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Keratins are a family of structurally related proteins
hat form the intermediate filament cytoskeleton in
pithelial cells. Mutations in K1 and K5 result in the
utosomal dominant disorders epidermolytic hyper-
eratosis/bullous congenital ichthyosiform erythro-
erma and epidermolysis bullosa simplex, respec-
ively. Most disease-associated mutations are within
xons encoding protein domains involved in keratin
lament assembly. However, some mutations occur
utside the mutation hot-spots and may perturb inter-
olecular interactions between keratins and other

roteins, usually with milder clinical consequences.
o screen the entire keratin 1 and keratin 5 genes we
ave characterized their intron–exon organization.
he keratin 1 gene comprises 9 exons spanning ap-
roximately 5.6 kb on 12q, and the keratin 5 gene
omprises 9 exons spanning approximately 6.1 kb on
2q. We have also developed a comprehensive PCR-
ased mutation detection strategy using primers
laced on flanking introns followed by direct sequenc-

ng of the PCR products. © 2000 Academic Press

Key Words: intermediate filaments; skin; nails; hair.

The intermediate filaments of epithelial cells are
ormed by keratins (1), a family of approximately 30
tructurally related proteins, which are expressed in
airs of acidic type I and basic type II polypeptides in a
issue and differentiation specific manner (2). The rod
omain of epidermal keratins consists of four a-helical
egions (i.e., 1A, 1B, 2A, and 2B) that possess a repeat-
ng heptad amino acid motif (a-b-c-d-e-f-g)n with the
otential to form a two-chain coiled–coil with a similar
equence. Two very highly conserved regions at the
tart of the 1A region and the end of the 2B region are
ermed the helix initiation peptide (HIP) and helix

1 To whom correspondence should be addressed at Department of
ell and Molecular Pathology, St. John’s Institute of Dermatology,
t. Thomas’ Hospital, Lambeth Palace Road, London, SE1 7EH
ngland. Fax: 44-20-7922-8175. E-mail: neil.2.whittock@kcl.ac.uk.
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ulated these regions overlap during filament assembly
reviewed in 3, 4). The a-helical regions are interrupted
y non a-helical regions called linkers (i.e., L1, L12,
nd L2) conferring flexibility to the rod. In addition,
ype II keratins possess H1 and H2 domains that flank
he ends of the HIP and HTP of the rod domain. Mu-
ations in several keratin genes have been implicated
n a range of genetic disorders (5, 6).

Keratin 1 is expressed with its type I partner, kera-
in 10, in suprabasal epidermal keratinocytes and mu-
ations in their respective genes, K1 and K10, result
n autosomal dominant epidermolytic hyperkeratosis
EH, otherwise known as bullous congenital ichthyosi-
orm erythroderma, BCIE) (MIM 113800). In contrast,
eratin 5 is predominantly expressed with its type I
artner, keratin 14, in keratinocytes of the basal layer
nd mutations in their respective genes underlie the
utosomal dominant epidermolysis bullosa simplex
EBS) (MIM 131760/131800/131900).

Mutations within the keratin genes are concentrated
round regions that encode the highly conserved do-
ains involved in keratin filament assembly (i.e., H1,
IP in 1A, L12, and HTP in 2B). Limited sequence
ata are available flanking the mutation hot-spots for
oth K1 and K5. Therefore, in order to permit more
horough screening of the K1 and K5 genes we have
haracterized the entire genomic organization of these
enes and present conditions for the amplification of
heir individual exons.

ATERIALS AND METHODS

Characterization of human type II keratin 1 and 5 genomic struc-
ure. Primers based on the cDNA sequence of keratin 1 (GenBank
o. NM 006121) and keratin 5 (GenBank No. NM 000424) were used

o amplify keratin 1 and 5 introns from control human genomic DNA
Roche Molecular Diagnostics, Lewes, England). Approximately 200
g of genomic DNA was added to a premix containing PCR buffer (67
M Tris–HCl, pH 8.8, 16.6 mM (NH4)2SO4, 1.5 mM MgCl2, 0.17
g/ml bovine serum albumin (Sigma, Poole, England), and 10 mM

-mercaptoethanol), 10 nmol of each dNTP, 20 pmol of each primer in
total volume of 50 ml. After an initial denaturation at 95°C for 2
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
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in, 2.5 units of Taq polymerase (Promega, Madison, WI) was added
ollowed by 35 cycles of 95°C for 10 s, annealing temperature for 10 s,
2°C for 1 min, with a final incubation of 72°C for 5 min. The PCR
roducts were examined by 3% agarose gel electrophoresis, purified
sing spin columns (Qiagen, Crawley, England) and directly se-

FIG. 1. Intron–exon organization of the human keratin 1 and 5
enes. Exons are represented by vertical boxes, introns by horizontal
ines. The keratin 1 gene consists of 9 exons, 35–859 bp in size,
panning 5.6 kb of genomic DNA on 12q, and the keratin 5 gene
onsists of 9 exons, 35–946 bp in size, spanning 6.1 kb of genomic
NA on 12q (Table 1). The positions of the translation-initiation and

ermination codons are indicated. The keratin 1 and keratin 5 gene
equences have been deposited in the GenBank database under
ccession Nos. AF237621 and AF274874, respectively.

TAB

Exon–Intron Boundaries of the

Exon 39 splice acceptor sequencea Exon size

Ker

1 Not determined 591
2 gtgttttt agGTGAGG 215
3 tttcctgc agGTATGA 61
4 gttcctct agGATGTG 96
5 tgtcttgc agGAGTTG 165
6 ccatcttt agTATGAA 126
7 tctttttc agATCTCC 221
8 tctcctac agGATGTC 35
9 cctcttgc agCTGTGA 859

Ker

1 Not determined 946
2 tcccctcc agGTGAGG 215
3 tcaccacc agGTATGA 61
4 gtttcccc agGATGTA 96
5 ctccctgc agGAGCTG 165
6 gctgcatc agTATGAG 126
7 ctatctgt agTGCGCC 221
8 cccctttc agACTCAG 35
9 tttcctgc agCTGTGA 664

a The consensus ag/gt splice sequences are in bold.
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Perkin–Elmer, Foster City, CA) (Table 1).

PCR amplification of genomic DNA. For direct amplification of the
ine keratin 1 exons and the nine keratin 5 exons (see results) from
enomic DNA, primer pairs were positioned within the introns flanking
he exonic sequences (Table 2). For PCR, 200 ng of genomic DNA was
dded to a premix containing PCR buffer (as above), 10 nmol of each
NTP, 20 pmol of each primer in a total volume of 50 ml. After an initial
enaturation at 95°C for 2 min, 2.5 units of Taq polymerase (Promega)
as added followed by 35 cycles of 95°C for 10 s, annealing temperature

or 10 s, 72°C for 30 s, with a final incubation of 72°C for 5 min. The
nnealing temperatures for each primer pair are displayed in Table 2.
he PCR products were examined by 3% agarose gel electrophoresis,
urified and directly sequenced as above.

ESULTS

enomic Cloning of Human Keratins 1 and 5

To initiate genomic cloning of keratins 1 and 5, prim-
rs positioned within the respective cDNAs were used
o amplify introns that were then sequenced. Analysis
f sequence data revealed that keratin 1 consisted of 9
xons spanning approximately 5.6 kb of genomic DNA
Fig. 1). The exons varied in size from 35 bp (exon 8) to
59 bp (exon 9), and the introns ranged from 92 bp
intron 8) to 1000 bp (intron 1) (Table 1). Analysis of
equence data revealed that keratin 5 also consisted of

exons spanning approximately 6.1 kb of genomic
NA (Fig. 1). The exons varied in size from 35 bp (exon
) to 946 bp (exon 1), and the introns ranged from 110
p (intron 3) to 804 bp (intron 7) (Table 1). Apart from
xons 1 and 9 which code for the variable (V1 and V2)

1

uman Keratin 1 and 5 Genes

) 59 splice donor sequencea Intron size (bp)

1

GACAAGgt gagtttct 1000
GAACAAgt aagggacc 318
AAGAAGgt aagcaaat 417
CAAGCAgt aagtcttc 169
AGCAAGgt gagtggct 130
AAGCAGgt atgtgctt 563
AAGCAGgt gaggaagg 531
GTGTGTgt aagtacaa 92
Poly (A)

5

GACAAGgt gagctacg 581
GAACAAgtg agttggg 777
AAGAAGgt gcgtgtgg 110
GATGCGgt aagaaact 142
ACCAAGgt gggtgctc 358
AAACAGgt agggtgag 249
ATGCAGgt gagtagac 804
ACATCTgt aagtagct 555
Poly (A)
H

(bp

atin

atin
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omains respectively, all exons are the same size with
ighly conserved exon–intron borders (Table 1). The
onsensus exon–intron borders for the K1 and K5
enes are demonstrated in Fig. 2. The mutation “hot-
pots” are covered by the following exons: H1 (exon 1),
IP in 1A (exon 1), L12 (exon 5), and HTP in 2B (exon 7).

evelopment of a Mutation-Detection Strategy

To facilitate identification of pathogenic mutations in
atients with EH/BCIE (K1) and EBS (K5) we designed a
trategy for detection of sequence variants. The approach
onsisted of PCR amplification of exons directly using
enomic DNA as template (Fig. 3), with primers based on
ntron-specific sequences followed by direct sequencing.
o allow PCR amplification of exons directly from
enomic DNA, balanced primer pairs were designed on
he basis of sequences close to the keratin intron–exon
egions. The primer sequence information, the optimized
mplification conditions, and the expected sizes of the
CR products are indicated in Table 2.

enBank Accession Numbers

Human keratin 1 and keratin 5 genes have been
eposited in the GenBank sequence database under
ccession Nos. AF237621 and AF274874, respectively.

ISCUSSION

The spectrum of pathogenic mutations in the type I
nd II epidermal keratins is well documented with
ot-spots occurring within the H1 domain, the helix

nitiation peptide in the 1A rod domain, the L12 linker
egion, and the helix termination peptide in the 2B rod
omain (5, 6). Keratin mutations are usually domi-
antly inherited missense mutations but several cases
f autosomal recessive EBS have been reported result-
ng from homozygous splice-site or nonsense mutations
n the K14 gene outside of these hot-spots (7–10). Most
ominant or recessive mutations compromise interme-

FIG. 2. Schematic diagram displaying the consensus exon bor-
ers of K1 and K5 with relation to the type II keratin protein
omains. The exons are numbered 1–9, and exon borders are repre-
ented by arrows. Boxed domains represent coiled–coil helical seg-
ents of the central rod domain, and the lines represent the nonhe-

ical regions. The areas shaded in black in the 1A and 2B domains
epresent the helix initiation peptide (HIP) and the helix termina-
ion peptide (HTP), respectively.
151
rance to mechanical trauma which results in skin
ragility (11). However, other mutations outside the
ot-spots have been identified that affect intermolecu-

ar connections rather than filament assembly. For
xample, a missense mutation within the variable
mino terminal domain (V1) of keratin 1 which re-
laces a lysine 74 residue for isoleucine has been dem-
nstrated in a case of diffuse nonepidermolytic palmo-
lantar keratoderma (12). Ultrastructural studies of
ffected palm epidermis revealed a normal keratin fil-
ment network indicating that the mutation did not
isrupt filament assembly. However, close morpholog-
cal inspection showed perturbations in the organiza-
ion of keratin filaments close to the cornified cell en-
elope. Indeed, further studies have demonstrated that
highly conserved stretch of approximately 20 amino

cid residues within the V1 region of type II epidermal
eratins, and in particular the lysine residue, is critical
or the formation of intermolecular connections be-
ween keratin filaments and proteins of desmosomes
nd the cornified cell envelope (13, 14). Through trans-
lutaminases, this conserved type II lysine residue has
een shown to cross-link to glutamine residues within
roteins such as envoplakin, loricrin, involucrin and
ome of the small proline rich proteins (14). It has been
ostulated that type II keratins expressed within the
asal cells (i.e., keratin 5) form attachments with pro-
eins of the desmosome such as desmoplakin, and as
he cell terminally differentiates expressing different

FIG. 3. PCR amplification of exons 1–9 for keratin 1 and exons
–9 for keratin 5, using genomic DNA as template with the primer
airs shown in Table 2. The PCR products were examined by 3%
garose gel electrophoresis. The lanes m contain wX174 HaeIII mo-
ecular weight markers.
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ype II keratins (i.e., keratins 1 and 2e) these form
onnections with proteins of the cell envelope such as
nvolucrin and loricrin. It is, therefore, plausible that

utations affecting other intermolecular connections
ithin the epidermis may occur within other keratins

ncluding K1 or K5, thus demonstrating the impor-
ance of characterizing the entire genomic structure of
hese genes for subsequent molecular analyses.
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1

ccac (1140) 714 52
ttagc (184) 410 56
ctg (196) 248 56

aggc (168) 231 56
cacagg (263) 349 56

agtg (141) 246 56
tcttc (189) 422 56
c (158) 207 56
g (2010)a 552 56

5

gtgtcc (1169) 795 56
cctcc (1120) 408 56
tcac (190) 304 56
atgg (181) 575 56
tgtg (1108) 379 56
cgcac (1120) 520 56

tcctgtc (1190) 344 56
tgcc (1857)b 476 56
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