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ABSTRACT We present the structure and nucleotide se-
quence of a gene encoding the human epidermal 67-kDa
keratin. Three genomic clones were isolated from a A Charon
4A human genomic library by hybridization to a specific
cDNA probe. One clone of 12.3 kilobase pairs was shown by
R-loop, DNA sequence, and primer-extension analyses to
encode an entire gene of about 6.25 kilobase pairs. Of eight
identified introns, seven are located within the region that
encodes the central coiled-coil a-helical domain of the protein.
Except for one intron located at the end of the region encoding
this domain, these do not delineate apparent structural
subdomains. The positions of five of the introns exactly
coincide with the positions of introns previously reported in
the hamster gene for the intermediate filament protein
vimentin [Quax, W., Egberts, W. V., Hendricks, W., Quax-
Jeuken, Y. & Bloemandal, H. (1983) Cell 35, 215-233]. These
findings suggest that the human 67-kDa keratin and vimentin
genes arose from a common ancestral gene.

The cytoskeleton of epithelial cells contains a class of
intermediate filaments (IF) called keratin (or cytokeratin)
filaments. Detailed two-dimensional gel electrophoretic
analyses of extracts of various epithelial tissues have re-
vealed that a mammalian species expresses a total of about
20 different keratin subunits, which can be divided into
distinct acidic (pI 4.5-5.5) and neutral-basic (pI 6.5-7.5)
groups (1). This large number of subunits appears to origi-
nate at the gene level, since translation of poly(A)-enriched
RNA extracted from these tissues reveals that a discrete
mRNA species exists for each subunit (2-5). These protein
chemical and mRNA translation experiments, as well as
analyses involving monoclonal antibodies (6, 7), show that
any one epithelial-cell type usually expresses only a few of
these subunits, and these always occur as coordinated
doublets consisting of at least one acidic and one
neutral-basic keratin. For example, the hyperproliferating
basal cells of newborn mouse or human epidermis express
four keratin subunits: two acidic subunits (50 and 55 kDa in
mouse, 50 and 52 kDa in human) and two neutral-basic
subunits (59 and 60 kDa in mouse, 56 and 58 kDa in human).
Suprabasal epidermal cells, committed to terminal differen-
tiation, express one acidic subunit (59 kDa in mouse or 56.5
kDa in human) and one basic subunit of 67 kDa. This
co-expression phenomenon appears to pertain throughout
vertebrate epithelia (8). These findings all imply that two
keratin subunits, one of each charge group, are required for
keratin IF assembly in vivo, as was found in earlier in vitro
assembly experiments (9).

Partial or complete amino acid sequences are now avail-
able for several of the epidermal keratins (10-14, 38), and the
data show that all of them are constructed on a common
plan: a central a-helical domain of conserved length and
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secondary structure, flanked by end-domains of highly vari-
able size (<50 to >150 residues) and amino acid sequence.
Comparisons of the sequences of the a-helical domains of
different keratin subunits show that they can be divided into
two distinct homologous types: the acidic keratins contain
type I a-helical sequences, and neutral-basic keratins con-
tain type II a-helical sequences (refs. 11, 13, and 14, and
unpublished observations). The reason for the expression of
many different subunits and the structural and functional
significance of the coincident expression of two types of
keratin subunits in one tissue is not known.

In an interesting counterpoint to the complexity of the
keratins of epithelial tissues, the IF proteins vimentin,
desmin, and glial fibrillary acidic protein, normally ex-
pressed in mesenchymal, muscle, and astroglial tissues,
respectively, each consist of a single protein; that is, they
form homopolymer IF (9). Their amino acid sequences are
known (15-17) and their secondary structures conform to
that found for keratin IF subunits, but their a-helical coiled-
coil sequences form a distinctly different type III group (18).

In terms of the gene structure of IF subunits, mammalian
and avian vimentin are known to be each encoded by a single
gene (15, 19), and the structure of the hamster vimentin gene
has been reported (15). However, no information is currently
available on the complexity or structure of the genes that
encode the keratins. In this report, we describe the structure
and sequence of a gene for the human epidermal keratin of 67
kDa. This gene system is of particular interest because it
seems that the expression of the keratin can be modulated by
a variety of extrinsic or intrinsic factors in normal and
abnormal epidermis and in cell culture (20, 21).

EXPERIMENTAL PROCEDURES

Isolation of Genomic Clones. cDNA clone pK456 [1.95
kilobase pairs (kbp)] encodes about 75% of the mRNA for
the human 67-kDa keratin (38). For the detection of genomic
clones, two fragments from pK456 were used: a Taq I-Pst 1
fragment (0.4 kbp) corresponding to the 3’-nontranslated
region of the mRNA; and a Pst I-Pst I fragment (0.496 kbp)
corresponding to a region encoding part of the a-helix of the
protein. These fragments were labeled by nick-translation
(22). The A Charon 4A genomic library originating from a
partial Hae III digest of human fetal liver DNA (23) was
screened with these probes by using in situ plaque-
hybridization procedures (24, 25). After three rounds of
subcloning had identified single-phage plaques, positive
clones were amplified for isolation of DNA (25).

Restriction Enzyme Mapping. Restriction endonucleases
(New England Biolabs or Bethesda Research Laboratories)
were used at about 5 units/ug of DNA. Fragments generated
from Pst I or Ava II digests of the cDNA clone were used as
probes for mapping. Genomic clones were digested with

Abbreviations: IF, intermediate filament(s); bp, base pair(s); kbp,
kilobase pairs; kb, kilobases.
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either single or multiple restriction enzymes, and the frag-
ments were separated on 0.6-1.2% agarose gels. After trans-
fer to nitrocellulose (26), specific fragments were identified
by hybridization to the various cDNA mapping probes.
Fragments were sized by comparison with the relative
mobilities of digests of A and ¢X-174 DNA (Bethesda
Research Laboratories).

R-Loop and D-Loop Analyses. Cloned genomic DNAs
were denatured and then hybridized with poly(A)-enriched
RNA (mRNA) isolated from newborn human foreskins (38)
or with other genomic DNAs or the cDNA probe for R-loop
(27, 28) and D-loop (29) analyses. Relaxed pBR322 circular
DNA was included as a standard for double-stranded DNA
length measurements.

DNA Sequencing. Only the genomic clone c55 (12.3-kbp
EcoRI fragment) was sequenced. It was cut once by BamHI,
and the two fragments, 8.1 kbp and 4.2 kbp long (see Fig. 2),
were inserted into the 4.0-kbp BamHI-EcoRI portion of
pBR322 and subcloned. The subclones were separated and
characterized, and the DNAs were harvested (30). Sequenc-
ing was performed using the Maxam-Gilbert (31) procedures
following 3'- or 5'-labeling with [*>P]phosphate.

Primer Extension Analysis. A Kpn I-Fnu4HI fragment was
identified, labeled at its 5’ ends, and utilized as a primer to
extend its mMRNA complement (32). The extended fragment
then was sequenced directly.

RESULTS AND DISCUSSION

Isolation of Genomic Clones. We have described the char-
acterization of a cDNA clone pK456 (about 1.95 kbp) that
contains information that encodes about 75% of the human
67-kDa keratin (38). From its deduced amino acid sequence,

we found that it lacks the information at the 5’ end of the -

keratin mRNA, and although it contained a polyadenylyla-
tion consensus signal sequence at its 3’ end, it lacked the
poly(A) sequence itself. RNA blot-hybridization analyses
revealed that the full-length mRNA for this keratin is 2.5 =
0.1 kilobases (kb). Assuming this length includes a poly(A)
tail of about 100 base pairs (bp), the cDNA lacks about 0.5
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FiG. 1. R-loop analysis of the genomic clone c55 for the 67-kDa
keratin gene. By this method, eight loops of intron sequences can be
identified over a total estimated length of about 6.5 kbp. (Upper)
Electron micrograph. (x11,200.) (Lower) Representation shows the
5" and 3’ ends of the gene within the A clone.
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Table 1. Size of exons and introns of the gene
Size, bp
DNA sequence

R-loop analysis*

“CAT box’’-*‘cap site”’ — 85
Exon 1 685 + 80 639
Intron 1 1270 =+ 80 =1170
Exon 2 250 = 45 215
Intron 2 330+ 70 318
Exon 3 85 + 20 60
Intron 3 520 + 115 484
Exon 4 170 = 70 97
Intron 4 90 + 50 167
Exon § 220 + 55 173
Intron § 105 =+ 30 113
Exon 6 150 + 45 117
Intron 6 700 = 70 =710
Exon 7 270 = 45 218
Intron 7 695 + 40 705
Exon 8 60 = 45 38
Intron 8 54 + 30 92
Exon 9 930 = 95 ~890"
Total 6500 + 180 ~=6250

*Average *+ SD of measurements of 10 R-loop structures.
tThis number consists of 870 bp plus about 20 bp to the expected
start of the poly(A) tail.

kbp of information from its 5’ end. Using this cDNA or
smaller restriction endonuclease fragments derived from it
as probes, a total of three genomic clones were isolated from
a A Charon 4A human genomic library. Each of these was
extensively mapped by restriction enzyme digestions and
hybridization analyses with the cDNA clone to determine
their relatedness and information content. The genomic
clones c55 and c509 were each about 12.3 kbp long, gave
identical restriction enzyme maps, and hybridized to the full
length of the cDNA. The genomic clone c433 (7.3 kbp)
appeared to be a shorter subset of the others, as its informa-
tion did not cover the 5’ end of the cDNA.

R-Loop Analysis. Fig. 1 shows a typical structure formed
between human foreskin epidermal total mRNA, of which
that encoding the 67-kDa keratin is a major component, and
the genomic clone c¢55. Eight loops indicating intron se-
quences are visible. The genomic clone c509 gave identical
structures. The orientation of the gene information within
the genomic clones was determined by the mapping analyses
used above, D-loop analysis with the cDNA (data not
shown), and the sequence information described below.
From these data, we found that the largest intron is located
toward the 5’ end (Fig. 1). The average sizes of the intron
and exon regions are summarized in Table 1. The data show
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F1G. 2. Physical map of genomic clone c55 (12.3 kbp) and gene
(6.25 kbp). The locations of prominent restriction endonuclease sites
are shown: A, Ava I; B, Bgl II; D, Nde 1; E, EcoRI; H, BamH]I,; 1,
Nci I; K, Kpn I; O, Nco I; P, Pst I; S, Sac 1. The region encoding
the gene is shown by the heavy line. The nine exons representing
2.44 kb of the mRNA are shown by the black boxes.
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that the genomic c55 contains the full-length gene, whose
estimated total length is about 6.5 kbp.

Nucleotide Sequence and Structure of Gene. Fig. 2 shows a
physical restriction endonuclease map of the genomiic ¢55
and Fig. 3 shows the nucleotide sequence of all exons and
most introns of the gene. The 3’ end of the gene probably
terminates about 20 bp downstream from a polyadenylyla-
tion signal sequence in the cDNA sequence (38). Identifica-
tion of the probable 5’ end of the gene including possible
signal sequences for the initiation of transcription and trans-
lation was more difficult because complete cDNA informa-
tion was unavailable. The R-loop analysis (Fig. 1 and Table
1) revealed an exon of about 700 bp at the 5’ end and
upstream from a large intron. The DNA sequence shows
(Fig. 3) that this intron begins about 150 bp from the 5’ end
of the cDNA clone. We then sequenced about 1.3 kbp
upstream from this intron to find possible regulatory and
transcriptional control consensus sequences and the likely 5’
end of the mRNA. Within this 1.3-kbp region, several
potential sites for a ‘““CAT box,”’ a ““TATA box,”’ and a ‘‘cap
site,”” all of which are commonly found in eukaryotic genes
(34, 35), were identified. In addition, extension of the codon
reading frame we had found in the cDNA sequence (38)
encountered a termination codon just upstream of a Kpn I
site (Fig. 3). Therefore, to resolve the question of the likely
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5’ ends of the gene and mRNA, a 72-bp Kpn I-Fnu4HI
fragment of genomic DNA was isolated, 32P-labeled at its
5’ends, and used as a primer for a primer-extension experi-
ment with mRNA. The primer was extended uniformly by 70
bp, and sequencing of it revealed that the 5’ end of the
mRNA continues uninterrupted to the probable cap site
indicated in Fig. 3. We conclude that the probable TATA
box utilized is located 42 bp upstream from this, and we
suggest the possible CAT box is located 85 bp upstream from
the cap site. The extension experiment indicates that of all
the potential signal sequences identified, only these are used
for this gene. The total length of the gene for the 67-kDa
keratin is therefore about 6.25 kbp, and the mRNA tran-
scribed from it is 2.44 kb long [excluding the poly(A) tail]
(Fig. 3 and Table 1).

Complete Amino Acid Sequence of the 67-kDa Keratin. The
definitive location of the cap site of the mRNA for the gene
readily permits identification of the initiation (ATG) codon
for translation (Fig. 3), since there is only one such codon
downstream from the cap site located within the open
reading frame recognized from the sequence of the cDNA
clone. The deduced amino acid sequence of 643 amino acids
is shown above the nucleotide sequence in Fig. 3. The first
amino acid is serine, as previously predicted for epidermal
keratins (36). The calculated molecular mass of the protein is
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66.4 kDa, and although its phosphate content is not known,
this molecular mass closely conforms to that determined by
NaDodSO4/PAGE.

The availability of the complete amino acid sequence for
this keratin allows us to extend our observations of the
sequence information deduced from the cDNA sequence.
The protein contains 179 amino acids in its amino-terminal
domain and 151 residues in its carboxyl-terminal domain
and, thus, is approximately symmetrical about its central
a-helical domain. Moreover, the amino-terminal domain
reveals a subdomain structure like that of the carboxyl-
terminal domain. For the amino-terminal end, the
subdomains are (/) N, comprising the first 38 residues, which
is likely to form a random-coil conformation due to the
frequent occurrence of serine and threonine and is highly
basic in charge; (ii) V1, a very glycine-rich (60%) sequence
of 105 residues; and (iii) g1, a globular subdomain 36 amino
acids immediately adjacent to the central a-helical domain.
Further analyses of the complete sequence information will
be needed to characterize the likely structural and functional
roles of the end-domains of the 67-kDa keratin. Comparisons
of the exact amino acid sequences of the end-domains of this
keratin with those of other keratins reveal significant differ-
ences (38), which are presumably important in defining the
function of the keratin IF in the terminally differentiating
cells in which this keratin is expressed.

3718
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Fig. 3 shows that a total of 36 nucleotides are changed
between the available cDNA sequence and this gene se-
quence, which result in 12 amino acid substitutions. Of these
12, 6 are located in the central a-helical domain, resulting in
4 fewer positive charges, but their locations are such that
they are unlikely to significantly change the coiled-coil
structure. The origin of the differences between the nucleo-
tide sequences is not clear. We speculate that these substitu-
tions may have arisen as a result of reverse transcriptase
errors in copying the mRNA sequence or as a result of A
phage amplification during preparation of the genomic
clones. These substitutions may also represent polydispers-
ity in the mRNA from which the cDNA library was con-
structed, since the mRNA was isolated from the pooled
epidermal tissue of many individual foreskins. We cannot,
however, exclude the possibility that a family of similar
genes exist for the 67-kDa keratin and that more than one of
these is expressed in the epidermis. Preliminary data from
our laboratory suggests that there may be six or more copies
of the gene in the human haploid genome.

Location of Introns in the 67-kDa Keratin Gene. To our
knowledge, the only IF protein gene that has been character-
ized is that for hamster vimentin (15), but despite the paucity
of information, it is nevertheless interesting to compare the
exon/intron structure of this keratin and that of vimentin.
Fig. 4 shows that vimentin has six and the keratin, seven
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TCCAGCGTGAAGTTTGTTTCTACCACCTATTCCGGAGTAACCAGATAAAGAGATGCCCTCTGTTTCATTAGCTCTAGTTCTCCCCCAGCATCACTAACAA ATATGC TTGGCAAGACCGAGGTCGATTTGTCCCAGCCTTACCGGAGAAAA
G GT

GAGCTATGGTTAGTTACACTAGCTCATCCTATTCCCCCAGCTCTTTCTTTTCTGCTGTTTCCCAATGAAGTTTTCAGATCAGTGGCAATCTCAGTTCCCT TGCTATGACCCTGCTTTGTTCTTTCCCGAGAAACAGT TCAGCAGTGACCA

CCACCCACATGACATTTCAAGCACCACCTTAAGCCAGCCAGAGTAGGACCAGTTAGACCTAGGGTGTGGACAGCTCCTTGCATCTTAACACTGTGCTGTT TTGGTTTTGTACATAAGGTGTAAGCAAGTTGTTTTTCTTTTGTGAAATGG
GA [ A GG

3'-end of cDNA

TCTTAMCTCCCCATTTCCTTGTTTTGCTGCTMTAMCTGCATTTGAMTTCTCCACGTCYCAGTCGCCCTCGYTCMGCACACABCCMCTTGG

Fi1G. 3. DNA and amino acid sequences of the gene for the 67-kDa keratin. Regions encoded by the cDNA described elsewhere are
indicated. Introns are delineated by square brackets. Introns 1 and 6 were incompletely sequenced, but their sizes were estimated from tl}e
mobilities of DNA fragments of known size. The Kpn I-Fnud4HI fragment used for primer extension is shown, and the sequence extendqd in

the experiment is indicated by the dotted line (nucleotide positions 686-758). The possible ‘“CAT box’’ and likely ‘“TATA box,

cap site,

initiation codon, and polyadenylylation signal sequences are underlined. The occasional nucleotides shown below the line are those that differ
from the cDNA clone. The deduced amino acid sequence of 643 amino acids is shown above the nucleotide sequence, using the single-letter

code (33).
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Hamster vimentin (53 kDa; ill) 101 35
Human keratin (67 kDa; Il) 179 35
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F1G. 4. Comparative structures of the human 67-kDa keratin and hamster vimentin genes. Roman numerals (II and III) refer to a-helix
types. The conserved secondary structure of the proteins consists of the end-domains N and C and the central a-helical domain. The latter is
subdivided into the 4 coiled-coil subdomains 1A, 1B, 2A, and 2B (boxes) by the non-coiled-coil linkers L1, L12, and L2. The coiled-coil
subdomain 2B has a heptad polarity discontinuity (stutter) where shown. Above is shown the number of amino acid residues in each domain
or subdomain of the two proteins. Below are arrows that delineate positions of introns in the genes. Numbers below refer to the amino acid

number within the subdomain or C end-domain.

introns in the central a-helical domain. Remarkably, four of
these are located in exactly the same positions in the two
proteins, and two others are only 1-3 amino acids different in
location. However, only one common intron, that near the
end of the coiled-coil tract 2B, appears to closely delineate a
structural domain or subdomain. Presumably the evolution-
ary driving forces that have respected the common second-
ary structures of these IF proteins have also preserved the
positions of several of the introns in their genes. Similar
observations with respect to the positions of introns have
been made in other protein systems for which the secondary
structures have been rigorously conserved (37). Although
the structural and functional significance of the conservation
of location of introns in these two IF proteins is not clear, we
conclude that vimentin and the 67-kDa keratin have diverged
from a common ancestral gene. We anticipate that data on
the structures of other IF genes will confirm this concept and
perhaps provide clues on the subsequent divergence and
evolution of the putative ancestral gene into the three known
helical types of IF subunits.

Note Added in Proof. Kim e al. (39) have suggested that the mRNA
for the human 67-kDa type II keratin is 3.8 kb long, based on blot
analysis with a nonspecific type II cDNA clone. The complete
structure of this gene, reported here, shows that its mRNA is
actually about 2.5 kb long. This reaffirms the view (4) that non-
specific cDNA clones must be used with caution.

We thank Drs. Carole Heilman and Donald Court for many useful
discussions and much assistance during the isolation and characteri-
zation of the genomic clones. We also thank Margery Sullivan for
the R-loop analyses.
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