultures were extracted in ice-cold cy-
toskeleton extraction (CSK) buffer (50 mM NaCl, 300 mM sucrose, 10 mM
Pipes, pH 6.8, 3 mM MgCl,, and 0.5% Triton X-100; Fey et al., 1984) con-
taining 250 mM (NH,),SO,, 10 mM EDTA, 2 mM PMSF, and 1 p.g/ml leu-
peptin. Samples were immunoprecipitated as described previously (Ruhr-
berg et al., 1996), except that rabbit anti-mouse IgG (Sigma Chemical Co.,
Poole, UK) was added as a bridging antibody in immunoprecipitations
with mouse mAbs. Immunoprecipitates were washed five times in ice-cold
CSK buffer containing 300 mM NaCl, and then boiled in Laemmli sample
buffer containing 10% B-mercaptoethanol. The released proteins were
separated on 6% SDS-PAGE gels.

Induction of Cross-linking of Cornified Envelope
Precursors by Transglutaminases

Confluent keratinocyte cultures were washed twice in serum-free FAD
medium (Ruhrberg et al., 1996) and incubated for 5 h in the same medium
at 37°C in the presence of 0.04% Triton X-100 or 100 uM of the calcium
ionophore A23187 (Sigma Chemical Co.), dissolved in DMSO (final con-
centration 1%), to induce formation of cornified envelopes (Rice and
Green, 1979). To inhibit transglutaminase activation, control cultures
were incubated for 30 min at 37°C in the presence of 20 mM cystamine,
pH 7.5, before addition of Triton X-100 or the calcium ionophore. For
each incubation condition, protein was extracted from the cultures with
equal volumes of Laemmli sample buffer containing 10% B-mercaptoeth-
anol, but no bromophenol blue. Cell extracts were boiled for 10 min, and
then centrifuged at top speed in a microfuge (Eppendorf, Madison, WI)
for 5 min at 4°C to remove insoluble material. Equal volumes of extracts
were processed for immunoblotting as described above.

Immunofluorescence Staining

Human tissue from various body sites was obtained at biopsy or autopsy,
embedded in O.C.T. compound (Miles Inc., Stoke Poges, UK) and frozen
in isopentane cooled in liquid nitrogen. Frozen tissue sections (3-6 pum)
were air dried and either labeled immediately or fixed before labeling.
Fixation conditions were either 5 min on dry ice in absolute methanol or
20 min in formaldehyde, which had been prepared by dissolving 3% (wt/
vol) paraformaldehyde in PBS. Formaldehyde-fixed sections sections
were then washed three times in PBS, followed by 10 min in 50 mM
NH,Clin PBS, three washes in PBS and 5 min on dry ice in absolute meth-
anol. Sections were stained with antibodies AE11, 3¢, CRS, or 11-5F, fol-
lowed by appropriate fluorescently conjugated secondary antibodies, as
described previously (Ruhrberg et al., 1996). As controls, sections were la-
beled with preimmune serum or with secondary antibodies alone. Double
labeling was performed with the rabbit antiserum CRS and the mouse
mAbs AE11 or 3c (envoplakin/p195), and with the rabbit antiserum DP,,
and AE11 or 3c (desmoplakin/p195).

Keratinocyte colonies grown on glass coverslips were fixed for 20 min
in formaldehyde as described above. Cells were permeabilized with CSK
immunoprecipitation buffer for 10 min at room temperature, and after
three additional washes in PBS stained with the antibodies as described
above. For most double-labeling experiments, cells were extracted with
CSK buffer for 4 min at room temperature before fixation to remove
CSK-soluble protein. Double labeling was performed with the rabbit anti-
sera CR1 or CRS and the mouse mAbs 2.15 or 11-5F (envoplakin/des-
moplakin), with CRS and the mouse mAbs AE11 or 3¢ (envoplakin/p195),
and with the rabbit antiserum DP;,; or with a rabbit antiserum that recog-
nizes desmocollins, desmoplakin, and AE11 or 3c (desmoplakin/p195).

Sections and coverslips were mounted in Gelvatol (Monsanto, St.
Louis, MO) and examined using an Axiophot Microscope (Carl Zeiss
Ltd., Oberkochen, Germany) or a laser scanning confocal microscope
with a X60 Plan-Apochromat 1.4 numerical aperture (NA) objective
(model MRC-1000; Bio-Rad laboratories, Hercules, CA). For the analy-
sis of the relative distributions of desmoplakin, envoplakin, and the 195-
kD protein around desmosomes, Kalman-averaged (8 scans) confocal im-
ages were collected at 0.5-pm intervals in the z-axis using an iris aperture
of 1-2.5-mm-diam. Images were captured within a linear range of fluores-
cent intensity based on the values of a standardized look-up table pro-
vided by the Comos confocal imaging software (Bio-Rad Laboratories).
Images were processed with Photoshop 3.0 (Adobe Systems Inc., Moun-
tain View, CA).
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Immunogold Electron Microscopy

Thin sections of high pressure—frozen and freeze substituted-adult breast
epidermis (a gift of E. Hunziker, University of Bern, Switzerland) and
foreskin epidermis were immunogold-labeled as described before (Ruhr-
berg et al., 1996). For double labeling, the sections were first labeled with
AE11, followed by a 1:35 dilution of goat anti-mouse IgG conjugated to
10 nm gold, and then with the rabbit antiserum CR1, followed by protein
A conjugated to 5 nm gold (provided by the Cell Biology Department,
University of Utrecht, The Netherlands). As a control, sections were la-
beled with secondary antibody or protein A—gold alone.

Results

Isolation of Overlapping cDNA Clones Encoding the
195-kD Cornified Envelope Precursor

A random-primed keratinocyte Agt11 cDNA expression li-
brary was screened with a mouse mAb (3c) raised against
the 195-kD cornified envelope precursor described by Si-
mon and Green (1984). A probe corresponding to an in-
sert of the isolated cDNA clone, p195-1, was used to iso-
late two overlapping cDNA clones, p195-111 and p195-5
(Fig. 1). Clone p195-5 contained the polyadenylated 3’ end
of the cDNA. The long open reading frame of clone p195-
111 began with an ATG codon in a Kozak consensus se-
quence for translation initiation (Kozak, 1991); the posi-
tion of this ATG codon corresponds to the start codon in
the envoplakin gene, to which the 195-kD protein is
closely related (see below).

A map of the isolated cDNA clones and a partial restric-
tion map of the composite cDNA are shown in Fig. 1.
Probes spanning the entire sequence of the composite
cDNA detected only a single mRNA species of 6.3 kb in
cultured human keratinocytes, suggesting that no abun-
dant alternatively spliced mRNAs are expressed in this
cell type (data not shown). The size of the composite
cDNA (6.2 kbp) corresponds well to the estimated size of
the mRNA detected by Northern blotting. The cDNA se-
quence and the amino acid sequence encoded by the long
open reading frame are shown in Fig. 2. The encoded pro-
tein has a theoretical relative molecular weight of 205,
which is in good agreement with the apparent molecular
weight of 195 in SDS-PAGE.

The 195-kD Protein Is a Member of the Plakin Family

We searched the SwissProt and PIR protein databases
with the predicted amino acid sequence of the 195-kD pro-

: p195-111
p195-1
p195-5
Hinell i H
BamHl Kpnl BamHI BamH Stul  EcoR1 HincIl Stul
: — ¢DNA

t t poly(A),

ATG TGA

T T T — T T T — T —
0 1 2 3 4 5 6 6.2kbp

Figure 1. Isolated cDNA clones representing the mRNA of the
195-kD protein and partial restriction map of the composite
cDNA. Clone names are shown on the right. The positions of the
putative start codon (ATG) and stop codon (TGA) are indicated.
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GCGCCECCGETCGCTCACC TRCGCTCCCGCCAGCCCCTCGETACGCGCCCGECCCGCCAGCCGCCGUCGCCCGCACCCCGAGEGCCACT

91 ATGAACTCGCTCTTCS A A AAATACAGCCCCACTGTGCAGACCCGGAG wWTAAcAAGGAGCTCTCGGAGCTG
1 M NSLFREKERINEKTEGZXYSTPT v 0T RS ISUNEKETL
I-> NI
181 \TCGAGCAGCTGE. ACATCGTGGACACAGAGGCCAAGATGCAGAGTCACCTGGCTCGGCT
31 I EQL QKX A D O VERKNTIUVDTESA AR KIMOSDLARILGQ
271 CGGCAGCCTGAGCACCGGGACGTGACCCT T Tm(;;\cm‘ CTCTATGTGCTAGAGGCGRATGCGEC,
61 EGRQPEHRDUVTTLG QXVTELDSE L LYVLEA ATDA A
361 ATFGCCAAGCACATGAAGCACCCACAGGGGGACATGAT GO TGCGCGRG;
91 Q M I AEDI R Q LKERVYTNTLRG K
451 cac GATCTACAGGCTGAC “CACAGGTCAACTGC TGGACAAGCTGAAC
121 HKQIYRLAYEKEGYVDPQVNWA 'Y L VEEKTLTDEKTL N
NN <[ I->Z
541 ARCCAGAGCTTTGGGACTGACCTGCCGCTGETEGACCACC) TAACATCTTCC; GGCCATCGRECCC
151 NQSFGTODLGP®LVDHGQVETEHNTIFEHNET YEK aTIG P
631 CACCTGSCC: GCAGAACAGCGAACTCCGGGCCARGTACCAG nmscTc(;cAGCATCACAGGCCCGGCAGCAG
181 H L & D G D K EQNSELRGAEKY K L Q Q@
721 CACCTGAGTTCGCTGCAGGACTACATGCAGCGCTGCACCAATGAGCTGTACTGGCTGGACCAGCAGGCCARGGGCCGCATGCAGTACGAC
211 H L S LoQ Y M QRCTNTETLYWLDOQOQAZ KTE GRMOQY D>
Z <l
811 CGCAACCTCGACTACCCCAGCCGCCGGCGCCH TTTCATCAACCGGAACC'
241 W $DRNTLDY®P?PSRRROQYENTFTINERINLEHAEKTEER I
I->Y
901 ARCARACTGCACAGCGAGGGCGACCAGCTGCTGECAGCCGAGCACCC TCCATTGAGGCGCACATGGAGGCTGTGCACK!
271 N KLHSEGDQ A EHPGRNSTIES ATHMEAY H A
991 GAC ACCTGAACCTGCTCATCTGC GT: CCACCAGTTTCACG GTGAAG
301 DWEKETYLNTLTLTITCETES H L. I3 Y M EDYHCQTFHETDV K
1081 GACGCTCAGGAGCTGOTGLG TCGGACCTGAACC: GACTT TGCT
331 DAQETLTLEREKYDSDLNOEKYG 5D P K DR Y Q I E L L»
1171 TG \GCTGGATGACC: c SGTGCAGGGGCTGCAGARGCGAGGCCAG
361 L RELTDTGDGQEKYV LD E Y ED Vv Q¢ L OKRGGQOQUV V >
Yl
1261 TCARGTACCGCCGGE TCCGCTCAAGCCCATCCCCGTGGAGGCACTC TGTGACTT GGGCCTGATCTCGCGGEEC
391 LXYRRETEPTLEKEPIPVEALGCDTFTESGET® QGTLTISRG
1351 TACAGCTACACCCTGC \Gi TGGGAGCTCATGC GOGCTC GCTGATTGCTCCGGCCGTCTGTTTT
421 ¥ s YTL QK N NG E S WELMDSE AGHNEKL A P AV C P>
1441 GTGATCCCCCCCACAGACCCTE: S CTGACTCTGACTGACAGCCTGRGCAGCCAGTACCGGAGCETGCGGCAGAAGGCAGCTGEGAGE
451 viePePTDPEALALADSTLGSOQYRSVRG QEKA AZ G S
> X
1531 Al CGCTGCAGE: TGAAGACCGAGAATCCCGGAGATGCCTCTGACCTACAGGAGCGGCAGCTGCTGECTEEC
481 K RTLG QG QRTYEVTLZXTETSNTP?GDASDTL Q G R QL L A G
X <l > W
1621 T’I'GGACAAGGTGGCCAGCGACC’]‘GGACCGGCAGGAGAAOGCCATCAC)\GGGAl\_LJ GGCCACCACTGGAGC: CGGGCTGTGCA
511 o E A I I LRPPLEGQCQGTRALVYQ
1711 GMAG’(\,CCGAGCGGGCCAAGGACCTCAAGAACATcAccAACGAGcTAcTGccGATTGAAccTGAGAAGACGCGGAGCACGscTGmGGc
541 S A E R A K R E P E R A G>
1801 GN\GCCI‘TCAT CAGGCCCTCCCAGGCAGTG \CACCCCTGCTGAGGACCC: ACCAACCGGAAATACGAGCACCTC
571 QAL PGS G r B L LR QVEDTNREKYEH L
<l >V
1891 CTGCAG:‘TGCTGGACT’“ CTGCAGCAG TTGCTGX
601 Q L L DL A Q =R VDV ANRLEERS.L QQ W OB L LA T
1981 CACGAGAACCATCTGA: \CACAGTECCTGAGAGCAGCCOTATCCTG CAGCAAGGGGCAGGAGCTGGCGGCCMGGCCTGT
631 HENHTLN DDTVPESSRVL S K G Q
2071 GI\GTT CAG AGAACTTGCAGGCGGCCAAGCAGTGCTCGAGCACACTGGCCAGECGCTTC
661 Lo A Q K S L LG EVE QN L QA Q¢ s S TLASR F>
. .continued
4321 AGGCCCGCAGGGAGGCCGAGCGCGAGETACAGCGGTTGE: HCGRCTGRCAGCGCTGRAGE TGAGGCCC!
1321 QARREATETREVC QR RTLGOG GRTLAATLTET QEEH ATEAERE K-
4411 GTAACCC 5CAGGACCCGCAGCAGGCGCGAGAGCATGCCCTGUTCCGACTCCAGL!
1351 VTHTO QK VVLCQOQDP?OQQARETHA ALTLTRTLGS GTLETEE Q
4501 CACCGRCGGCAGCTC AGACCCTC( TGCACTGGAGAAGGCGGAGGTC:
1381 HRRQLTLTEGETLETTLTRREKTLAALTETEKTA AEVYZKEZKV V
4591 TCTC ACACCGAGCARGAGATCCAGAGGCTCAAGAGCAGCC! GCAA
1411 LSESVOQVEEXKGDTET® QETLI® QRLEKSSTLETEESTRS K
4681 CGCGAGCTGGACGTC GGCTGGAAGC l-"-"T’(‘TCGGA;CTGGMTTCCM‘AACTCCAAQTCATCCAAGGAACTAGACTTT
1441 RELDVET VSR RLEATRTLSE
4771 C‘K‘GAGGGAAGAGMCCACMATTACAGCTGGAGAGGCAAAACC'TGCAGCTGGAGACCCCAAGGCTCCAATCGGAAATCAACA’IGGCAGCG
1471 L R EE ©LERGOQNTLOTLETRTPRTLTOQSE N M & A
4861 ACGGAAACACGAGACCT GGAACATGACCGTGRCGGACTCTGOGACCAACCATGACTCCAGACTGTGGTCCC CTGGAT
1501 RNMTVADSGTDNEHDSRTLWSLETREL D
4951 GACCTC TCTCCAAGGAC CTCGAGATCC AC TGGGCTCCGTGGCCGTCARGCGAGAGCAG
1531 DLKRLSEKDEKODTLETLIDETLG QEXRLGSVAYE KT REQ R
rod domain <1 |-> L
5041 AGAACCACCTGCGGCGCTCCATCGT: ("’Y‘CATCCACCT'V‘F CACAGGCCGCGAGCTGTCCC CACCGTGCCGGECTCATT
1561 ENGHLRRSTIUVVI LDTGRELST®PETEAHE RAGL I
5131 GACTGGAA TCGTGARACTCAGAAGCCAGGAGTGCGAC TC ¢ CTCAGTGAT.
1591 WNMFYVKLRSOQECDWYWETETISVEKGPNGESS SV I
5221 CACGACAGGAAGTCTGGCAAS! FTTCTCCATN‘ GAGGCCCTGCAGAGTGAC mACCCc’\‘GCTCAGTATGACCGCTATGTCAAC
1621 HDREKSG KK 1 EEALQSGRTLT Q
5311 CATC GCTGGCGGTCTTGGTATCTGGGC \CAGCTCTTGCAACTCTTCGTAACGGCAGACGCTGRC
1651 KDMNSIOQETLSATYVLYSGQK*
L <t
5401 ceTeTecT GCAGTGACCTCCTTGRTGTCGTCCTCTCCCTAGCCCTGRTG CARGCATTT TACCCTCGCTGCCAGS
5491 TGCTCAGAGTCCCGCCCAC GGCACTGGCTGARGACAGGCAACTCTCGTC \CCATCATTCACCCTGAGTGACGTACT
5581 TCATCCTCCAATGACTGGACAACTGCGATGCCTTTTCCTCCCTTTTCCTGTACACTCCCAGCAACARACTCCTCATGATARCTGCACACA
5671 ATCTGAAAACCACTGAAGGACAAGCCAACCACAGCAGC CAAGCCCACTCCTTGCAGCATGGGTACTGRT! \CCAGACAGTGACACT
5761 GCCCCACAAAGGCCTGGGCCCOTGGGERCTGCTGL! TGACATCTCTCCAGATTTCTGGCTTAAAACAACTTTCCATCCGAGRAGE
5851 CTeeTe; TTACTCTGCTCATGAGACAGATCTGGGCTCCARGCC: GARACCACAAGTGTCCAGCCCTCRETECT
5941 GTTAATTGTCAGCCACCAGACTGTCCOGGCACCTAL TGTTTCACAGTTCTGGCATTTARATCCTTTGATAGTGGA
6031 TTGTGCTGCTGTTAGCCTTAGTTTCAGTGCTTTACAAGTCTCGCTTATTATCTCATTGGTATT ABA TGATTATT
6121 CCACGCCAATATCTGOGTCTCTGTATCTCATGTAGAAC TATT" TGARRRTAAACC
6211 TGGTGGCTGGAGTCTGA - poly(A) tail
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continued.

CM;GAGCACTGCCCG(;ACCWX‘ GCGCCAGGAGGCCGAGETGCACAAGCTGGECCAGCGTTTC AACAACCTGCGCCAGS GC
Q H C ERQEAEVHEKTLG®GG® QRTF Q Q V E R

AGGGCGCAGAGCCTACAGAGCGCCARGGCAGCCTACGAGCACTTCCACCGOGGCCATGACCACGTGCTGCAGTTCCTAGTCAGCATCCCC
R 208 LQSAKARAZYTEHTFHRGHDH B>

TTACGAGCCCCAGGAGACAG CCTCAGCC? CAAGCTGAAGARCCAG] CCTGC! GTAGG
YEPQETDSLS$SQMMETEKLZ XN OQEKINTLTLDETIAS R

AGC: AGAAGATCTGTGCCAATTCCCACCAGTACCAGCAAGE! AAACTAAGGTCT
EQEVQKIC)\NSQQYQQAVKD‘{ELEAEKLRS>

CTTC'I‘CGAC. ACGTGAGCAAGAGAGCCAGGCTCCAATCTCCTGCCACC
LDLENGRSSHTYV S KRARTLGOSPATIKTYTEKTEEE A>
GCACTTGCC u-\AG’ﬂ‘CACTG T CN;)\CAGAGGCTGCAGAATCTGGAGTTTGCTCTGAATCTCCTCAGACAGCAG
AL A KPR T OBV Y AT N R Q o L R Q O
[dee) CATGAGACCCTY CGGACT! T

CTGGA"
PEVEVTHETLQRNEEPDSGV EEAaANWE KTIEREKEL D

GAGGAGACTGAGCGGAGGCGECAGCTGEAGAACGACGTCAAGAGCACCC! A TCTGGACC' TCAGGRA
EETERRRQLTENEV VYVEKSTO QETETIW?T?LRNG QEGP Q E»
Vel

“CGGATCCCGT TTCCAGCAGCTGCAGCGGACGCTGGCAGAGGAG
SVVRKEVLKKVPDPVLEBSFQQLQRTLAEE)
I-> rod domain

Ca \GA. C T GGAGGCACTGCAGCTGCAGCTGCGTGCCCTGGAGCAGGAGACCAGAGACGEGEAGC
QHKNQLLQEELEA QLOQLR®ALETS QETRTDG GG O

GAGTACGTGTTX CCTGCGCATX \CAGGGCCCAGHH TTGCAGCTGC CTG
EYVFKEVLQRTIETPDRARQADEV VLO QLRETETLEA L

AGGCGGCAGAAGGECGCCCGGRAGECAGAGGTGCTCCTCCTGC GCGTGTGACCECCCTEGE CGGGCGCAGG!
R RQKGAREAEVTLTLTLOQO QRYAALGAEAETET KSRADRQ E

AGGTCAC TGCAGAATGACCCCCAGCTGGAGGCAGAGTAC GCTGCAGGAGGACCACCAGCGCC:
XK VTEZKEVVZ KLG® QNTDTPOTLEHBAETYSQQLGQETDEHGOQR D>

AGAGGC! GGGCCATGGCCCAG
K R L EKE A E G

ACCAGCTC TGAGCTTCCTCCAGGACARGETC:
DQLREKGP QETEETLSTFTLQDZXTL

AAGATCACCGTC TC, GCGGCCACK \GCGATCTCACCCGCCARTATGAGGACK
R I T K EVLEKYVEZ KD®AzATEREYVSDLTRT®EQYED Er

GCTGCCAM;GCTCGCGC’Y‘PF TGCT ARCGCC)
RASQREKTELLRKIWALEEENAKVVV)

e SGOCAGACCCCARGG \GTGAAGTGGCGAACCTCCGCCTGGAGCTT SGAGCK
QEKVRETIVRPDPEKAESEVANLRLETLVEQE R

SCCCTCAGGRAGGLCAGECCCCT ARAGAG
EALRRPRGTPQVEV K E

AGTACCGGAGTACC \GCAGCTCCGGAGCTACC! CTG
R G A EEQLRSYOQSETL

GTG G TCATTAAGTAC: m\CTGACCC TTCAGCGGCTC: CAAGACCAG)
VT.(EVIKYK EMEKELQRLREEIVDKTR>

CTGAT TTAGAG] A"TACCAGC TCCAGGCCCTGAAAGACACCAAACCCCAGGTCCAGACCARAGAG
LI ERCDTLE QL KKETIG QALTEKTETEKTPGQGVQTXK B

GTGGTCCAGGAGATCCTCCAATTCCAAGAAGACCCTCARAC T e GCTCTCAGAGGAGCAGAA
VVQEILQFQEDPQTKBEVASLRAKLSEEQK>

ARAC TTCCCAGGAAGA TCGCCC TCTCGGC A

K Q VDLETRTETRAST QEEG QTIAREKTEETETLSTRVZEKER W

GTCCAG GGECTCCGERC CTTTGCCGAGAGCAT TGCH
Q QEVVRYEEETPGTLRAEASATFA AESTIDYVETL R

CAGATTGACAAGCTGCC \GAGCTGCGGECGECTGCAGCGCCGEOGCACCGAGCTTAC TAGAGCGCGAGCGG
OIDKLRAELRRLQRRRTELERQLEELERER

Figure 2. Nucleotide sequence of the composite cDNA encoding
the 195-kD protein and predicted amino acid sequence. Numera-
tion of the cDNA sequence begins with the first nucleotide of the
putative translation initiation codon (ATG [shown in bold face]).
Numeration of the deduced amino acid sequence begins with the
first methionine of the long open reading frame (M [shown in
bold face]). The boundaries of the NH,-terminal subdomains
(NN,V,W, X,Y, and Z), the central rod domain, and the COOH-
terminal L-subdomain are indicated by arrows (nomenclature of
domains according to Green et al., 1992; except for L, linker re-
gion that precedes the C-subdomain in other family members).
The long open reading frame terminates in a stop codon (TAG,
asterisk), which is followed by a consensus polyadenylation signal
(AATAAA [doubly underlined]) in the 3’ untranslated region.
These sequence data are available from GenBank/EMBL/DDBJ
under accession No. AF001691.
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tein and found extensive sequence homology to the pro-
teins of the plakin family, which includes envoplakin, des-
moplakin, BPAG1, plectin, and their alternative splice
variants (Green et al., 1990; Sawamura et al., 1991a,b;
Wiche et al., 1991; Virata et al., 1992; Liu et al., 1996;
McLean et al., 1996; Ruhrberg et al., 1996; the sequence
data of the extreme desmoplakin NH, terminus are avail-
able from GenBank/EMBL/DDBIJ under accession No.
M77830). The plakin proteins share a similar domain
structure, characterized by the presence of globular end
domains and a central rod domain that contains heptad re-
peats with a high probability of mediating coiled-coil for-
mation with a dimerization partner (for review see Green
et al., 1992; Ruhrberg and Watt, 1997).

As is the case for envoplakin, desmoplakin, BPAGI1,
and plectin, the NH, terminus of the 195-kD protein con-
tains six putative a-helical subdomains, NN, Z, Y, X, W,
and V, that are separated by non—a-helical regions and
may fold into an antiparallel bundle (Figs. 2 and 3, a, c, ¢;
see also Green et al., 1992; Ruhrberg et al., 1996). The
COOH termini of desmoplakin, BPAGI, plectin, and en-
voplakin are predicted to be organized into discrete a-heli-
cal subdomains that are related by sequence; the most
COOH-terminal of these a-helical regions, the C-subdo-
main, is present in all four proteins (Green et al., 1991; Ruhr-
berg et al., 1996). In contrast, the 195-kD protein does not
contain a region with sequence homology to these subdo-
mains; the only COOH-terminal region conserved be-
tween the 195-kD protein and the other plakins is the re-
gion that links the C-subdomain with the preceding
domain in the other family members, and which we pro-
pose to name the L-subdomain (for “linker”) (Figs. 2 and
3). The L-subdomain is predicted to adopt an «-helical
conformation. As is the case for the other plakin proteins,
the 195-kD protein is not predicted to contain a trans-
membrane domain. A schematic comparison of the pre-
dicted domain structure of envoplakin and the 195-kD
protein is shown in Fig. 3 a.

A direct sequence comparison of the entire NH,- and
COOH-terminal amino acid sequences of the 195-kD pro-
tein with the respective domains of desmoplakin, BPAGI,
plectin, and envoplakin showed that the 195-kD protein is
most closely related to envoplakin. The sequence conser-
vation in the NH,- and COOH-terminal domains of the
195-kD protein and envoplakin is indicated by areas of lin-

Figure 3. Similarity of the 195-kD protein to envoplakin. (a)
Schematic representation of the domain structure of the 195-kD
protein and envoplakin. The rod domains are represented by
filled rectangles. For boundaries of the COOH-terminal linker
region (L-subdomain) in envoplakin and the 195-kD protein see
Figs. 2 and 3 d. (b) Dot matrix homology comparison of the 195-kD
protein with envoplakin, performed with the software COM-
PARE and DOTPLOT; a dot was placed when 13 amino acids
showed identity within a window of 20 amino acids. (¢ and d) Di-
rect sequence comparison of the NH,-terminal NN-subdomains
(c) and the COOH-terminal L-domains (d) of the 195-kD protein
and envoplakin. Amino acid residues in the sequence alignments
are numbered according to their position in the protein se-
quences; the stop codon in the 195-kD protein is indicated with
an asterisk; identical residues are shown on a black background,
similar residues on a grey background. (e¢) Histogram of the prob-
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ability of forming a coiled-coil (y axis), as predicted by the Lupas
algorithm, versus the position in the amino acid sequence (x axis)
for the 195-kD protein. Each division on the x axis scale corre-
sponds to 100 amino acid residues. Regions with a value of P >
0.9 for >28 consecutive amino acid residues are predicted to
adopt a coiled-coil conformation. The positions of the 13 heptad-
rich subdomains (referred to in Tables I and II) in the rod do-
main are indicated above the histogram with asterisks. The
boundaries of the NH,- and COOH-terminal domains (N-term.,
C-t., respectively) and the rod domains are indicated below the
histogram.

1839

1002 ‘S yose uo B1o°gal:Mmm woi) papeojumod


http://www.jcb.org

ear homology in a dotplot matrix comparison (Fig. 3 b).
The percentage amino acid identity between the 195-kD
protein and envoplakin in the NH, terminus is 32%, com-
pared with 25% for plectin, 23% for BPAG1, and 22% for
desmoplakin. In the COOH terminus, the percentage
amino acid identity with the 195-kD protein is 41 % for en-
voplakin, 35% for plectin, 32% for desmoplakin, and 25%
for BPAGI. Direct sequence comparisons of the amino
acid sequences of the NH,-terminal NN-subdomain and
the COOH-terminal L-subdomain of the 195-kD protein
and envoplakin are shown in Fig. 3, c and d.

Whereas the sequences of the NH,- and COOH-termi-
nal domains of all five plakins are well conserved, the cen-
tral domain sequences are considerably diverged. How-
ever, a large number of heptad repeats with the potential
of forming coiled-coils are present in the central domains
(rod domains) of the 195-kD protein, envoplakin, des-
moplakin, BPAG1, and plectin and appear as an area of
“rectangular” homology in the dotplot matrices (Fig. 3, b
and e; see also Ruhrberg et al., 1996). The rod domains of
both the 195-kD protein and envoplakin are more closely
related to each other than to other family members, with a
similar overall length and a large number of heptad re-
peat-rich regions in different frames that are separated by
stutter regions (Fig. 3 e¢; Ruhrberg et al., 1996).

Validation of the Identity of the 195-kD Protein as the
Previously Described Cornified Envelope Precursor

To establish that the protein encoded by the cDNA we
had isolated was indeed the 195-kD cornified envelope
precursor described by Simon and Green (1984), we raised
a rabbit antiserum (CR3) against a peptide corresponding
to 25 amino acid residues at the COOH terminus of the
protein encoded by the isolated cDNA. On immunoblots

of keratinocyte extracts, CR3 detected a single protein
with an apparent molecular mass of 195 kD that comi-
grated with the protein recognized by the 3c antibody that
had been used to isolate cDNA clone p195-1 from a Agtll
expression library (Fig. 4 a). Furthermore, the protein de-
tected by CR3 and 3c comigrated with the protein recog-
nized by another mouse mAb, 1b, raised against the
195-kD cornified envelope protein described by Simon
and Green (1984), and also with the 195 kD keratinocyte
protein described by Ma and Sun (1986), and detected by
antibody AE11 (data not shown). When we immunopre-
cipitated keratinocyte lysates with CR3, transferred the
immunoprecipitates to nitrocellulose membranes, and then
immunoblotted with 3¢, 1b, or AE11, we found that all four
antibodies recognized the same 195-kD protein (Fig. 4 b).

Confirmation That the 195-kD Protein Is
Cross-linked by Transglutaminases and Is Upregulated
during Keratinocyte Differentiation

When confluent keratinocyte cultures are treated with
0.04% Triton X-100 or the calcium ionophore A23187, the
influx of calcium ions into the cells activates the cross-link-
ing of cornified envelope precursors by transglutaminases
(Rice and Green, 1979). Proteins that become cross-linked
into the cornified envelope are no longer extractable by
boiling the cell lysates in 1.6% SDS and 5 mM B-mercap-
toethanol (Sun and Green, 1976; Simon and Green, 1984).
Immunoblot analysis with antibodies CR3, 3c, and 1b
showed that the 195-kD protein became nonextractable in
SDS/B-mercaptoethanol after Triton X-100 (Fig. 5 @; and
data not shown) or A23187 treatment (data not shown) of
the cultures, suggesting that the 195-kD protein was cross-
linked into cornified envelopes. When the cultures were
treated with the transglutaminase inhibitor cystamine

Figure 4. Confirmation that the
isolated cDNA encodes the
195-kD cornified envelope pre-
cursor. (a) Immunoblot of kera-
tinocyte extract probed with the
antibody 3c (3c), raised against

o o
195 KD o ame = F&ES

the 195-kD cornified envelope
precursor described by Simon
and Green (1984), with the anti-
serum CR3 (CR3), raised
against a peptide corresponding

195 KD -

to the COOH terminus encoded
by the putative cDNA for the
195-kD protein, and with the an-
° tiserum CR3 in the presence of
the peptide used for immuniza-
tion (CR3 + pep). (b) Immuno-
precipitation (/P) of kerati-
nocyte extracts with CR3, CR3
in the presence of the peptide
immunogen (CR3 + pep) or the
preimmune serum (CR3 pre),
° followed by immunoblotting
(IB) with antibodies 3c, 1b, or
AE11. The mobility of the mo-
lecular weight standards is indi-
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cated: 200, 110, 75, and 43 kD.
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Figure 5. Confirmation that the 195-kD protein is a cornified en-
velope precursor, and upregulation of the mRNA encoding the
195-kD protein during terminal differentiation. (¢) Adherent ke-
ratinocyte cultures were incubated for 5 h in serum-free medium
in the absence (—) or presence of 0.04% Triton X-100 (7), 20
mM cystamine (C), or 20 mM cystamine and Triton X-100 (CT).
A blot of the protein extracts was probed with the mouse anti-
body 1b to detect the 195-kD protein. (b) A Northern blot con-
taining 2 pug poly(A)* RNA per lane from adherent or suspended
keratinocyte cultures was hybridized with a radiolabeled DNA
fragment derived from cDNA clone p195-1. The blot had been
probed previously with an involucrin mRNA-specific probe as a
control for the induction of terminal differentiation, with a glyc-
eraldehyde-3-phosphate dehydrogenase-specific probe as a load-
ing control, and with an envoplakin-specific probe (Ruhrberg et
al., 1996).

(Siefring et al., 1978) before addition of Triton X-100 or
A23187, cross-linking of the 195-kD protein was inhibited
(Fig. 5 a; and data not shown).

The level of the 195-kD protein is increased in differen-
tiating keratinocytes in culture (Simon and Green, 1984).
We used Nothern blotting to examine whether the mRNA
for the 195-kD protein was also upregulated during termi-
nal differentiation. Cultured human keratinocytes can be
induced to undergo terminal differentiation when they are
disaggregated and placed in suspension for 24 h. The level
of the mRNA for the 195-kD protein was upregulated in
suspension (Fig. 5 b), as are the mRNAs for envoplakin
and involucrin, known cornified envelope precursors (Nichol-
son and Watt, 1991; Ruhrberg et al., 1996).

Coimmunoprecipitation of the 195-kD Protein
and Envoplakin

On immunoblots, CR3 and AE11 recognized a single band
corresponding to the 195-kD cornified envelope precur-
sor, whereas the antienvoplakin antibodies, CR1 and CRS,
recognized a single band corresponding to the 210-kD en-
voplakin (Fig. 4; and data not shown; Ma and Sun, 1986;
Ruhrberg et al., 1996). In contrast, when each antibody
was used to immunoprecipitate the Triton X-100-soluble
protein fraction of keratinocyte cultures labeled overnight
with [33S]cysteine/[>>S]methionine, all four antibodies coim-
munoprecipitated a 210- and a 195-kD protein (Fig. 6 a;
and data not shown). The identity of the 210- and 195-kD
proteins as envoplakin and the 195-kD cornified envelope
precursor, respectively, was established by immunoblot-
ting of the immunoprecipitates (Fig. 6 b; and data not
shown). Envoplakin and the 195-kD protein were coim-
munoprecipitated in keratinocytes labeled with [*3S]cys-
teine/[*S]methionine for only 15 min, suggesting that the
proteins complexed soon after translation (data not shown).
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Figure 6. Coimmunoprecipitation of the 195-kD cornified enve-
lope precursor and envoplakin. (a) Immunoprecipitation of Tri-
ton X-100 extracts of keratinocytes with antibodies specific for
desmoplakin (DPI/II; lane 11-5F), the 195-kD protein (lane
CR3), and envoplakin (lanes CRI and CRY5). (b) Immunoprecipi-
tates (IP) with antibodies specific for desmoplakin (DPI/II; 11-
5F), the 195-kD protein (CR3), and envoplakin (CR1) were
transferred to nitrocellulose and immunoblotted (/B) with anti-
bodies specific for the 195-kD protein (3c), envoplakin (M), and
desmoplakin (DPI/II; 11-5F). The mobility of the molecular
weight markers is indicated: 200, 110, and 75 kD.

The complex was dissociated by boiling in 1% SDS and
10% B-mercaptoethanol, but reformed after 10-fold dilu-
tion in immunoprecipitation buffer (data not shown). While
envoplakin and the 195-kD cornified envelope precursor
were coimmunoprecipitated, neither protein immunopre-
cipitated with the desmoplakin antibody 11-5F (Fig. 6, a
and b), suggesting that in the Triton X-100-soluble pool
envoplakin and the 195-kD protein can associate with
each other, but not with desmoplakin.

Calculation of Potential Ionic Interactions between the
Rod Domains of the 195-kD Protein and Envoplakin

The coimmunoprecipitation of the 195-kD protein and en-
voplakin raised the possibility that the two proteins might
form heterodimers, and we therefore examined the pre-
dicted amino acid sequence of the rod domain of each pro-
tein. By visual inspection of the rod domain sequences of
envoplakin and the 195-kD protein, we could assign the
boundaries of individual heptad-containing subdomains
and their frames more accurately than the computer algo-
rithm had done. The frame of a heptad was assigned ac-
cording to the position of the first amino acid in a continu-
ous, heptad-containing region, where amino acid residues
in the heptad are designated a through g (nomenclature
according to McLachlan and Stewart, 1975) and amino
acid residues in positions a and d are responsible for hy-
drophobic interactions at the core of the coiled-coil. The
envoplakin and 195-kD protein rod domains both con-
tained 13 heptad-rich subdomains of similar length and in
the same frame, with an additional short heptad—contain-
ing region (designated 10-A) present in envoplakin, but
not the 195-kD protein (Fig. 3 ¢; and Table I).

The relative polarity of coiled-coil chains, and their rela-
tive axial displacement, are both specified primarily by
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Table I. Heptad-containing Subdomains in the Rod Domains of
the 195-kD Protein and Envoplakin

Table II. Predicted Interchain Ionic Interactions between the
Rod Domains of the 195-kD Protein and Envoplakin

pl195 Envoplakin A

Subdomain Amino acid No. Frame Amino acid No. Frame Stagger 1 2 3 4 5 6 7 8 9 10 Il 12 13 Sum
1 945-984 c 909-948 c *2 o2 1 1-5 0-2 2 1 2 3 0 4 9
2 1,005-1,058 c 967-1,020 c *1 -2-2-4-5-2 1 0-4 3-3 -5 3 -5-25
3 1,066-1,118 d 1,028-1,080 d 0 012 4 4 4 2 610 0 4 6 8 6 66
4 1,124-1,169 b 1,086-1,131 b B
5 1,184-1,222 d 1,148-1,186 d
6 1,225-1,239 e 1,189-1,203 e Stagger 1 2 3 4 5 6 7 8 9 1010-A 11 12 13 Sum
7 1,243-1,280 c 1,205-1,242 c +2 0 1-2 0 1 1—-1-4-2 3 1 3 1 1 3
8 1,303-1,356 c 1,265-1,318 c +1 1 26 1 0 0-1 2 0-2 0 0-5 -2 2
9 1,364-1,402 d 1,326-1,364 d 0 6 0-2 2 6-2 4 8 2 2 2 6 6 2 42
10 1,408-1,450 c 1,383-1,425 c
10-A - - 1,431-1,452 ¢ c
11 1,465-1,503 g 1,484-1,522 g Stagger 1 2 3 4 5 6 7 8 9 10 11 12 13 Sum
N RN E R

? ? ’ ? -1 -1-2-1-2 1-1 0 0 0-3 -3 1 —-5-16
Amino acid residues are numbered according to their position in the predicted protein 0 2 6 72 1 0 6 3 0 4 4 8 5 48
sequences, beginning from the NH, terminus. The frame of each heptad subdomain 1 0-2-2-1 0 0 0 3 1—-2 -3 —4-3-13
refers to the position of the first amino acid residue in its first heptad, where the hep- 2 21 2 0-3 1-3-5 0 1 3 -2 2 —1

tad positions are named a to g in accordance with the nomenclature of McLachlan and
Stewart (1975).

ionic interactions between amino acid residues in positions
e and g of the two chains (McLachlan and Stewart, 1975).
To assess the extent to which homodimers or hetero-
dimers of the 195-kD protein and envoplakin could be sta-
bilized by ionic interaction, we used the scoring method
described by Parry et al. (1977), who used this method to
correctly predict the heterodimerization of type I and type
II keratins. We looked at interactions between amino acid
pairs at positions 1g'-2e, 2e'-1g, 2a’-1g, 1g’'-2a, le'-1d,
and 1d'-1e, where “1” is the heptad closer to the NH, ter-
minus and “2” the following heptad; a to g and a’ to g’ rep-
resent the heptad positions in the 195-kD protein and en-
voplakin, respectively (see Parry et al, 1977). Ionic
interactions were scored as follows: interactions of the
type +/— were considered stabilizing and scored as +1,
whereas interactions of the type +/+ or —/— were consid-
ered destabilizing and scored as —1. Using this analysis,
we could confirm that the boundaries of each heptad-con-
taining subdomain had been assigned correctly for both
proteins; we identified many potential stabilizing ionic in-
teractions when the boundaries of the heptad-containing
subdomains were as described in Table I (Table 11, Stagger
0), but there were few stabilizing ionic interactions when
the heptad-containing subdomains were shifted relative
to each other by one or two heptads (Table II, Stagger =1
or £2).

The values obtained when the interchain ionic interac-
tions in the rod domains of the 195-kD protein and en-
voplakin are summed are consistent with the possibility
that both can form homodimers (Table II, A and B). Par-
allel 195-kD protein homodimers would be stabilized by
an average of 0.79 ionic interactions per pair of heptads in
a two-stranded, coiled-coil rope. This value was obtained
by dividing the number of amino acid residues in heptads
(i.e., 585) (Table I) by 7, and using the resultant number
(i.e., 83.6) to divide the sum of the predicted interchain
ionic interactions (i.e., 66) (Table II A). Parallel en-
voplakin homodimers would be stabilized by an average of
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Ionic interactions in the rod domains of parallel 195-kD protein homodimers (4), en-
voplakin homodimers (B), and 195-kD protein/envoplakin heterodimers (C), are
shown. The sum of possible ionic interactions for a parallel in register (stagger 0) ar-
rangement and with relative axial displacements of the heptads by one or two heptads
(stagger £1 and *2) are shown separately for each heptad-rich subdomain in col-
umns /-/3, and the sum of the ionic interactions involving all heptad subdomains is
shown in the final column. The subdomain /0-A, present only in envoplakin, has not
been included in (C). We looked at interactions between amino acid pairs at positions
1g'-2e,2e'-1g, 2a’-1g, 1g'-2a, le’'-1d, and 1d'-1e (see main text). Ionic interactions
were scored as follows: interactions of the type = were scored as + 1, whereas interac-
tions of the type +/+ or —/— were scored as —1; all other interactions were scored as
0 (Parry et al., 1977).

0.48 ionic interactions per heptad in a two-stranded,
coiled-coil rope (42 ionic interactions per 607 amino acid
residues in heptads; Table II B). This analysis also showed
that parallel 195-kD protein/envoplakin heterodimers
would be stabilized by an average of 0.57 ionic interactions
per common heptad pair (48 ionic interactions per 585
amino acid residues in heptads; Table II C) and therefore
appear energetically as favorable as envoplakin homo-
dimers. The corresponding value for a known parallel ho-
modimer, a-tropomyosin, has been calculated as 0.74,
whereas the corresponding value for a known parallel het-
erodimer, the type I and type II keratin heterodimer, has
been calculated as 0.48 ionic interactions per heptad in the
rod domains (Parry et al., 1977).

In summary, the analysis of the rod domain sequences of
envoplakin and the 195-kD protein predicts that they
could form two-stranded, in register parallel homo- or het-
erodimers. 195-kD protein homodimers were predicted to
be the energetically most stable conformation, but 195-kD
protein/envoplakin heterodimers were predicted to be as
stable as envoplakin homodimers.

Expression and Cellular Localization of the 195-kD
Protein in Tissues

Indirect immunofluorescent staining of unfixed frozen sec-
tions of human skin with the mAb 3c and AE11 to the 195-kD
protein confirmed that the protein was expressed in the
epidermis, but not the dermis (Fig. 7, a and ¢; and data not
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Figure 7. Expression of the 195-kD protein in human epidermis.
Double-label immunofluorescence of human epidermis with an
antibody specific for the 195-kD protein (3c) (a and ¢) and des-
moplakin (DP,,;) (b), or envoplakin (CR5) (d). Bar, 25 pm.

shown) (Ma and Sun, 1986). In contrast to desmoplakin
staining, which is intense in all living layers of the epider-
mis, staining for the 195-kD protein was increased in the
upper spinous and granular layers relative to the lower
spinous and basal layers (compare Fig. 7, a and ¢ with b).
Staining was most prominent at the cell periphery and in
the lower half of the epidermis appeared punctate. Dou-
ble-label immunofluorescent staining with antibodies to
the 195-kD protein and desmoplakin (Fig 7, a and b) or
envoplakin (Fig. 7, ¢ and d) showed colocalization of these
proteins in the cell periphery in all living layers of the epi-
dermis, suggesting that the 195-kD protein associated with
desmosomes. None of the antibodies to the 195-kD pro-
tein stained the stratum corneum, suggesting that the
epitope is masked in the cornified layers, as observed for
involucrin (Ishida-Yamamoto et al., 1996).

To examine the distribution of the 195-kD protein in
other tissues, we stained frozen sections with AE11 or 3c.
All stratified squamous epithelia examined (epidermis
from neonatal foreskin and adult breast, keratinized and
nonkeratinized oral mucosa, esophageal, and cervical mu-
cosa) were positively stained (Fig. 8, @ and ¢; and data not
shown) (Ma and Sun, 1986). In contrast to the other strati-
fied squamous epithelia examined, in esophagus there was
a striking difference between the labeling obtained with
antibodies to the 195-kD protein and envoplakin. Whereas
there was strong staining of all the suprabasal layers with
an antibody to the 195-kD protein (Fig. 8 ¢), envoplakin
labeling was strongest in the outermost layers (Fig. 8 d).

Expression of the two proteins was not restricted to ke-
ratinocytes (Fig. 8; and data not shown). There was clear,
positive staining of the pseudo-stratified epithelium of
human mammary glands (Fig. 8 b), the transitional epithe-
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lium of the urinary bladder (Fig. 8 g) and the simple epi-
thelial gastric mucosa (Fig. 8 f) with antibodies to the 195-kD
protein and envoplakin. In contrast to desmoplakin anti-
bodies, AE11 and CRS staining in thymus was confined to
the concentric rings of Hassall’s bodies (Fig. 8 ¢). We did
not see convincing staining above background in the sim-
ple epithelial lining of the glomerular capsule or tubules in
human kidney, nor the simple epithelium of endocervical
glands, nor in pancreas, duodenum and colon, all of which
stained positive for desmoplakin. We did not see staining
of nonepithelial cells in the dermis, including fibroblasts
and endothelial cells, nor did antibodies to the 195-kD
protein and envoplakin stain brain tissue, skeletal muscle,
cardiac muscle (which was desmoplakin-positive), or the
nonstriated muscle of esophagus, bladder, and stomach.
Immunoblotting of tissue extracts with antibodies to the
195-kD protein and envoplakin was negative for heart
(desmoplakin-positive), but there was faint immunoreac-
tivity for envoplakin in colon and for the 195-kD protein
in kidney (data not shown).

Positive staining for envoplakin and the 195-kD protein
was concentrated at the cell periphery in the tissues we ex-
amined. In mammary gland epithelium, staining was more
restricted than observed with desmoplakin antibodies and
was confined to the luminal cell layer (Fig. 8 b). In stom-
ach mucosa, staining was concentrated in a ring at the up-
per lateral membranes (Fig. 8 f, arrow), and the apical cell
surface appeared unlabeled. In bladder, the apical plasma
membrane of the most superficial cells (umbrella cells)
was intensely stained (Fig. 8 g, arrow).

Using immunoblotting, we readily detected the 195-kD
protein in cultured human cells derived from a number of
epithelia, but not in primary human foreskin fibroblasts
(Fig. 9; and data not shown). Cells that were positive in-
cluded primary esophageal keratinocytes and two mam-
mary gland—-derived lines, MCF7 and MTSV-1. These data
are consistent with the observations of Ma and Sun (1986),
who detected the AE11 epitope by immunoblotting in cul-
tured mammary epithelial cells, but not in fibroblasts or
capillary endothelial cells. The 195-kD protein was also
expressed, albeit at lower levels, in two colonic mucosa—
derived cell lines, HCA-7 and SW1222, and in the bladder
line, EJ/28, but not in the Chang liver cell line. Although
frozen sections of human pancreas did not stain positive
for the 195-kD protein as described above, the protein was
detected by immunoblotting in the pancreatic carcinoma
line HPAF. Similar results were obtained when cell ex-
tracts were immunoblotted for envoplakin, with the excep-
tion that envoplakin was weakly detectable in the Chang
liver line (data not shown). Blots were reprobed with
an antitubulin antibody as a positive control (data not
shown).

To examine the distribution of the 195-kD protein at the
ultrastructural level, we labeled thin sections of epidermis,
prepared by high pressure freezing/freeze substitution,
with the antibody AE11. Like antibodies to envoplakin,
AE11 labeled the cytoplasmic surface of the desmosomal
plaque (Fig. 10, b, d, and ¢). As observed for envoplakin
staining (Ruhrberg et al., 1996), AE11 labeled keratin fila-
ments associated with desmosomes and keratin filaments
throughout the cytoplasm in the lower cornified layers
(Fig. 10 a). There was no specific labeling of keratohyalin
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granules (Fig. 10 e) or hemidesmosomes (Fig. 10 ¢), and in
basal cells the desmosomal labeling was very weak (Fig. 10
¢). The level of staining in the nucleus and cytoplasm of
basal cells (Fig. 10 ¢) was the same as the background level
found in sections incubated with protein A—gold or gold-
conjugated secondary antibodies alone (data not shown).

Distribution of the 195-kD Protein, Envoplakin, and
Desmoplakin in Cultured Keratinocytes

To examine the expression of the 195-kD protein in cul-
tured keratinocytes, stratified colonies were stained with
antibodies 3c or AE11. Cells were either fixed in para-
formaldehyde dissolved in PBS, and then permeabilized
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Figure 8. Tissue distribution of
the 195-kD protein. Immunoflu-
orescent staining of human cer-
vical mucosa (), mammary epi-
thelium (b), esophageal mucosa
(c and d), thymus (e), stomach
mucosa (f), and bladder epithe-
lium (g) with AE11, specific for
the 195-kD protein (a—c, and
e-g), and CR5, specific for en-
voplakin (d). The Hassall’s bod-
ies in e are positively stained.
Arrow in findicates cell with la-
beling of upper lateral mem-
brane; apical membrane is not
labeled. Arrow in g indicates la-
beling of apical plasma mem-
brane. Bar: (a, b, and e-g) 100
pm; and (¢ and d) 200 pm.

with CSK buffer, or extracted with CSK buffer before fixa-
tion. In cultures fixed before extraction, we observed weak
staining throughout the cytoplasm in all layers and in asso-
ciation with the plasma membrane in the suprabasal layers
(data not shown). When the colonies were extracted with
CSK buffer before fixation, staining was strong and con-
centrated in punctate regions at the plasma membrane in
the suprabasal layers (Fig. 11, a and c). Similar results
were obtained when stratified keratinocyte cultures were
stained with an envoplakin antiserum (data not shown; see
also Ruhrberg et al., 1996). Double-label immunofluores-
cence with antibodies 3c or AE11 and antibodies specific
for desmoplakin (Fig. 11, a and b) or envoplakin (Fig. 11, ¢
and d) showed partial colocalization of the 195-kD protein
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Figure 9. Immunoblot of cul-
tured cells with the 1b anti-
body to the 195-kD protein.
HDF, human dermal fibro-
blasts; HEK, human epider-
mal keratinocytes; HOK, hu-
man esophageal keratinocytes.
70 p.g total protein was loaded
per lane, except in the HEK
and HOK lanes, where 15 pg
was loaded.

195 kD

with these proteins in the suprabasal layers. However, the
staining for the 195-kD protein and envoplakin appeared
more diffuse than the desmoplakin staining (compare Fig.
11, a-d). Occasionally, we observed colocalization of 195-kD

protein and envoplakin with desmoplakin staining at cell
borders in the basal layer in areas where cells appeared
larger than neighboring basal cells, indicating that they
had begun to terminally differentiate.

To gain a clearer view of the relative spatial organiza-
tion of the 195-kD protein, envoplakin, and desmoplakin,
we double labeled stratified keratinocyte cultures with an-
tibodies specific for these proteins and examined their
staining patterns in single 0.5-um z sections acquired by la-
ser scanning confocal microscopy. When areas where su-
prabasal cells made adhesive contact with the layer below
were viewed “en face” at high magnification (Fig. 12), a
distinct staining pattern was observed for all three pro-
teins. Antidesmoplakin antibodies stained discrete areas
(Fig. 12, a, b, d, and f), corresponding to individual desmo-

Figure 10. Localization of the 195-kD protein in epidermis, as determined by immunogold electron microscopy with the AE11 anti-
body. (a) Labeling with AE11; (b—e) double labeling with AE11 (10 nm gold) and an antibody specific for envoplakin (CR1, 5 nm gold).
Breast epidermis (a—d); foreskin epidermis (e). Lowest cornified layers (a); upper spinous layers (b and d); basal layer (c); granular layer
(e). Arrowheads in c indicate the basement membrane zone; arrowhead in e indicates a keratohyalin granule. Bars: (d) 100 nm; and (a—
¢, and e) 500 nm.
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Figure 11. Localization of the 195-kD protein in stratified colo-
nies of cultured keratinocytes. Double-label immunofluorescence
of stratified epidermal keratinocytes with an antibody specific for
the 195-kD protein (AE11) (a and ¢), and desmoplakin (DP,,;)
(b), or envoplakin (CRS) (d). Bar, 25 pm.

somal plaques, as previously reported (Duden and Franke,
1988). The 195-kD protein and envoplakin showed partial
colocalization with desmoplakin; but in addition, staining
extended beyond the areas defined by desmoplakin anti-
bodies (Fig. 12, c—f). There appeared to be less overlap be-
tween 195-kD protein and desmoplakin staining than be-
tween envoplakin and desmoplakin staining (compare Fig.
12, ¢ and d with e and f). As a control, we performed dou-
ble-label immunofluorescence with two different des-
moplakin antibodies, and they gave good colocalization
(Fig. 12, a and b). We further confirmed the relative distri-
bution of the 195-kD protein, envoplakin, and other des-
mosome proteins using different combinations of antibod-
ies (Fig. 13).

Discussion

In this study we describe the cDNA sequence of the mem-
brane-associated, 195-kD cornified envelope precursor
first identified by Simon and Green (1984), and we show
that it is identical to the 195-kD protein identified by Ma
and Sun (1986) as an antigen in keratinocyte protein ly-
sates that is recognized by the AE11 antibody. The level of
the 195-kD protein is increased during keratinocyte termi-
nal differentiation in culture and in vivo, and the protein
localizes to keratin filaments and desmosomes in differen-
tiated keratinocytes.

The 195-kD cornified envelope precursor is a member
of the plakin family, other members of which are of crucial
importance in maintaining the integrity of the skin and
other tissues (Guo et al., 1995; McLean et al., 1996; Uitto
et al., 1996; Yang et al., 1996; for review see Ruhrberg and
Watt, 1997). Like the other plakins, the 195-kD protein is
predicted to contain a globular NH,-terminal domain, con-
sisting of a bundle of antiparallel a helices (NN, Z, Y, X,
W, and V), and a central coiled-coil rod domain. The
COOH terminus of the 195-kD protein differs from those
of the other plakins in that it lacks any of the sequence-
related subdomains, designated A, B, or C, which consist
of o helices separated by 8 turns. The COOH terminus of
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Figure 12. Relative organization of the 195-kD protein, en-
voplakin, and desmoplakin. “En face” view of desmosomes in
0.5-pm z sections, taken in the suprabasal layers of stratifed colo-
nies of cultured keratinocytes that were fluorescently double
labeled with antibodies specific for desmoplakin (11-5F: a and f;
DPy,;: b and d) and envoplakin (CRS: ¢), or the 195-kD protein
(AE11:e). Bar, 2 pm.

the 195-kD protein does however contain the o-helical
linker region that connects the C-subdomain with the pre-
ceding COOH-terminal subdomain in the other plakins.
The primary sequences of the NH, and COOH termini of
the 195-kD protein show >20% sequence identity to the
corresponding regions of BPAGI, plectin, desmoplakin,
and envoplakin, the sequence similarity being greatest in
the L-subdomain; the 195-kD protein is most closely re-
lated to envoplakin. Interestingly, all the plakins show
some sequence similarity to the protein ACF7, encoded by
a partial cDNA from a brain library (Bernier et al., 1996);
however, until its complete cDNA sequence and domain
structure have been determined, it is not clear how ACF7
is related to other family members.

The COOH-terminal domains of desmoplakin, BPAGI,
and plectin mediate the association of each protein with
intermediate filaments (Stappenbeck and Green, 1992;
Stappenbeck et al., 1993; Wiche et al., 1993; Kouklis et al.,
1994; for review see Ruhrberg and Watt, 1997). In the case
of plectin, a 50—amino acid region in the L-subdomain, in
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Figure 13. Relative organization of the 195-kD protein and en-
voplakin at desmosomes. Overlay of en face views of desmo-
somes in 0.5-pwm z sections, taken in the suprabasal layers of strat-
ified keratinocyte colonies that had been fluorescently labeled (a)
with CR1, specific for envoplakin (red), and 2.15, specific for des-
moplakin (green), or (b) with AE11, specific for the 195-kD pro-
tein (red), and an antiserum specific for desmocollins and des-
moplakin (green). Bar, 2 pm.

the context of a B- or a C-subdomain, is required for the
association of plectin with vimentin intermediate filaments
in intact cells and in cell extracts (Nikolic et al., 1996). In
agreement with this, recombinant desmoplakin polypep-
tides containing the entire COOH terminus, including the
L-subdomain, localize to vimentin and keratin filaments,

Ruhrberg et al. Novel Desmosome-associated Cornified Envelope Protein

whereas polypeptides containing the C-subdomain, but
not the L-subdomain, do not (Stappenbeck et al., 1993;
Green, K., personal communication). It is therefore possi-
ble that envoplakin, which contains an L-subdomain and a
C-subdomain, is able to directly bind intermediate fila-
ments, whereas the 195-kD protein could not, although
further experiments are required to test these ideas. Coim-
munoprecipitation experiments show that the 195-kD pro-
tein can form complexes with envoplakin, raising the pos-
sibility that it is recruited to keratin filaments via its
interaction with envoplakin.

As observed for desmoplakin (Pasdar and Nelson, 1988
a,b), envoplakin and the 195-kD protein are localized in
two pools that can be distinguished on the basis of their
solubility in CSK buffer: the CSK-soluble pool, which is
distributed throughout the cytoplasm, and the CSK-insol-
uble pool, which is stably associated with desmosomes.
Our immunoprecipitation experiments suggest that nei-
ther protein interacts with desmoplakin in the CSK-solu-
ble pool. The mobility of the 195-kD protein is reduced in
the CSK-insoluble pool (Ma and Sun, 1986), and it is
known that the association of desmoplakin with keratin
filaments and its incorporation into desmosomes are regu-
lated by phosphorylation (Sheu et al., 1989; Stappenbeck
et al., 1994). Further experiments are required to deter-
mine if the 195-kD protein and envoplakin undergo post-
translational modifications, and whether this might regu-
late their cellular distribution or their interactions with
each other and with other proteins such as desmoplakin.

A detailed sequence analysis of the 195-kD protein and
envoplakin showed that their rod domains are more
closely related to each other than to those of the other
plakins, and suggested that the two proteins could form
two-stranded, in register, parallel homodimers or het-
erodimers, which would be stabilized by extensive inter-
chain ion pairing. Whereas there is no evidence that other
members of the plakin family can heterodimerize (O’Keefe
et al., 1989; Tang et al., 1996; see also Ruhrberg and Watt,
1997), there is evidence, in the case of plectin, that ho-
modimers might assemble into higher order complexes
(Foisner et al., 1988; Wiche et al., 1991; Svitkina et al.,
1996). It is also possible that higher order complexes con-
sisting of more than one type of plakin can form; plectin
and BPAG1 are both required for the anchorage of kera-
tin filaments to hemidesmosomes, and loss of plectin can
affect the localization of BPAGI to the hemidesmosomal
plaque (Guo et al., 1995; Yang et al., 1996; see also Uitto
et al., 1996). Further experiments are required to deter-
mine whether the coimmunoprecipitates of the 195-kD
protein and envoplakin represent heterodimers or consist
of homodimers assembled into higher order complexes,
and whether the envoplakin and 195-kD protein networks
observed by immunofluorescence are built of homo- or
heterodimers. It is clear from our localization studies in
tissues and in cultured keratinocytes that the 195-kD pro-
tein and envoplakin do not completely codistribute and
thus, even if heterodimers can form, homodimers must exist.

Although the 195-kD protein and envoplakin were orig-
inally identified as precursors of the cornified envelope in
cultured keratinocytes, their expression in a variety of
other epithelia suggests that they might have additional
functions. The sequence homology of the 195-kD protein
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and envoplakin to desmoplakin, and their localization to
desmosomes and keratin filaments raise the possibility
that they, together with desmoplakin, are involved in an-
choring keratin filaments to desmosomes. The 195-kD
protein and envoplakin are not constitutive components of
all desmosomes, and their presence may alter the proper-
ties of these junctions, as has been proposed for pinin and
may be the case for plakophilin 1, two other components
of the cytoplasmic plaque of desmosomes with cell type—
specific expression patterns (Heid et al., 1994; Schmidt et
al., 1994; Ouyang and Sugrue, 1996). One possibility is that
envoplakin and the 195-kD protein influence the mechani-
cal integrity of desmosomes, by analogy with the role of
BPAGI! in hemidesmosomes (Guo et al., 1995). Addi-
tional functions of the proteins may be inferred from the
staining we observed in bladder; the 195-kD protein and
envoplakin were concentrated at the exposed apical mem-
brane of the superficial epithelial cells (umbrella cells), a
membrane that is devoid of desmosomes but contains rigid
plaques known as the asymmetrical unit membrane (Surya
et al., 1990).

Confocal analysis of cultured epidermal keratinocytes
revealed an overlapping but distinct distribution for des-
moplakin, envoplakin, and the 195-kD protein, with en-
voplakin and the 195-kD protein being organized in an ex-
tensive network surrounding desmoplakin. Steinert and
Marekov (1995, 1997) have shown, by the controlled pro-
teolysis of intact cornified envelopes, that involucrin is one
of the first proteins to be incorporated into the cornified
envelope, and that it is cross-linked to desmoplakin and
envoplakin. Whereas further experiments are needed to
test our hypothesis, we propose that a network of plakins,
organized around the desmosomal core, could provide a
scaffolding onto which involucrin and other cytoplasmic
precursors of the cornified envelope could be cross-linked
by transglutaminases. Furthermore, the cross-linking of
desmoplakin, envoplakin, and the 195-kD protein into the
cornified envelope could explain how the cornified enve-
lope is linked to desmosomes and keratin filaments
(Haftek et al., 1991; Ming et al., 1994; Steinert and Marekov,
1995, 1997). Because it is a new member of the plakin fam-
ily that is organized around desmosomes in differentiated
keratinocytes, we propose to name the 195-kD protein
periplakin.
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