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ABSTRACT We report here the coding sequence of the
gene for a 56-kDa type II keratin (designated K6b). Using a
subclone specific for a unique 3’ noncoding region of the
encoded mRNA, we have shown that this gene is one of at least
two 56-kDa keratin genes expressed in abundance in human
epidermis. Segmenting the coding portion of this gene are eight
introns, six of which are identically positioned with those of a
distantly related type III intermediate filament gene (vimen-
tin), and five of which are identically positioned with those of
a distantly related type I gene (50-kDa keratin). These results
indicate a common ancestral origin for all three classes of
intermediate filament genes. All of the highly conserved intron
positions are located within, but do not demarcate, the four
central a-helical domains common to all intermediate filament
polypeptides, suggesting that these genes were probably not
created piecemeal by recombination-mediated linkage of sep-
arate structural domains as they presently are known.

The cytoskeleton of most mammalian cells includes a prom-
inent network of 8- to 10-nm filaments called intermediate
filaments (IFs) (1). There are three major classes of IF
subunits: type I and type II keratins, which form the
backbone of the intermediate filaments in epithelial tissues,
and type III subunits (neurofilament protein, glial filament
protein, vimentin, and desmin), which comprise the IFs in all
other tissues (2). Each of the three classes of subunits form
a subfamily encoded by at least 10 different genes, which are
differentially expressed in different tissues (3, 4). Whereas
the type I1I subunits are usually expressed by themselves and
can likely form homopolymers, specific pairs of type I and
type II keratins are coordinately expressed in epithelial cells,
and both subunit types seem to be required for keratin
filament assembly (3, 4-8).

The three types of IF subunits are only very distantly
related, sharing 25-30% homology with each other (9-17).
Nonetheless, they all have nearly identical secondary struc-
tures and are capable of assembling into filaments with
similar structures (2, 11, 15). Each IF polypeptide has four
large helical domains that are involved in forming the coiled-
coil backbone (most likely a dimer) of the IF subunit (2, 11,
15, 18). The nonhelical amino and carboxyl termini of the IF
proteins may play a role in end-to-end and in lateral inter-
actions, both of which are important for packing these
cylindrical subunits into the 8 to 10-nm filament (13, 19).

Recently, the structures of two IF genes were reported: the
hamster vimentin (type III) IF gene (10) and a type I gene
encoding the human 50-kDa keratin designated K14 (refs. 20
and 21; see ref. 5 for the nomenclature of keratins). These
genes were shown to have remarkably similar structures
despite their low homologies in sequence. We now have
completed the sequence of the gene for a member of the type
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II keratin subfamily, K6b, which is coordinately expressed
with the gene for K14 in epidermal cells. Our results dem-
onstrate that the structures of all three classes of IF genes are
highly conserved. This close structural relation provides a
clue to the evolutionary constraints exerted against perturb-
ing the length of the a-helical portion of the IF polypeptide.
In addition, our data form a base with which we can now
begin to analyze the regulatory regions responsible for the
differential expression of IF genes in different tissues and at
different stages of differentiation and development.

MATERIALS AND METHODS

Clones and Subclones. Two fragments of a 1620-base-pair
(bp) 56-kDa keratin (K6a) cDNA clone (3, 9) were subcloned
into plasmid PUC-8: (i) a Pst I fragment of 470 bp located at
the extreme 5’ end of the K6a cDNA and (ii) a Pst I fragment
of 444 bp beginning 394 bp 5’ from the TAA stop codon and
extending 50 bp 3’ from the TAA. Radiolabeled cDNA probe
was transcribed using reverse transcriptase (3).

A 283-bp Sac I-Rsa I fragment of the GK-2 genomic clone
extending from 169 bp 3’ from the TGA stop codon to 68 bp
5’ from the polyadenylylation signal was subcloned in the
3'-to-5' direction into plasmid SP64 (22). Radiolabeled RNA
complementary to the coding strand was transcribed by using
Salmonella SP6 polymerase.

RESULTS

Isolation, Nucleotide Sequence, and Predicted Structure of
the Type II Keratin Gene Contained in Clone GK-2. When
human genomic DNA digested with restriction endonuclease
EcoRl is hybridized with 3?P-labeled probe made to a cloned
Ké6a cDNA complementary to 63% of the coding region of a
56-kDa type II keratin mRNA of cultured human epidermal
cells (12), about 10 fragments react with varying degrees of
stringency (3). These putative type II genes were isolated
from a human genomic library by plaque hybridization at
reduced stringency (23) by using radiolabeled K6a cDNA as
probe. One of the genomic clones, GK-2, was shown to
hybridize with both the 5’ and the 3’ subcloned probes of Ké6a
cDNA at increased stringency. An 8.8-kilobase (kb) EcoRI
restriction fragment encompassing the gene contained in
GK-2 was subcloned and then sequenced (24) by using the
cloning method of Anderson (25).

The coding portion of the GK-2 gene was identified by
aligning the gene sequence with K6a cDNA (12) and with a
cDNA sequence of a mouse epidermal 60-kDa (KS5) keratin
(14). The gene contained in GK-2 is 6 kb in length and is
predicted to encode a polypeptide chain of 562 amino acid
residues (Fig. 1). The nucleotide sequence within the coding
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portion of GK-2 shares a high degree of homology with K6a tion initiation codon of GK-2. A promoter sequence, T-A-
(97%) and with the mouse K5 cDNA sequence (85%), but it T-A-A (26), is located 95 nucleotides 5’ from this ATG codon.

is clearly distinct. The alignment of the GK-2 gene with either cDNA se-
A 52-bp sequence that shares 77% homology with the quence predicts eight introns, noted by the triangles in Fig.
partially sequenced 5’ noncoding segment of the mouse K5 1. As indicated in lowercase letters, all of the introns begin

cDNA is found 5’ upstream from the putative ATG transla- with the sequence G-T and end with the sequence A-G.

CACTCAGGGCATTGTCGATAAACAGCCTAGCATGCAGAACCTTTGCTGAAGACAGTGACTAATTCCAACTTCATGAATTGAGAATACTCTTATTGTGCTGAGATCTCGAGTCAAAGCTGGAGGCAGG
AACATTTTGCCCTGACTAAAGGAAGCGAAAAATGCAATCTCGGTATTTCATAACTTTTGTAATAATGCAGGTGTGAATCTCACTATTTGTAAAGCCCAGCCCTTCCCAACCTGCAAGCTCACCTTCC
AGGACTGGGCCCAGCCATGCTCTCCATATATAAGCTGCTACTGGAGTCCGATTCCTCGTCCTGCTTCTCCTCCCTCTGGCCTCCAGCCTCTCACAGTCTGCTAAGCCCTCTCATCTCTGGAACCATG

GCC AGC ACA TCC ACC ACC ATC AGG AGC CAC AGC AGC AGC CGC CGG GGT TTC AGT GCC AGC TCA GCC AGG CTC CCT GGG GTC AGC CGC TCT GGC TTC
1 Ala Ser Thr Ser Thr Thr Ile Arg Ser His Ser Ser Ser Arg Arg Gly Phe Ser Ala Ser Ser Ala Arg Leu Pro Gly Val Ser Arg Ser Gly Phe 32

AGC AGC ATC TCC GTG TCC CGC TCC AGG GGC AGT GGT GGC CTG GGT GGC GCA TGT GGA GGA GCT GGC TTT GGC AGC CGC AGT CTG TAT GGC CTG GGG
33 Ser Ser Ile Ser Val Ser Arg Ser Arg Gly Ser Gly Gly Leu Gly Gly Ala Cys Gly Gly Ala Gly Phe Gly Ser Arg Ser Leu Tyr Gly Leu Gly 64

GGC TCC AAG AGG ATC TCC ATT GGA GGG GGC AGC TGT GCC ATC AGT GGC GGC TAT GGC AGC AGA GCC GGA GCA GGC TAT GGC TTT GGT GGC GCC GGG
65 Gly Ser Lys Arg Ile Ser Ile Gly Gly Gly Ser Cys Ala Ile Ser Gly Gly Tyr Gly Ser Arg Ala Gly Ala Gly Tyr Gly Phe Gly Gly Ala Gly 96

AGT GGA TTT GGT TTC GGT GGT GGA GCC GGC ATT GGC TTT GGT CTG GGT GGT GGA CCG GCC TTG CTG TGC TTT GGG GGC CCT GGC TTC CCT GTG TGC
97 Ser Gly Phe Gly Phe Gly Gly Gly Ala Gly Ile Gly Phe Gly Leu Gly Gly Gly Pro Ala Leu Leu Cys Phe Gly Gly Pro Gly Phe Pro Val Cys 128

CCC CCT GGA GGC ATC CAA GAG GTC ACT GTC AAC CAG AGT CTC CTG ACT CCC CTC AAC CTG CAA ATT GAC CCC GCC ATC CAG CGG ATC GGG |GCC GAG
129 Pro Pro Gly Gly Ile Gln Glu Val Thr Val Asn Gln Ser Leu Leu Thr Pro Leu Asn Leu Gln Ile Asp Pro Ala Ile Gln Arg Ile Gly |Ala Glu |160

l gt.......cctteecteecag |

GAG CGT GAG CAG ATC AAG ACC CTC AAC AAC AAG TTT GCC TCC TTC ATC GAC AAG|GTG CGG TTC CTA GAG CAG CAG AAC AAG GTT CTG GAC ACC AAG
161|Gly Arg Glu Gln Ile Lys Thr Leu Asn Asn Lys Phe Ala Ser Phe Ile Asp Lys|Val Arg Phe Leu Glu Gln GIn Asn Lys Val Leu Asp Thr Lys |192

TGG ACC CTG CTG CAG GAG CAG|GGC ACC AAG ACT GTG AGG CAG AAC CTG GAG CCG|TTG TTC GAG CAG TAC ATC AAC AAC CTC AGG AGG CAG CTG GAC
193|Trp Thr Leu Leu Gln Glu Gin|Gly Thr Lys Thr Val Arg Gln Asn Leu Glu ProJLeu Phe Glu Gln Tyr Ile Asn Asn Leu Arg Arg Gln Leu Asp (224

K | lgt. .».e.Chttetteettgag |

AGC ATC GTG GGG GAA CGG GGT CGT CTG GAC TCG GAG CTG AGA AAC ATG CAG GAC CTG GTG GAG GAC CTC AAG AAC ARA TAT GAG GTA GAA ATC AAC
225|Ser Ile Val Gly Glu Arg Gly Arg Leu Asp Ser Glu Leu Arg Asn MET Gln Asp Leu Val Glu Asp Leu Lys Asn Lys Tyr Glu Val Glu Ile Asn|256
gt......ctetticeceag

AAG CGC ACA GCA GCA GAG AAT GAA TTT GTG ACT CTG AAG AAG|GAT GTG GAT GCT GCC TAC ATG AAC AAG GTT GAA CTG CAA GCC AAG GCA GAC ACT
257|Lys Arg Thr Ala Ala Glu Asn Glu Phe Val Thr Leu Lys LysgAsp Val Asp Ala Ala Tyr MET Asn Lys Val Glu Leu Gln Ala Lys Ala Asp Thr |288

CTT ACA GAT GAG ATC AAC TTC CTG AGA GCC TTG TAT GAT GCA|GAG CTG TCC CAG ATG CAG ACC CAC ATC|TCA GAC ACA TCC GTG GTG CTA TCC ATG
289|Leu Thr Asp Glu Ile Asn Phe Leu Arg Ala Leu Tyr Asp AlajGlu Leu Ser Gln MET Gln Thr His Ile|Ser Asp Thr Ser Val Val Leu Ser MET 320

GAC AAC AAC CGC AAC [CTG GAC CTG GAC AGC ATC ATC GCT GAG GTC AAG GCC CAA TAT GAG GAG ATT GCT CAG AGG AGC AGG GCT GAG GCT GAG TCC
321 Asp Asn Asn Arg Asn|Leu Asp Leu Asp Ser Ile Tle Ala Glu Val Lys Ala Gln Tyr Glu Glu Ile Ala Gln Arg Ser Arg Ala Glu Ala Glu Ser|352

|8t......cctetgggetgeag |

TGG TAC CAG ACC AAG|TAC GAG GAG CTG CAG GTC ACA GCA|GGC AGA CAT GGG GAC GAC CTG CGC AAC ACC|AAG CAG GAG ATT GCT GAG ATC AAC CGC
353|Trp Tyr Gln Thr LysgT Glu Leu Gln Val Thr Ala|Gly Arg His Gly Asp Asp Leu Arg Asn Thr|Lys Gln Glu Ile Ala Glu Ile Asn Arg|384
RS TR |8t......ttgeceteetag |

ATG ATC CAG AGG CTG AGA TCT GAG ATC GAC CAC GTC AAG AAG CAG|TGT GCC AAC CTA CAG GCT GCC ATT GCT GAT GCT GAG CAG CGT GGG GAG ATG
385|MET Ile Gln Arg Leu Arg Ser Glu Ile Asp His Val Lys Lys Gln|Cys Ala Asn Leu Gln Ala Ala Ile Ala Asp Ala Glu Gln Arg Gly Glu MET [416

GCC CTC AAG GAT GCT AAG AAC AAG CTG GAA GGG CTG GAG GAT GCC CTG CAG AAG GCC AAG CAG GAC CTG GCC CGG CTG CTG AAG GAG TAC CAG GAG
417 Ala Leu Lys Asp Ala Lys Asn Lys Leu Glu Gly Leu Glu Asp Ala Leu Gln Lys Ala Lys Gln Asp Leu Ala Arg Leu Leu Lys Glu Tyr Gln Glu[448

|gt......ttectet ag |

449} CTG ATG AAC GTC AAG CTG GCC CTG GAT GTG GAG ATC GCC ACC TAC CGC AAG CTG CTG GAG GGC GAG GAG TGC AGG CTG|AAT GGC GAA GGC GTT GGA
Leu MET Asn Val Lys Leu Ala Leu Asp Val Glu Ile Ala Thr Tyr Arg Lys Leu Leu Glu Gly Glu Glu Cys Arg LeulAsn Gly Glu Gly Val Gly 480
e

18tecc... Lecectececaccacag| —

481 CAA GTC AAC ATC TCT GTA GTG CAG TCC ACC GTG TCC AGT GGC TAT GGC GGT GCC AGC GGT GTC GGC AGT GGC TTA GGC CTG GGT GGA GGA AGC AGC
Gln Val Asn Ile Ser Val Val Gln Ser Thr Val Ser Ser Gly Tyr Gly Gly Ala Ser Gly Val Gly Ser Gly Leu Gly Leu Gly Gly Gly Ser Ser 512

[ )
513 TAC TCC TAT GGC AGT GGT CTT GGC GTT GGA GGC GGC TTT AGT TCC AGC AGC GGC AGA GCC ACT GGG GGT GGC CTC AGC TCT GTT GGA GGC GGC AGT
Tyr Ser Tyr Gly Ser Gly Leu Gly Val Gly Gly Gly Phe Ser Ser Ser Ser Gly Arg Ala Thr Gly Gly Gly Leu Ser Ser Val Gly Gly Gly Ser 544

545 TCC ACC ATC AAG TAC ACC ACC ACC TCC TCC TCC AGC AGG AAG AGC TAC AAG CAC TGA AGCTGTGCCGCCAGGTCTCAGTCCCACAGCTCTCAGGCCCCTCTCTGGCAG
Ser Thr Ile Lys Tyr Thr Thr Thr Ser Ser Ser Ser Arg Lys Ser Tyr Lys His @

CAGAGCCCTCTCCTCAGGTTGCTTGTCCTCCCCTGGCCTCCAGTCTCCCCTGCCCTCCOGGGTAGAGCTGGGATGCCCTCACTTTTCTTCTCATCAATACTGTTCCACTGAGCTCCTGTTGCTTACC
ATCAAGTCAACAGTTATCAGCACTCAGACATGCGAATGTCCTTTTTAGTTCCCGTATTATTACAGGTATCTGAGTCTGCCATAATTCTGAGAAGAAAAATGACCTATATCCCCCATAAGAACTGAAA
CTCAGTCTAGGAGTTCTCATCTGACAAGTCAGTTGTCCTGATCTTCTCTTGCAGTGTCCTGAATGGCAAGTAGTGTACCTTCTAGTGCAGTCTGCATTCCTGCACTGCTTTCTCTGCTCTCTTTGCC
TTCTTTTGTTCTGTGTGAATAAAGCATATTGAGAATGTGAACATGTTGTGTTAGATTGTATTGCTGACCACTTCCTGGTTTAGAAACATTCGCACCCCACAAATGGTTTCTTATCTTTGGG

F1G. 1. Nucleotide sequence of the human type II keratin gene contained in genomic clone GK-2. The sequence of the gene and its 5’ and
3’ flanking regions are shown with 96 nucleotides per line. Intron positions are indicated by triangles. Intron-exon junctions and pyrimidine
consensus sequences are shown for each intron in lowercase letters. The exons were identified by comparing the sequence of the 6-kb gene of
GK-2 with K6a (12) and K5 (14) keratin cDNA sequences. The gray boxes mark the four a-helical domains in the GK-2 keratin. Throughout
these domains are the heptad repeats of hydrophobic residues (underlined), which identify the portions of the polypeptide that are involved in

coiled-coil interactions with a second keratin (2). The larger dots mark the 3-bp differences between GK-2 and the K6éa cDNA that result in
amino acid differences. -
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Immediately 5’ from each of these A-G sequences is a string
of 7-12 pyrimidine residues. These features match well with
the intron consensus characteristics that have been described
previously (27).

At a position 1686 nucleotides 3’ downstream from the
predicted translation initiation codon is a translation termi-
ation codon TGA. At 526-bp further downstream is found a
single polyadenylylation signal, A-A-T-A-A-A (28). The 3’
noncoding segment of GK-2 is nearly identical in size to the
3’ noncoding portion of the K6a cDNA (Fig. 2). However,
whereas the first 125 nucleotides of the 3’ noncoding segment
of the GK-2 gene share a surprisingly high degree (92%) of
homology with the corresponding segment of the previously
sequenced human Ké6a cDNA, the remaining 400 bp are very
divergent. In contrast, the 3’ noncoding segment of the
mouse K5 cDNA is almost 200 bp shorter in size and shows
only a low sequence homology with that of the GK-2 gene.

Positive Identification of the Gene in Clone GK-2 and Its
Expression in Human Epidermal Cells. When EcoRI-digested
human genomic DNA was hybridized with radiolabeled
probe to the 3’ subclone of K6éa cDNA encoding the carboxyl-
terminal region of the 56-kDa keratin, four fragments (two at
8-9 kb are overlapping) were selected (Fig. 3, lane 1). The
doublet band corresponded to the size of the EcoRI fragment
containing the GK-2 gene (lane 2). Similarly, when human
genomic DNA was digested with both EcoRI and Kpn I, four
bands were selected (lane 3), one of which (5.8 kb) corre-
sponded to the EcoRI/Kpn I fragment of GK-2 (lane 5). When
subcloned DNA containing a highly specific 3’ noncoding
segment of GK-2 (demarcated by arrows in Fig. 2) was used
as probe, only a single human genomic EcoRI/Kpn I frag-
ment (5.8 kb) was selected (Fig. 3, lane 4). Thus, there seems
to be a single copy of the GK-2 gene in the genome, and the
3’ noncoding region subclone is selective for this gene and its
transcript.

When total mRNA from cultured human epidermal cells
was hybridized with probe to the 3’ noncoding end of GK-2,
a2.1-kb epidermal mRNA was selected (Fig. 44). Even when
this hybrid was subjected to increasing temperature washes
from 50°C to 80°C, some of the probe remained bound to the
nitrocellulose filter. Under the equivalent conditions in

Kéa (HS56K-a):
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Fic. 3. Identification of a single gene encoding the human GK-2
keratin. Ten micrograms of total human DNA (lanes 1, 3, and 4), 500
ng of the subclone containing the 8.8-kb EcoRI fragment of clone
GK-2 (lanes 2 and 5), and 500 ng of K6a cDNA (lane 6) were digested
with restriction endonucleases EcoRI (lanes 1, 2, and 6) or EcoRI and
Kpn 1 (lanes 3-5), and the fragments were resolved by agarose gel
electrophoresis. Southern blots (29) were hybridized with 32P-labeled
probe made to either the subcloned Pst I fragment of K6a cDNA (see
text) (lanes 1-3 and 5) or the subcloned 3’ noncoding portion of GK-2
(lanes 4 and 6). Size markers are indicated in kb at the right.

solution, a perfect RNA-RNA hybrid of this sequence would
have had a melting temperature (T,) of =79°C (31).

When either the entire 8.8-kb GK-2 clone or the 3’
noncoding subclone was denatured and hybridized at high
stringency with total epidermal mRNA, an mRNA was
selected that translated a 56-kDa keratin (K6b) in vitro (Fig.
4B, lanes 3-5). Since K6a cDNA also selects a 56-kDa keratin
mRNA (6), there must be genes for at least two type II 56-kDa
keratins, K6a and K6b, expressed in abundance in human
epidermal cells. A detailed report of the relative amounts of
the two K6 mRNAs synthesized in different epithelial cells
will be published elsewhere.

The Complete Amino Acid Sequence and Predicted Second-

AG-TGCGTCTGCTAGCTCTCGGTCCCACAGTCCTCAGGCCCCTCTCTGGCTGCAGAGCCCTCTC-~~CTCAGGTTGCCTGTCCTCTCCTGGCCTCCAGTCTCCCCTGCCGTCCCOGGTAGAGCTGGG

GK-2 (H56K=b):
B B EEE BER RS B R B B SR

K5  (M6OK):

(IR

AGCTGTGACCGCCAGCTCTCAGTCCCACAGCTCTCAGGCCCCTCTCTGGCAGCAGAGCCCTCTC——-CTCAGGTTGCTTGTCCTCCCCTGGCCTCCAGTCTCCCCTGCCCTCCCGGGTAGAGCTGGG
" asse sses
A-TTCTGTCACCAAGAGCTTG-TCTCTG-GTCC~CAGAT~~GTCA-TGGCTGCAGCTGAACCACATGCTTTGGTTCCCGGAAGSGAAC-GAA-TCCCAACCT~~CTGGCCTCCCC~ATGG—~CTC—

L ] 28 AREE & & L] L] * RS FARREE 8 B

Kéa (H56K-a): GATGAATGCTTAGTGCCCTCACTTCTTCTCTCTCTCTCTATACCATCTGAGCACCCATTGCTCACCAT-CAGATCAAC-CTCTGATTTTACATCATGATGTAATCACCACTGGAGCTTCACTGTTACTAA

] * & (21

GK-2 (H56K-b): ATGCCCTCACTTTTCTTCTCATCAATACTGTTCCACTGAGCTCCTGTTGCTTACCATCAAGTCAACAGTT—ATCAGCACTCAGACATGOGAATGTCCTTTTITAGTTCCOGTATTATTACAGGTATCTGA

[T T T A 1) LI I 1) ‘u [ 1] L » [ & aaw [T N a8 sann
K5  (M60K): ~AGTTCTACATTTGTGTTGCACGTCAGCACCTATACATGTTCTTTGGTGACCCAGACCCCAAAATGTTGCAGAATGTAGACCTCCAAGACGAAACCCCAAACCCTACCCAGAATACCCACCTAATTCTGT
K6éa (H56K-a): ATTATTAAT-—=TTCTT-~===-GCCTCCAGTGTTCT-ATCTCTGAGGCTGAGCATTATAAGAAAATGACCTCTGCTCCTTTTCATTGCAGAAAATTGCCAGSGGCTTATTTCAGAACAACTTCCAC—

L] 2 @ : = a8 SRE B HERE & L]

GK-2 (H56K-b): GTCTGCCATA—ATTCT———rue—GAGAAGAAAAATGACCTATATCCCCCATAAGAACTGAAACTCAGTCTAGGTCCAGCTGCAGATGAGGAGTCCTCTCT———TTAATTGOGAACCATCCTGCCCA-

K5  (M6OK):

CATGGTTCTGACTTCCTCCAGAGTCTGTAAAATAAAATGCCCCCACAACAAACAAAAAAAAAAAAAAA

K6éa (H56K-a): TTACTTTCCACTGGCTCTCAAACTCTCTAACTTATAAGTGTTGTGAACCCCCACCCAGGCAGTATCCATGAAAGCACAAGTGACTAGTCCTATGATGTACAAAGCCTGTATCTCTGTGATGATTTCTGTGC

GK-2 (HS56K-b): nnmmcmmmm——mmmmﬂmmmmmmm—mm

Ké6a (H56K-a):

(11 B BEEE B B SRRSEEEER BEB B MM
GK-2 (H56K-b):

TCT====~TCACTCTTTGCAATTGCTAAATAAAGCAGATTTATAATACAAAAAAAAAAAAAAAAAA
TCTCTTTGCCTTCTTTIGTTCTGTGTGAATAAMGCATATTGAGAATGTGAACATGTTGTGTTAGATTGTATTGCTGACCACTTCCTGGTTTAGAAACATTCGCACCC

F1G. 2. Comparison of the 3’ noncoding portions of the keratin mRNAs encoded by the human GK-2 gene, the human K6a cDNA, and the
mouse K5 cDNA. The noncoding segments 3’ to the translation termination codons of the three indicated sequences were aligned for optimal
homologies. The asterisks indicate identical nucleotide residues between K6a and GK-2 and between GK-2 and the mouse KS cDNA. Arrows
demarcate the 283-bp Sac I/Rsa I restriction endonuclease fragment (in bold-face type) that was subcloned and used as a specific probe for the

gene in GK-2.
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F1G. 4. Positive identification of clone GK-2 as a gene encoding
one of at least two type II 56-kDa keratins expressed in abundance
in human epidermal cells. (4A) Poly(A)* RNA was isolated from
cultured human epidermal cells and resolved by formaldehyde/RNA
gel electrophoresis as described (3). After blot-transfer (30), the
RNAs were hybridized with 32P-labeled cCRNA transcribed from the
3’ noncoding subclone of GK-2. This clone shows no crossreactivity
with K6a cDNA (Fig. 3, lane 6). Hybridization was carried out in 50%
formamide/750 mM NaCl, 41°C, followed by sequential washes in
0.1% NaDodSO,, 15 mM NaCl, and 1.5 mM sodium citrate at 50°C,
68°C, 75°C, or 80°C. After each wash, the filter was exposed to x-ray
film for 90 min. (B) DNAs from the entire GK-2 clone and the 3’
noncoding subclone of GK-2 were denatured and bound to a
nitrocellulose filter (3). Filters were hybridized for 36 hr at 41°C with
human epidermal mRNA. Specifically hybridizing RNAs were eluted
at increasing temperatures and translated in a reticulocyte cell-free
system. Translation products were resolved by NaDodSO,/poly-
acrylamide gel electrophoresis. Lanes: 1, [**Slmethionine-labeled
epidermal keratin extract; 2, radiolabeled translation products from
total epidermal mRNA; 3 and 4, translation products from epidermal
mRNAs that were hybrid-eluted from GK-2 DNA at 65°C and 85°C,
respectively; 5, translation products from epidermal mRNAs that
were hybrid-eluted from the 3’ noncoding subclone of GK-2 at 85°C;
6, translation with no added RNA. Molecular masses are indicated
in kDa at the right.

ary Structure of the Human K6b Type II Keratin Encoded by
the Gene in Clone GK-2. The complete sequence of the GK-2
gene yields a predicted molecular mass of 60,018 Da. Previ-
ous sequence analysis of a 50-kDa (K14) type I keratin gene
had already indicated that the original estimates based on
NaDodSO,/polyacrylamide gel electrophoresis (32) are sub-
stantially smaller than the values calculated by actual se-
quence data (20, 21). The predicted amino acid composition
matches very well with that predicted by chemical means
(12).

The amino acid sequence of the K6b keratin encoded by
the gene in GK-2 is highly similar to the sequence of K6a.
Only three amino acid residues are different, and none of
these changes involves charged residues. Thus, it is not
surprising that only one K6 spot is observed by two-
dimensional gel electrophoresis of in vitro translation prod-
ucts from epidermal mRNA (6). In contrast, mouse KS,
reportedly homologous to the human 58-kDa keratin (14),
shows 76 variations in 562 residues when compared with the
Ké6b keratin. Most of these changes are conservative ones
(e.g., Asp — Glu or Thr — Ser).

As judged by the probabilistic method of Robson and
co-workers (9, 12, 33), Ké6b contains four central a-helical
domains characteristic of all IF proteins (marked by the gray
boxes in Fig. 1). Throughout the helical domains of K6b is a
heptad repeat, in which most a and d residues (underlined in
Fig. 1) of every seven in the series a b c d e f g are

Proc. Natl. Acad. Sci. USA 82 (1985)

hydrophobic. A similar repeat was initially observed for the
coiled-coil helices of tropomyosin and has been identified
since for the helical domains of all IF proteins (2, 9-18).

The amino- and carboxyl-terminal segments that flank the
central helical domain are not compatible with a-helix or
B-sheet conformations. They are particularly rich in glycine
and serine residues and frequently contain inexact repeats of
Gly-Gly-Gly-X, where X is either phenylalanine, tyrosine,
leucine, or alanine. Similar sequences have been found
previously in the amino- and/or carboxyl-terminal segments
of all epidermal keratins (9, 12-14).

The Structures of All IF Genes Are Remarkably Similar.
When the sequences of the hamster vimentin (10) and human
K14 (20, 21) genes were aligned with that of the human K6b
gene for optimal homology, the positions of the introns were
found to be highly similar (Fig. 5). The conservation of intron
position is quite striking, considering that all three types of IF
proteins share only 23-25% amino acid sequence homology
with one another (9, 10, 20). It provides a strong indication
that all three types of intermediate filament genes had a
common origin.

Seven of the introns (Fig. 1, introns II-VIII) show identical
or nearly identical positioning for all three proteins. These
introns are located in the central portion of the coding region
but do not seem to demarcate any of the structural domains
of the polypeptides. Despite the strict conservation of intron
position, neither the size nor the sequence of the introns has
been conserved.

No correlation was found between the regions of con-
served sequence in the IF proteins and the location of the
introns in the IF genes. In some cases, the conservation
within an exon is fairly high, but in other cases, it is very low.
Sometimes, regions of high and low homologies, respective-
ly, are contained within a single exon. Not even the amino
acid sequences immediately flanking the exon—intron junc-
tions have been evolutionarily conserved. Thus, for the IF
genes, exons do not seem to have evolved as separate units,
even though the evolutionary pressures on maintaining exon
size have been considerable.

Comparison of the 5' Noncoding and 5’ Upstream Regions of
the Coordinately Expressed K14 and K6b Genes. When the
transcribed 5’ noncoding portions of the genes encoding the
type II and type I epidermal keratins were compared, two 20-

— P L en

—
50 Residues

F1G.5. Conservation of structure among all IF proteins and all IF
genes. The secondary structures of the three IF proteins were
determined from their amino acid sequences as described in the text.
The complete amino acid sequences were obtained from the nucleic
acid sequences of their genes: human K6b type II keratin (this paper);
human K14 type I keratin (20, 21); and type III, hamster vimentin
(10). The three sequences were aligned for optimal homology and
drawn to scale, with the scale representing amino acid residue
position. The boxed hatched regions indicate the four a-helical
domains, and the thin connecting lines indicate the presence of
helix-disrupting sequences. The thick black lines designate the
nonhelical termini, which are variable in length. The positions of the
introns are shown by arrowheads. Note that the intron positions do
not demarcate the structural boundaries of the IF polypeptide chains.
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to 30-bp stretches in comparable positions were found to
share 75-80% homology. In contrast, much less homology
was found between the transcribed 5’ noncoding regions of
the K6b type II and vimentin type III genes. Similarly, when
the sequences within a region 230 bp 5’ upstream from the
“TATA”’ boxes of the type II and type I keratin genes were
examined, three homologous (75-77%) stretches of 15-22 bp
were found. No such homologies were found between these
segments of the type III and type II genes. Whether any of
these features play a role in the coordinate regulation of the
two epidermal keratin genes or the differential regulation of
the vimentin gene remains to be investigated.

DISCUSSION

The sequence of a type II keratin gene has made it possible to
compare the structures of all three classes of IF genes. Our
results clearly identify a common structure for all IF genes, a
feature that was recently suggested from heteroduplex analyses
(34). Two very distant duplications of a primordial IF gene most
likely led to the early formation of three genes: a type I and type
II keratin gene and a third (type III) IF gene. The multiplicity of
related sequences within these three classes seems to have
arisen from more recent gene duplications.

For the two keratin genes that we have now sequenced,
there seem to be only single transcription-initiation and
polyadenylylation sites. Furthermore, it is unlikely that
differential usage of exon—intron splice junctions can occur
within the internal intron sequences of a keratin heteroge-
neous nuclear RNA transcript, since our data indicate a
strong evolutionary pressure against shifting the intron po-
sitions within the IF genes. Although these results do not
exclude the possibility of differential splicing at the junctions
of the external IF introns, we have not found any cases where
multiple keratin mRN As arise from a single gene. Because we
now have demonstrated that there are at least two genes
encoding K6 keratins, there may be more than the initial
estimate of 20 keratin genes for the 20 keratin polypeptides of
human epithelial cells (3).

The conservation of intron position in gene families has
frequently provided clues to the piecemeal construction of a
primordial gene by the recombination-mediated assembly of
separate structural or functional domains (35-37). However,
since the positions of introns in the IF genes do not seem to
demarcate segments coding for distinct structural domains of
the IF polypeptides, nor do they define any obvious func-
tional domains of the protein, we have no evidence to suggest
that the primordial IF gene was put together in this fashion.
Nonetheless, the conservation of gene structure must indi-
cate that there are important constraints exerted against
sliding the introns within these genes.

Utilizing an alternative splice junction at a position 3n
nucleotides from the original G-T or A-G consensus sequence
would introduce or delete one or more amino acid residues at
the intron—exon border. Since these junctions are located
within the helical domains of the IF polypeptide, such
changes might disrupt the heptad repeat which is necessary
for the proper formation of the coiled coil. In turn, pertur-
bation in this structure may alter the ability of the subunits to
pack into filaments, thus making any change in the exon
length deleterious to the subunit’s function.

Although the evolutionary pressures exerted on maintain-
ing exon length most certainly reflect at least in part the
complex interactions of the coiled-coil subunits in forming
the filamentous structure, it is also possible that as yet
unexplored protein-, membrane-, or organelle-IF interac-
tions might place restrictions on the overall design of the IF
subunit. Unlike actins and tubulins, there are no known
auxiliary proteins or factors necessary for filament assembly.
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However, there might be domains in the IF subunits impor-
tant for interactions that determine overall cytoskeletal
architecture. For the moment, the unequivocal role of
subunit structure or function on maintaining IF gene struc-
ture must await further studies.

Note Added in Proof. Johnson ez al. (38) have recently reported the
sequence of a mouse type II keratin gene.
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