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and variable intron positions in genes of polypeptides of the same
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The complete sequence of a bovine gene encoding an epider-
mal cytokeratin of mol. wt. 54 500 (No Vlb) of the acidic (type
1) subfamily is presented, including an extended 5' upstream
region. The gene (4377 bp, seven introns) which codes for
a representative of the glycine-rich subtype of cytokeratins
of this subfamily, is compared with genes coding for:
(i) another subtype of type I cytokeratin; (ii) a basic (type II)
cytokeratin gene; and (iii) vimentin, a representative of
another intermediate filament (IF) protein class. The posi-
tions of the five introns located within the highly homologous
a-helix-rich rod domain are identical or equivalent, i.e.,
within the same triplet, in the two cytokeratin I genes. Four
of these intron positions are also identical with intron sites
in the vimentin gene, and three of these intron positions are
identical or similar in the type I and type II cytokeratin sub-
families. On the other hand, the gene organization of both
type I cytokeratins differs from that of the type U cytokeratin
in the rod region in five intron positions and in the introns
located in the carboxy-terminal tail region, with the excep-
tion of one position at the rod-tail junction. Remarkably, the
two type I cytokeratins also differ from each other in the posi-
tions of two introns located at and in the region coding for
the hypervariable, carboxy-terminal portion. The introns and
the 5' upstream regions of the cytokeratin VIb gene do not
display notable sequence homologies with the other IF pro-
tein genes, but sequences identical with - or very similar
to - certain viral and immunoglobulin enhancers have been
identified. The results show that two major domains in IF
proteins, the a-helix-rich rod and the non-a-helical, carboxy-
terminal tail differ not only in the degree of amino acid se-
quence conservation but also in the exon patterns of their
genes and that different intron positions can occur even in
cytokeratin genes of the same subfamily. The fmdings sug-
gest that the two domains differ in their evolutionary origin
and stability, and that the two cytokeratin subfamilies as well
as different subtypes of the same subfamily have diverged
in gene organization relatively early in evolution.
Key words: intermediate filaments/keratins/multigene families/
gene structure/regulatory elements

Introduction
Most cytoskeletal proteins occur as multigene families of polypep-
tides which display high structural homology and are differen-
tially expressed in a manner related to cell differentiation. A

particularly striking example is provided by the proteins which
form the intermediate-sized filaments (IF) which usually are divid-
ed into five major classes: vimentin IF typical of mesenchymal-
ly derived cells; desmin IF of myogenic cells; glial filaments
typical of certain glial cells; neurofilaments of neurons; and cyto-
keratin IF which contain proteins related to a-keratins of epider-
mis and its appendages and characteristic of epithelial cells (for
reviews, see Franke et al., 1982; Lazarides, 1982; Weber and
Geisler, 1984).
The cytokeratins are a particularly complex class of IF pro-

teins. For example, human cytokeratins comprise at least 19 dif-
ferent polypeptides which are expressed in different combinations
of2- 11 members in different cell types (Moll et al., 1982; Fuchs
et al., 1984; Sun et al., 1984). Similar complexities and prin-
ciples of cell type-specific expression have been described in the
cytokeratins of various animal species, notably rodents and cow
(Franke etal., 1981a, 1981b, 1982; Schiller etal., 1982; Tseng
et al., 1982). The cytokeratins can be divided into two large sub-
families, i.e., the acidic type I cytokeratins and the more basic
type II cytokeratins, which share only limited sequence homology
(< 30%) which is restricted to the ca-helical 'rod' domain (Fuchs
et al., 1981, 1984; Crewther et al., 1983; Hanukoglu and Fuchs,
1983; Sun et al., 1984; Weber and Geisler, 1984). This sub-
division is of functional significance since at least one represen-
tative of either subfamily is required for the formation of the
heterotypic subunit complexes of cytokeratin IF (Moll et al. 1982;
Crewther et al., 1983; Franke et al., 1983; Hanukoglu and Fuchs,
1983; Fuchs et al. 1984; Jorcano et al., 1984b; Quinlan et al.,
1984; Steinert et al., 1984; Sun et al., 1984). In addition,
however, pronounced differences can be observed even between
members of the same cytokeratin subfamily. For example, dif-
ferent type I cytokeratins expressed in the same tissue of the same
species can differ greatly in their non-ax-helical carboxy-terminal
region ('tail'; for nomenclature see Geisler and Weber, 1982;
Weber and Geisler, 1984).

Recent analyses of cloned cytokeratin genes (Lehnert et al.,
1984; Marchuck et al., 1984, 1985) have shown marked con-
servation of exon-intron patterns not only between different
cytokeratin genes but also between cytokeratin genes and the gene
encoding vimentin (Quax et al., 1983). Here we present the com-
plete nucleotide sequence of the bovine gene coding for a type
I cytokeratin of mol. wt. 54 500 ('keratin VIb'; Franke et al.,
1981a, 1981b) and its adjacent regions. Comparison of this gene
with the recently published sequences of a human cytokeratin
of the same subfamily (No. 14 of mol. wt. 50 000; Marchuk
et al., 1984, 1985) and of a type II cytokeratin gene (Johnson
et al., 1985) has revealed principles of gene organization com-
mon to IF proteins as well as profound differences, even between
cytokeratins of the same subfamily. Our results indicate that
introns are more conserved in the gene portion coding for the
conserved a-helical 'rod' domain whereas intron positions corres-
ponding to the non-a-helical, hypervariable carboxy-terminal tail
vary considerably.
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Results
Detennination of number of gene copies
When restriction fragments of calf thymus DNA were analyzed
by blot-hybridization with the cDNA clone pKBVIbl, only one
strongly hybridizing band was observed on digestion with PstI,
which does not cleave within the gene, and with EcoRI, which
cleaves once within the gene but outside of the region represented
by the cDNA probe (Figure 1, arrowheads). Some minor bands,
which appeared faint under stringent hybridization conditions
(Figure 1, arrows), showed somewhat increased hybridization
at standard conditions. The same minor bands were also observed
when bovine DNA was similarly probed with cDNAs coding for
other type I cytokeratins (data not shown), indicating that they
were due to cross-hybridization with genes of other members
of this subfamily, as has been described for human (Fuchs et
al., 1981) and murine (Roop et al., 1983) epidermal keratins.
A strongly hybridizing band of the same mol. wt. and

hybridization intensity as that shown in Figure 1 for calf thymus
DNA (a diploid tissue not expressing cytokeratin VIb) was also
observed for DNA from bull sperm (haploid cells not express-
ing any cytokeratins) and from calf muzzle epidermis (a tissue
expressing large amounts of cytokeratin VIb; Franke et al.,
198 la; Schiller et al., 1982; Jorcano et al., 1984a, 1984b). This
indicates that the haploid bovine genome contains only one gene
copy for cytokeratin VIb and that no genomic re-arrangement
takes place during cell differentiation. We have also found no
indication for the existence of pseudogenes as have been described
for murine cytokeratin A (Vasseur et al., 1985).
Nucleotide sequence ofthe gene and amino acid sequence deduc-
ed therefrom
The complete nucleotide sequence of the gene is shown in Figure
2, together with the predicted amino acid sequence of the polypep-
tide. Intron positions were determined by comparisons with the
sequences of the corresponding cDNA (Jorcano et al., 1984b)
and the highly homologous murine cytokeratin of mol. wt. 59 000
(Steinert et al., 1983) as well as by Si nuclease mapping as
previously described (Lehnert et al., 1984). Where comparable,
the genomic sequence was found to be identical to the partial
cDNA sequence published previously (Jorcano et al., 1984b),
with the exception of the region of nucleotides 4490 -4600 in
which the cDNA sequence published (Jorcano et al., 1984b) con-
tained some sequencing errors due to the high degree of DNA
secondary structure in this region, which is refractory to the
elongation reaction at the lower temperature used at that time
(see Materials and methods). The corrected amino acid sequence
is shown in Figure 3.
The gene contains seven introns, and the lengths of the exons

and introns, as determined by sequencing, are generally in fair
agreement with previous data from electron microscopic analyses
of heteroduplex molecules (Lehnert et al., 1984). The sizes of
the individual exons are as follows: A (from cap site), 595 bp;
B, 83 bp; C, 157 bp; D, 162 bp; E, 126 bp; F, 218 bp; G,
258 bp; H (up to polyadenylation signal), 354 bp. Exons B -G,
which are included by introns, display a relatively narrow size
distribution with an average of 167 a 57 (S.D.) bp, an exon
size range typical for many eukaryotic genes (Naora et al., 1982).
In contrast, the introns vary greatly in size, from 83 bp (intron
3) to 798 bp (intron 1).
The total gene comprises 4377 bp from the cap site to the

minimal 3' end, i.e., 18 bp 3' downstream from the polyadenyla-
tion signal, and the corresponding mRNA region contains 1971

Fig. 1. Distribution of sequences coding for cytokeratin VIb in the bovine
genome. Calf thymus DNA was digested with PstI (left) and EcoRI (right),
separated on 0.7% agarose gels, blotted on nitrocellulose and hybridized
under stringent conditions to nick-translated cDNA clone pKBVIbl. Note the
single strong hybridizing bands (arrowheads), indicating that this gene is
represented only once in the bovine genome. The faint bands (arrows)
appear to be due to cross-hybridization with sequences coding for other
cytokeratin genes of the same subfamily.

nucleotides witliout the poly(A) tail. The latter value corresponds
well to the 2100 nucleotides estimated from Northern blots for
the poly(A)-containing mRNA (Jorcano et al., 1984a). The amino
acid coding region includes, without the codon for the initial
methionine, 1575 bp and thus defines a polypeptide of 525 amino
acids and a total mol. wt. value of 54 712 which is in excellent
agreement with the value of 54 500 previously estimated from
SDS-polyacrylamide gel electrophoresis (Franke et al., 1978,
1981a; Schiller et al., 1982).
When the amino acid sequence of this bovine type I cytokeratin

was compared with the other two tpe I cytokeratin sequences
available (Figure 3), the high homology with the murine
cytokeratin of mol. wt. 59 000 (Steinert et al., 1983) was strik-
ing. This supports our conclusion (Jorcano et al., 1984b) that
these polypeptides represent equivalent cytokeratins in the two
species, both belonging to the subtype characterized by a very
high glycine content and SGGSYGG repeats in their carboxy-
terminal portion and an identical terminal heptapeptide. While
both the bovine and the murine proteins showed considerable
homology to the human cytokeratin No. 14 of mol. wt. 50 000
in the ca-helical rod region, the head and the tail portions were
clearly different, confirming our conclusion that at least two tyes
of cytokeratins can be distinguished within this subfamily (Jor-
cano et al., 1984b).
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Conserved and variable intron positions in cytokeratin genes

10 20 30 40 S0 60 To o 90 100 110 120

1 GCTATCAGGG^GCCCTGAGCTATCGTGTGT TA^GTCCCAATTCATACTTTATTAAA^ ATTATATAATTCTACACACAGTAATCCAAGGAAATT T TTTTTGAG^AGG^A

1 21 TCTAGCTTTCAACACAGT TCACAGACCAGT TCAT^AT T TTGGCAAGTATCAT TTTCTATCTGGTATATTCTTTGTAG^ATT TTTACTCATATCACTTCCT T TTCTATTGGCC

24*l ACTTAGAGTAAC^ATACTGr,AGAT TAGTTCATATC T TGTGCTAAGAATTTCTGCAATGTGGTCTTCATATAAGCC T TCAT TACAATGAAT TTAAAAAT TCCAAGG

3 61 ATACTTCCTGATGTTAGATTTCT TTA^TGTTGTAGAAAGACCAT TAATTAGAAGATTCCTA^CCATTACACAT TTCCAT TTCCTAGAC.ATATCAATGTACT TTCAT TC

. s1 TCCA^GAT T TTCTAT^^CAT TCACACACATGrCAT TTCTTAAGT TGTATT T TTATGTCT TTAT TTATATGTGGTACT T TTGCACA^TCAT TT^ACATGTTT T TTAT T T TCAT T T T

601 GGTTGCT TGCAGT TTACTCTACAGTCCTATCATGGCATGATTCTATCTGAAT TTATGCTGT TrCTATTATTAACTGTTTAAACATGAT TTGAAACCATTACTATGAT T T TGTG

?21 AT TTAAAATTCTT T TTCTAAACT TTGCG^rATTCTGTAC^ACCC^TTAGTGCTGAG^G^^GGG^ATrGATTTCAGT TGCTC^AAGT TCCTAAAAGTGAAAGT T TAAT

8 *1 G^^CA^ATGCTCATATGACCAACACCCAT TTTCAATTTCAACATAGCA^ACCTAT TCGT TCTTAAGGCTAATTCAACCAACATAT Tr,GGGCTGGTGAT TACTTAAGTAAT T T TG

961 C^ATCATAAGCCA^AG^TGCA^AT TTGGC G CAGCAAGTAAGCAAC;rCTAACACATGTGGG^TACACCCTCTCAGTATATAGt;CCTGTCACTGTCCTTGGTACCAG

M S V A Y S S S K O Y S S S R S G G G G G G G S S L R S S S
1 0 81 GCACTCCCTGAGCTAAACAGCATCACCATGTCTGTTCG^TACAGCTCAAGC^CATACTCTTCCTCCCGCAGTGGAGGTGGGGAGGAGG^GG^GTCATCCCTCAGAATTTCGAGCAGC

K G S L G G G Y S S G G F S G G S f S R G S S A G G C F G G S S S Y G G G L G
12 01 AAGGCTCTCTTGGTGGAGGATATAGCTCAGGGGGGTTCAGTGGTGGCTCTTTTAGCCGTGGGAGCTCTGCTGGAGGCTGCTTTGGGGGC TCATCAAGTATCTATGGAGGAGGTTAGGC

S G F G G G Y G S S f G G S Y G G S F G G G Y G G G G F G G G S F G G G S F G G
t13 21 AGTGGCTTTGGTGGGGGCTATGG^AGTAGCTTCGGTGGGAGCTATGGAGGCAGCTTTGGoGGGTATGGA GGAGGTGGCTTCGGAGGGGGCAGCTTCGGAGGCGGCAGCTTTGGAGGT

G L G G G F G D G G L S G N O K T M O N L N D R L A S Y L D K V R A L E E S
1 * *1 GGTTTGGCTGGTGGATTTGGAkGATGGTGGCCTTATCTCTGGAATCAT^^^ACCATGCAGATCCTCAATGATCGCC TGGCTTCCTACTTGGAC^^GTTCGGCCCTCTGCGA^G^TCA

hntron I
N Y E L E V K I K E W Y E K Y G N S R O R E P R D Y S K Y Y O T I D D L K N ° r7

t S O1 vACTATGAGCTAG^AGTCA^ATC^AGGCGTGGTATG^^AGTATGGCCAT TCAGACAGCGAGGCCTCGTGATTACAGCAATACTACCAACCAT TGATGo'TCTTAAATCAGGTA

1 6 61 AGGGGCATTTTTTA^TGCAACTTTAGCCTCTT TTTGTGCATGT^AT TCTGATAG^TAATATTTTAATCA^CTACATGTTCACTGTGTTTGACTACATTACTTTCTTGCTTCCATG^G

1 ^ O1 CAATCCAGTCTCTTCAAGGTAACAGCTGTGAGGGTACAGTCATTGCAATCTTCATCCAACATGTGTGTTGTGTATCTTACAGGATGGGGGGATTACTAGAAT TTTTTATGTTTTAAT

1 92 1 GAGTGTAGTGTCCACAGTTAATACATTAGAAATGTACAACCAGGAACTGAAAGAATTATTCAATGAATCAGA^AATATTATTCAG^CTGTAoTCAACAAATACTCACT^ATGAC

20 *1 ACTGTA^GA^CATG^AT TTTCCAATATGA^AATGG^GTAT TGCTTGCCTTG^GGGAATTTT TGAATTGCACTGTGTGCAGTTTATAT TCACTTA^GATATATATTTAACAGTTAA

21 S1 CCAATACGGTACAGGCAGTC^AGTTAGCTGA^TACACAGAT TACACAGGTGTAGTGCAGGACATGATGCAGGCACACGCTACATAACTCCAGT TGGT TTTCAGAAAGGG

2 2 A1 AGGATATAGAATAGAAGTATGGAACTTCAAGAGAACA^CG^CTCATCTTAGTATATAGGT^GACTGGAT TGTCA^GT TT^ATAA^TTCCCC^GACTTAGTATAGAA
Inlron 1 _7

240O1 C CCATGTAGTTCATCTTTGCCACTATAAGCTGTGTCTGTATCT TATTTCTTGGTCTCTCCTTCCAGATCTTCACCTG^CAACAGCAC ATGCCAATATCCTGATTrAGGT T

r-e hntron 2

2S21 GATATGCCAGGCTGGCAGCCG^TG^CT TCAGGCTG^AGT^GCTAAGCAATGTGGTACAATACTGTC^^TA^TATG^GATGT TTTT^ACATGTATGCCCAG CT TTACA

2 04*1 TTTTCCTG^TTCATTCAATTTACTATACTGGAGCTGTCAAAG^AATT TTCACCTCAGTAT TACGT TTTAGGC^^TATTATA^G^AGATGCACTTTAAAGTAATGCTAAGT TTC

2 t t1 TTTGCATTACCACTAATATCCCTATGTGAATCAG^GTATGAT^^TGT TGCC^G^TATGAAGTCAAGTCTTTACTTGGTTTCTAACAGTCCCTACCCAGG^ATACCTCCATG^TAT
inlton 2_1-

2 68 I AAGTTATACCCAGTATTTGTATCTTGTTTCAGGTATG^ATG^GGTACCCTGCGCCAGAGCGTGG^GGCCG^CATCAATGGCCTGCGCAGGGTGC TGG^CG^GCTGACCTTGACC^G
_-e Intron 3

3001 ACCG^CCTGG^G^TGCAGATCGAG^GCTTG^CCGAGGCTGGCCTACCTG GGACACGAAGAGGTGACATGAGT TATACTTCCCCCAGC AGATCGGGGTCATGA
hntron 3 "I

3 1 21 GCAGTCATTAATATTTCTGTTCCT CGGTG^GGCCTTCAATGTATCCACTGGTGATGTGAATGTGG^^TGA^TGCTGCCCCACGTGT TGATCTCACTG^CTTCTGA

N M R S G Y E O L A E K N R R D A E A W F N E K r-1 ntroo
324 1 ATTACATC TATG AA^CTTGCCG AGAATCGCAGGACGCCGouGCCTGGTTCTGTGC^GTAGTTCATCTTCTTTTGTAGCC CAAGT^TGGTGGTTTGGTT^TT

lnro4-I K E L T T E N S N L E G V S S H K S E I T E L R
338i AGTTCAG^TTTTTCTC^TCAG^TCCCTGTTTTT^^TATTCT _ CTCACTACGG^^TC^CGTACCTTGACAGTATCGAGCCATATCTGGAGTTACTG^GTTG^G

R T G G L E E L O S O L A L
roIto

3 4 $1 ACGCACTATTCAAGGCCTGGAGTTG^GCTACAGTCCC^ACTAGCCCTAGTAGTA^TAATTCTCTGG^GATACATCAT TTTATCATGCGT TTCATCCTCACATAAG^^TAGGCAA

360 1 TATA^G^^TGCAG^GTCGAGGGTA^GA^GTAGAAAAAATTTG^AGCTTTTTGTTsATGGG,^GAAGTATTATTGGCATTG^TCGoi^TATGCTGA^TTG^ATATTATTAA
lnlron 5_01

3 72 1 CATA^CACA^TCTGTTCGTTTTCTTTATTCTTCTCATG^^TTATTA^CAGCCTCACTGTACVTAtAGTGACAATG^GTAGT TAGGTTACATATATTCTTTCCTCTTCA^AA

O S L E A S L A E T E G R Y C V O L S O I O S O I S S L E E G L O G R A E T E
3$4 1 CAATCCCTGGAAGCCTCCTTGGCAGAG^CAG^GGTCGCTAT TGTGTGC^GCTCTCTCAGATTCAGTCCCAGATCTCCTC TCTGG^AG^ACAACTGCAACAGATTCG^GCTGAG^CTG^G

C G N A E Y O G L L D K I R L E N E O T Y R S L L E G E G |--nto
3 961 TGCCGATGCCCGAGTACCACAACTCCTGGATATTAAGATACGACTGCA^TGA^AT TC^^CCT^CCGC^GCCTGCTAGA^GA AGGTAAAT TACAG^ATGTTTAATC

40° *1 GTCCC^GTTGCTTTTATTTGGTGTTCCAAGCCGCAAGGCT TTTCCCAACTCAGGATGTCAGAGGATGGOGAGGTGGAGAG^GGGAGACCAAGTACACAAGA^GGCGTATGC^T

*4201 CAGCCTCAATGTCCC^CGATATGACCCAAGAAoTTCTTAGGCTTGGGTGCATATATAAT TGTTTTAAG^CGGGaTTCATA^TCGGCAGGGGTG^T TTTCCTCAACACGT TTT
hlnron 5 GGG-IGGG

4 321* GCCTAGGTTATAAGGTACATAACCTGGAlTAGCTCACAGCTTCACACGTTAGGCTAAGGATAACGTTTACTCTCCAAGTTCCGGCGGCGGCTCCTACGoGCGGCGGGCGCGG

Y G G S S G G G G G G Y G G G S S S G G Y G G G S S S G G G Fl G G S S G G S Y G
*4| *1 CTATGGCGGAGTTCCGCGGCGGCGGCGGCeSGGCTACGGCGGCGGAGCTCCAGCGGCGGCTACGGCGGCGGAAGCTCCAGCGGTGGCGGCCACGGCGGTAGTTCCGGCGGCAGCTACGG

G G S S S G G G Fl G G G S S S G G Fl K S T T T G S V G E S S S K G P R r-Into

*45061 CGGCGGAGCTCCAGTGGCGGTGGCCACGGCGGCGGAAGCTCCAC CAGGCAAATCCACCACTACCGGTCCGTTGCG^GGTCCTCATCTTAGCCA TCAGCAGAAACTAG

* e 1 CTGGGGTAATCAG^^TTAGTTTTAACTTTTTG^TGGGTATTTTGGTTGCTGT TTTTTRJGTTGTGTTTTTTAAGTTCTGTACTTTTTTTTTTTTAGAATTATTTTAA^TT^ATCTT

4 80O1 ATCTTATCTTTGCTTTTT TT^CCGACTATAGT TGTTGACTCCAGTCTTGGGGAACGTATTGTCT^^TGCTGTAGCTTTGGTGTTTTTTA^GT^ACTGTAAGAAGT TTTCC

*49 21 TT T TTTTCACTTTGGTGTATTTTTTTTTTT TTTTI1TGCATTTAGTATTTTGATACAGATATTT TGGGTAGTAATATCTGTGATTTAGCTCTT TTGCTCGTTATTTAGTAAGGACCCA
Inlron r*

S5O0*1 C^CTGTAGTCTA^TTCTATTGTTTTTATTGTAATTATCJTACA TACTAACAACCAGAGTGATCAAG^CAsT TATTG^GGAGTTGGCACCTGATGGTAGAGTCCT TTCATCTAT

5 1 61 GGTTGAATCGGoACC^G^CACACTACTATTAAGCCGCATT^AACGGA^^GAGTrCTCCCCTCACACAGGCCATTATCAGATGrCATGC^^rrACTrCCAGAACCTTrCAGTC

5 28*1 rTT^^TGGCCTATGG^ATAGGTCCACTCCTTGATCATAAGGTGTCTAACGGTGT TTTGTGGTTTCTGT^T TTCTCCTT TTCACTrTTCCAAAGTATTCTTTACT TTTTGGO^^

5 *01 GAA^CTTTCTATTCTCAT TTACTAATG^^TT TC^ATA^CTTTCTTACTGATGCCTATCCAT TTGGTCAGAAT TGTCTTTATTTGAAT T^G^CAAT TTTCTTCATTAG^TTAGTA

5 52 1 AGTATCAT TTG^^GATTGATTfTATCTAGA^TTCTGAAGACAAT TATGATTAGGATTTCTC TGTATCCATT TTTTATCrTATGGGTATGT TGGACCA^TGTTAATATCTCACTGAG

56*41 CA^AGTCCATGAGTCACCAGTTACTCTTTCTTTAAGATACAAGTATGTTGACAGCTCCCAGTTCTCTGGCTTTrGAATTAGTC

Fig. 2. Nucleotide sequence of the gene coding for cytokeratin VIb and adjacent regions, together with the amino acid sequence deduced therefrom.
Nucleotides are numbered from 1 to 5726. The amino acid sequences encoded by the exons are indicated above the DNA sequence (one letter code). The
demarcations of the introns are indicated by arrows pointing toward the center of the intron. TATA-box, cap-site sequence and polyadenylation signal are
underlined. Stop codon is denoted by asterisk; the arrowhead denotes the end of the corresponding cDNA clone.
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BVI MSVRY-SSSKaYs5SRsGsGaGGaSSLR SSSKaSLOGaYaSsooFSaFaSRGSSAaGCFGaaSS yaa-aLaSGFGaGY-GSsFoaSyaas--FaaaYaG----Oa-Faaa*FaaasF-
M59 MSVLYCSSSKaFSSSRSOGoGGGO-FVRV FSTRaSLaOOLSsGGFSaOsFSRGSSGGaCFaas$GGYaGFaGGGSFGOOYGGassFGaYayS-SFaaaYaaSSFGaasFaaasFOGasFG
H50 MTTCSROFTSSSSMKGSCGIGGaIGAGSSRISSVLAGOSCRAPNTyaaaLSVSSSRFSSOOAYGLaaavaGGFSSSSSSFaSGFaGaYGG

lio ----aaL-aaaF-GDaa-L ISGNOITmaNLMDRLASYLDKVRAL ESNYELEVKIKEWYEKYGNSROREPRDYSKYYOTIDDLKNOIFNLTTDNANIL1OVDNARLAA'DDFRLKYaNg
119 GGGCaOaGFGaaFGaDOaGLLsaNGRVTMRNLNDRLASYMDKVRALEESNYELEGKIKEVVREAROLKPREPRDYSKYYKTIEDLKGOILTLTTDNANVLLOIDNARLAADDFRLKYENE
91 GLGAaLOGGFaGFAGaDGLLVGSEKVTMQNLNDRLASYLDKVRALOeNAADLEVKIRDWYOR--Q-RPAaIKDYSPYFKTIEDLRNKILTATVDNANVLLQIDNARLAADDFRTKYNTE

223 VTLRaSVEADINOLRRVLDELTLTKTDLEMQIBESLTEELAYLKKNHEREERDLQNVSTaDVNVEMNAAPOVDLTELLNNMRSQYQOLAaKNRRDAaAWPNEKSKELTTEINsNLEQVsSH
239 VTLROSVEADINOLRRVLDELTLSQSVLELOleSLNEELAYLKKNLEsEERDLONVSTGDVNVRMNAAPOVDLTQLL"NNRNQYEGLAKKNRKDAGEWPNOKSKaLTTEIDSNlAQMSSH
208 LNLRMSVEADINaLRRVLDELTLARADLEa@IESLKEELAYLKKNHKEEMNALRGOVGaDVNVESMDAAPGVDLSRILNEMRDOYQKMAEKNRKDAEEWFFTKTEELNREVATNSELVQsG

343 KSEITELRRTIQGLEiELQsaLALKaSLEASLANTEaRYCVQLsiasQsqlSLEsQLQQlRASTsECQ"AYaOLLDIKIRLENKIQTYRSLLEGROSSGGGSYGGGRGYGGSSGGGGGGY
359 KSuITELRRTVaOLEI_LQSQLALKQSLEASLAETVESLLR_LSO_asa_SAL_E_LOa_RA_TECQNAEYQQLLDIKTRL_N_IQTYRSLL_a_assSGGGGGRRGGSGGGSYGGSSGG
328 KSEISELRRTMaNLEIELQsQLSMKASLENSLEETKaRYCMaLAQIQEMIGSVEEQLAQLRCEMEOQQNQYKILLDVKTRLEOEEATYRRLLEgEaDAHLSSSQFSSGSOSSRDVTSSSRO

463 GGGSSSGGYGGGSSSGGGHGGSSGGSYGGGSSSGGGHGGGSSSGGHKSTTTGSVGEssKsPRY
479 GSYGGSSGGGGSYGGSSGGGGSYGGGSSGCGGRGGGSGGGYGGGGSSGGAGGRGGGSGGGYGGGGSSGRRGGSGGFSGTSGGGDOSSKaPRYI
448 IRTKVMDVHDGKVVSTHEQVLRTKN'

Fig. 3. Comparison of the amino acid sequences of three representatives of the acidic (type I) subfamily of cytokeratins, as deduced from the corresponding
nucleotide sequences (the initial methionine residue is included): BVI, bovine cytokeratin Vlb of mol. wt. 54 500; M59, murine cytokeratin of mol. wt.
59 000 (data from Steinert et al., 1983); H50, human cytokeratin No. 14 of mol. wt. 50 000 (data from Marchuk et al., 1984, 1985). Sequences are aligned
to obtain maximal homology; deletions introduced for this purpose are denoted by horizontal bars. The canonical repeats of glycine-rich heptapeptides in BVI
and M59 are underlined. Amino acids which the bovine cytokeratin has in common with one of the other two cytokeratins are in boldface type. No homology
arrangements have been made for most of the carboxy-terminal portion as the glycine-richness of this region would result in the appearance of fortuitous
homologies. Arrow denotes the start of the ca-helix-rich rod domain, arrowhead demarcates the end of the helical region. Asterisk, stop codon.
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..CGAGAAAA ATTGCAGGAG.. TTCAGACAG0GATGTTGAC.. ..CATGATGAAAGATCCAG.. ..AAGTCCAAGTTGCCGAC

N N K Y E D K K D V 0 0 A E L S 0
..CGGAACAAG TATGAGGAT... ..ATCAAAAAG0GATGTGGAT.. ..CAAGCAGGTTGTCTCAG

c d

L A L K O S G S S G G G
..CTAGCCCT AAACAAT GAA TTCCGGCGGCGGC.

L S M K A S D A H L S S
..CTCAGCATGAAAGCATCC.. GACGCCCAACCT CT CCTCC

K G T N E S E S R S L
AAAGGAACTATGAGTCT.. ..GAGAGCAG GATYTCTCTCG

G P R Y .
..GGACCAAG ATACTAA..

R 0 V T S S

..AGAGATGA TGACCTCCTCC..

R E T N L E D G O V N
..AAGAGAAACTAATCTGGAG.. ..GATGGACAG GTGATCAATA7 I\

E C R M S G S S V V S

B lb ..GAGTGCAGAGATGTCTGGG. AGCATCTQCCGTGGTCAGC

YE E L O KKA J S N E SA R M S G S V T V S T

H 67 .YTATGAGGA KTGKCAGAAGAAGCAATCTCCAAC.. ..EAASAG CASG0ATGTTCTG..AGTGT GAC AG0CACA.
h k m

Fig. 4. Positions of the introns in different IF protein genes. The nucleotide and amino acids sequences surrounding the introns (insertion site denoted by
triangle) are shown. The specific numbers of the introns are given in the triangles. Alignment and symbols as in Figure 3. Vim, hamster vimentin (Quax et
al., 1983); BIa, partial sequence of bovine epidermal cytokeratin Tb; H67, human cytokeratin No. 1 mol. wt. 67 000 (Johnson et al., 1985).

Comparison of intron positions

Comparison of the nucleotide sequences of the bovine gene BVI
with the human type I gene coding for cytokeratin No. 14 (gene
'H50'; Marchuk et al., 1984, 1985) revealed no significant se-

quence homologies within introns whereas the positions of most
of the introns were conserved (Figures 4 and 5). Introns 2-5
occurred at identical positions, all disrupting the same (introns
2-4) or a corresponding triplet after the second nucleotide. In-
tron 1 was also located in the same amino acid position but the
insertion site was slipped by one nucleotide. Intron 6 was found
in a similar region in both cytokeratin genes but its insertion site
was displaced upstream by one triplet in the bovine gene BVI.
In contrast, the bovine gene BVI did not contain an intron cor-
responding to intron 7 of the human gene; instead it contained
a long intron (422 bp) disrupting the penultimate triplet of the
carboxy terminus, a region without introns in the human gene,
for cytokeratin No. 14.

Comparison of the bovine type I cytokeratin gene with the
hamster gene of another IF protein, vimentin, also showed the
positions of introns 2, 3, 4 and 5 of the cytokeratin gene to be
identical with the introns 1, 3, 4 and 5, respectively, of vimen-
tin. Moreover, vimentin intron 6 was found at the same position
as intron 6 of the human type I cytokeratin gene and intron 7
of two bovine type II cytokeratin genes (Lehnert et al., 1984).
Intron 7 of the vimentin gene was located in a similar region
as intron 7 of the human type I cytokeratin gene (Figure 4) but
was displaced by four nucleotides. In contrast, introns 2 and 8
of the vimentin gene had no positional counterpart in the type
I cytokeratin genes, and intron 1 of both type I cytokeratin genes

as well as intron 7 of the bovine gene were located in regions
devoid of introns in the vimentin gene.
Remarkably, the recently published sequence of a gene coding

for the human type II cytokeratin (No. 1) of mol. wt. 67 000
(gene 'H67', Figure 4; Johnson et al., 1985) did not show more
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Fig. 5. Relationship between structural domains of IF proteins and intron positions of the corresponding genes. The upper part shows an a-helix probability
profile for the amino acid sequence of bovine epidermal cytokeratin VIb. The program of Gamier et al. (1978) was used with a sliding average of eight
amino acids (plotted as a function of amino acid position). The values on the ordinate present relative units of probability of a-helical conformation in
information theoretical units (centinats). The polypeptide domains of bovine epidermal keratin VIb (BVI), also representing the gross domain organization of
IF proteins in general, is drawn to the same scale below. Helical domains (HI, H2, H3) are shown as black boxes, open boxes represent non-a-helical
regions (N,C; amino- and carboxy-terminal parts; I1, 12, helix-interrupting sequences). Dotted areas (DI -D3) represent regions of disturbance of a-helicity.
The amino acids at the boundaries of the domains are given by small numbers. The intron positions of three IF protein genes are marked by triangles, the
intron numbers are given within the triangles. In the specific polypeptides the number of the amino acid following a given intron is indicated below the lines.
The abbreviations for the three polypeptides shown are given in Figure 4.

similarities in its intron pattern with the type I cytokeratin genes
than it did with the vimentin gene. Only one intron position
(Figure 4h) was exactly identical between the two cytokeratin
subfamilies, and two other introns were located in the same codon
but displaced by one or two nucleotides, respectively (introns
2 and 4; Figure 4c and e). Intron 7 of the gene for human type
II cytokeratin No. 1 was not in exactly the same position as in
the corresponding bovine No. 1 cytokeratin gene (BIb in Figure
4i), in the hamster vimentin gene, and in the human type I
cytokeratin No. 14 gene (H50) but, surprisingly, was identical
in position to intron 6 in the bovine BVI gene of the other (type
I) subfamily (Figure 4i). Moreover, two introns of the human
type II cytokeratin gene one of which was identical in position
to a hamster vimentin gene intron were located in regions in
which both the human and the bovine type I cytokeratin genes

were devoid of introns (Figure 4d and j). Moreover, two introns
of the human type II cytokeratin gene occurred in places in which
none of the other IF protein genes contained introns.
To examine the hypothesis that introns tend to occur near

borders of structural or functional domains of proteins (Gilbert,
1978; Doolittle, 1978; Lonberg and Gilbert, 1985; Stone et al.,
1985) we compared the exon patterns of the IF protein genes
with the patterns of a-helical domains of the proteins as predicted
by the program of Garnier et al. (1978). Figure 5 presents the
comparison of the genes coding for the three negatively charged
IF proteins. All three genes revealed a pronounced cor-

respondence of intron positions to borders of structural domains
or turns of conformational character. In the two type I cytokeratin
genes, introns 1, 3, 4, 5 and 6 could be correlated to slopes of
regions of high a-helicity. Remarkably, four of these five in-
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tron positions were also found in the vimentin gene. In addition,
intron 7 of the bovine type I cytokeratin gene (BVI) was obviously
related to the carboxy terminus (Figures 4m and 5). No domain
could so far be correlated with the position common to intron
2 of the two type I cytokeratin genes and intron 1 of the vimen-
tin gene. Comparison of the human type II cytokeratin gene (H67)
with predicted secondary structure (Johnson et al., 1985) has also
shown a relationship of some introns to regions of changes of
a-helix probability whereas other introns could not be related
to distinct changes of structure. Interestingly, three of the four
intron positions maintained in all IF protein genes sequenced so
far can be associated with edges of a-helical structure profiles
(positions aligned in Figure 4e, h and i).
Possible signals and regulatory sequences
The only polyadenylation signal found (Figure 2) was the one
already identified in the cDNA sequence (Jorcano et al., 1984b).
A typical TATA-box (Breathnach and Chambon, 1981) was
recognized at position -35 upstream from the cap site (Figure
2). Searching 1046 bp upstream from the TATA-box and for
possible regulatory signals we found two sequences with some
homology (six out of eight nucleotides) to the 'enhancer consen-
sus sequence' (Weiher et al. 1983) which were located at posi-
tions -19 and -497 from the TATA-box (for the human type
I cytokeratin gene H50 see also Marchuk et al., 1985). However,
the functional significance of these sequences is unproven, and
it should be noted that several similar sequences occur in the
transcribed gene region, including two complete enhancer-type
sequences in introns 4 and 6, respectively. At position -67 from
the TATA-box we noted the sequence AAATTTGGC reported
to occur in a similar position in all estrogen-regulated genes of
chicken studied so far (cf. Renkawitz et al., 1984). We also com-
pared the sequence of the epidermis-specific bovine cytokeratin
gene BVI with that of bovine papilloma virus (Chen et al., 1982)
and have found a surprisingly high number of homologies the
functional significance of which is currently under study.

Discussion
The sequence data presented allow the comparison of gene
organization of different major classes of IF proteins such as type
I and type II cytokeratin subfamilies and the non-epithelial IF
proteins which are collectively termed 'type HI' IF proteins by
some authors (Johnson et al., 1985). They also allow, for the
first time, comparison of two genes of the same subfamily,
i.e., the type I cytokeratins. Our results confirm and extend the
concept that different cytokeratins and IF proteins in general form
not only the same structure and share principles of arrangement
of protein domains (Geisler and Weber, 1981, 1982; Quax et
al., 1983; Hanukoglu and Fuchs, 1982, 1983; Crewther et al.,
1983; Steinert et al., 1983; Weber and Geisler, 1984) but also
display common exon-intron arrangements of their genes (Lehnert
et al., 1984; Marchuk et al., 1984; Johnson et al., 1985). In
the two type I cytokeratin genes compared five out of seven in-
trons are in the same codon positions (one of them shifted by
one nucleotide) and another intron (no. 6) is displaced by only
one codon. Moreover, four identical intron positions of the type
I cytokeratins are also present in the hamster vimentin gene (Quax
et al., 1983), and three are found identical or with one or two
nucleotides moved over in the human type II cytokeratin gene
(Johnson et al., 1985). Another intron position is shared by
vimentin and the type II cytokeratin gene but is lacking in both
cytokeratin I genes. Apparently, the genes coding for IF pro-
teins represent a large family with some precisely conserved exon-
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intron patterns. Similar observations have been made in other
multigene families, including cytoskeletal filament proteins such
as actins, myosins and tubulins (e.g., Breathnach and Chambon,
1981; Hamada et al., 1982; Nudel et al., 1982; Gwo-Shu Lee
et al., 1983; Strehler et al., 1985).

It is obvious that the conserved intron positions in the various
IF protein genes examined so far are located within the a-helical
rod, i.e., in the part of the protein which is characterized by con-
siderable sequence homology (Geisler and Weber, 1982;
Crewther et al., 1983; Hanukoglu and Fuchs, 1983; Quax et al.,
1983; Jorcano et al., 1984b; Steinert et al., 1984; Weber and
Geisler, 1984). Our finding that most of these positionally con-
served introns in IF protein genes are located in regions near
edges of predicted a-helical subdomains adds support to the
debated concept of intron involvement in the assembly of pro-
teins during evolution (Lonberg and Gilbert, 1985; Doolittle,
1978; Gilbert, 1978; Stone et al., 1985). The reason why such
a correlation has been noted for only one or two (Quax et al.,
1983; Johnson et al., 1985) or none (Marchuck et al., 1984) of
the introns in analyses of other authors may reflect differences
of the specific secondary structure prediction programs used.
The conserved positions of the introns in the a-helix-rich rod

domain is in striking contrast to the exon patterns of the carboxy-
terminal tail region which is widely regarded as hypervariable
in amino acid sequence (Geisler and Weber, 1981, 1982; Quax
et al., 1983; Fuchs et al., 1984; Jorcano et al., 1984b; Weber
and Geisler, 1984). Here differences of intron positions are seen
not only between two different IF protein classes such as vimentin
and the cytokeratins or between the two cytokeratin subfamilies
(see also Lehnert et al., 1984) but also between different
cytokeratins of the same subfamily, as shown by the two type
I cytokeratin genes compared in this study. Clearly, the last in-
trons are in grossly different positions in the genes of all three
IF protein classes examined. Remarkably, the position of the in-
tron which is right at the end of the a-helical-rod domain (Figure
4i) is conserved in the genes of IF proteins as diverse as vimen-
tin (intron 6), two bovine type I cytokeratins (intron 7; see also
Lehnert et al., 1984) and the human type I cytokeratin No. 14
(intron 6) but is not conserved in the glycine-rich subtype of type
I cytokeratins (intron 6 of bovine gene BVIb) and the human type
II cytokeratin No. 1 (intron 7). Instead it is moved over in the
latter by exactly one codon (see Lehnert et al., 1984), pointing
to an unexpected coincidence between a type I and a type U
cytokeratin. We interpret these differences to indicate that the
two domains, the highly conserved rod and the hypervariable
tail, have undergone different evolutionary processes at the
genomic level. Apparently, the gene portion corresponding to
the a-helical rod domain contains regions highly conservative
in intron sites, besides other regions which have lost (or gained)
introns during evolution. In contrast, the tail domain may be more
susceptible to intron losses, or greatly different tail-equivalent
portions may have been joined to the rod domain, thus forming
the IF proteins as fusion proteins of different structural domains.
Moreover, the extensive differences in sequence and in exon pat-
terns in the tail domain between two polypeptides of the same
cytokeratin type I subfamily suggest that genomic divergence bet-
ween these two subtypes has been established relatively early,
a notion which is also supported by preliminary analyses of the
corresponding genes in the frog, Xenopus laevis (unpublished
data). It is also noteworthy that the two type I cytokeratin genes,
which are both expressed in epidermis, as well as the epidermis-
specific, human No. 1 cytokeratin do not exhibit obvious se-
quence or signal homologies which "could lead to an understan-
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ding of the regulation of their cell type-specific expression.
Clearly, more systematic analyses of other IF protein genes, in-
cluding those of taxonomically distant species, together with func-
tional assays, are required to provide a better basis for our
understanding of the evolutionary development of this multigene
family.

Materials and methods
The genomic clone XKB VIbl (Lehnert et al., 1984) was digested with the restric-
tion enzymes EcoRI, Hindfll, Sall and Pstl and the fragments hybridizing to the
cDNA clone pKB VIbl were subcloned into pEMBL8+ and pEMBL9+ (Dente
et al., 1983). From each plasmid clone a set of shortened inserts was generated
following a DNase I deletion strategy (Frischauf et al., 1980).
DNA sequencing was performed using the dideoxy chain termination procedure

(Sanger et al., 1977), with some modifications which allowed readings of up
to 850 nucleotides from one reaction (M.Rieger, in preparation). In brief, end-
labelled M13 sequencing primers (New England Biolabs, Beverly, MA) were
hybridized either to single-stranded templates (Dente et al., 1983) or to nicked
plasmid DNA templates. The primer elongation reaction was performed at
27- 30°C, instead of room temperature, to avoid artefacts due to secondary struc-
tures of the DNA template. The latter was found to be especially important in
sequencing regions containing glycine-serine-rich repeats. The reaction products
were analyzed on 60 cm and 95 cm sequencing gels. For computer analysis of
the sequences the programs of Osterburg et al. (1982) were used.

For Southern hybridizations (Southern, 1975), 30 itg of high mol. wt. DNA
from calf thymus, calf muzzle or bull sperm were digested with 150 units of
EcoRI or PstI. The restricted DNAs were separated on 0.7% agarose gels and
blotted on nitrocellulose filters. The filters were hybridized with nick-translated
DNA of the cDNA clone pKBVIbI (Jorcano et al., 1984a, 1984b) in a solution
containing 50% deionized formamide, 5 x SSPE (SSPE is 0.18 M NaCI, 10 mM
NaH2 P04, 2 mM EDTA, pH 7.4), 5 x Denhardt's solution (Maniatis et al.,
1982), 100 jig/ml Escherichia coli tRNA and 0.1% SDS for 20 h at 42°C (stan-
dard conditions) or 500C (stringent conditions). The filters were washed in 0.1
x SSPE, 0.1% SDS at 65°C for 90 min, dried and exposed to Kodak X-AR films.
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