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ABSTRACT The complete amino acid and DNA se-
quences of the human 40-kDa keratin are reported. The DNA
sequence encodes a protein of 44,098 Da, which is unique in
that it lacks the terminal non-a-helical tail segment found in
all other keratins. When the human 40-kDa keratin amino
acid sequence is compared to the corresponding bovine kera-
tin, the overall identity is 89%. The coil-forming regions are
89% identical and the head regions are 88% identical. This
similarity is also evident in the DNA sequence of the coding
region, the 5' upstream sequences, and the 3' noncoding
sequences. The high degree of cross-species identity between
bovine and human 40-kDa keratins suggests that there is
strong evolutionary pressure to conserve the structure of this
keratin. This in turn suggests an important and universal role
for this intermediate rdament subunit in all species.

Intermediate filaments (IF) (7-12 nm) are important cyto-
skeletal elements of most vertebrate cells and are encoded
by a large multigene family of proteins (1-3). Biochemical
studies and DNA sequence analysis have revealed con-
served features of all IF proteins (1-4). These include a
central rod domain consisting of -310 amino acids, which is
capable of formation of coiled-coil a-helices, and amino- and
carboxyl-terminal domains, which are non-a-helical. The
carboxyl-terminal tail and amino-terminal head regions are
variable in length and are largely responsible for the size
differences among IF proteins (4).
Each IF protein displays a tissue-specific pattern of

expression. Vimentin occurs in cells of mesenchymal origin,
desmin is typically found in muscle cells, neurofilaments are
found in neuronal cells, and glial filaments are found in
astrocytes. The most complex pattern of expression is
observed for the keratins, which are specifically expressed
in epithelial cells (1, 2, 5, 6). At least 19 different peptides are
expressed in human tissues in a cell-type-specific manner (5,
6).
The various subfamilies of IF are only distantly related,

sharing 25-30% identity (3, 4). These similarities are usually
confined to restricted regions of the a-helical rod, Especially
the amino- and carboxyl-terminal ends (3, 4). Within a given
subfamily the similarities are much higher (50-70%) with the
a-helical rod exhibiting the highest degree of similarity (3, 4).
The 40-kDa type I (acidic) keratin is encoded by a single

mRNA and is the smallest human keratin (5, 7, 8). Its
expression is increased by vitamin A treatment (8-10) of
cultured human keratinocytes and it is unique in that it is the
only type I (acidic) keratin that does not have a type II
(basic) partner (6). This manuscript reports the sequence of
the human 40-kDa keratin, which reveals an unusual struc-

ture and a very high sequence identity at the DNA and amino
acid sequence level to the corresponding bovine keratin.*

MATERIALS AND METHODS
Cloning Procedures. cDNA libraries were prepared with

mRNA isolated from human keratinocytes treated with 20
nM arotinoid Ro 13-6298 for 4 days to increase the level of
40-kDa keratin mRNA (9, 10). cDNA was generated using
the RNase H procedure (11), fitted with EcoRI/Sma I
adaptors, and cloned into EcoRI-digested Agtl0 (12). A
human genomic library, kindly provided by P. Leder
(Harvard Medical School), was used to isolate genomic
clones. The libraries were screened at high stringency using
plasmid pK19-1 (9) labeled with [32P]dCTP by nick-
translation (13). pK19-1 is specific for mRNA encoding
keratin 19 (9). Sequencing was by the chemical method (14)
using rapid chemical sequencing vector pSP65CS (15) or by
the chain-extension method utilizing M13 vectors (16). The
complete sequence was determined in both directions.

RESULTS
Human 40-kDa Keratin Nucleotide and Amino Acid Se-

quence. Fig. 1 shows the complete DNA and amino acid
sequences of the human 40 kDa keratin 19 plus the first 264
bases of 5' upstream and noncoding sequence. The total
length of the mRNA is 1338 nucleotides, including 10 resi-
dues of the poly(A) tail. Assuming an actual poly(A) length
of 200 bases, the mRNA size is 1530 nucleotides. This is
similar to a previous estimate of 1585 nucleotides (9), and is
similar in size to the bovine 40-kDa keratin mRNA (18). The
coding sequence includes 1200 nucleotides and encodes 400
amino acids -corresponding to a molecular mass of 44,098.
40-kDa Keratin Protein Structure Analysis. Protein confor-

mational analysis (refs. 19 and 20; data not shown) revealed
structural features common to other intermediate filament
proteins (4, 21). These are outlined in Fig. 1. The protein is
composed of three a-helical domains, 1A, 1B, and 2, which
consist of repeats of the heptad pattern (abcdefg)" in which
a and d are hydrophobic amino acids. This heptad repeat is
charactristic of sequences able to form coiled-coil structures
(22). Domains 1A, 1B, and 2 are separated by short regions
of sequence having non-a-helical properties. The total length
of the a-helical rod domain is 315 amino acids. All interme-
diate filaments contain a sequence Thr-Tyr-Arg-Xaa-Leu-
Leu-Gln-Gly-Glx that is located at the end of coil 2 and
precedes the change from a-helical to non-a-helical se-

Abbreviation: IF, intermediate filament(s).
*The sequence reported in this paper is being deposited in the
EMBL/GenBank data base (Bolt, Beranek, and Newman Labora-
tories, Cambridge, MA, and Eur. Mol. Biol. Lab., Heidelberg)
(accession no. J03607).
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&M CGCGGACCGGGGCGGGGCACCTCTGGAGGGCAGGGGCCTCTGGTCTCTGGGAGGGGAGGGAATTGA 66
CCAATGGGGAGAGAGCCCATATTTGCTCTCAGGAGCCTGCAAATTCCTCAGGGCTCAGATATCCGCCCCTGACACCATTCCTCCCTTCCCCCCTCCACC 165
GGCCGCGGG GGCGCCAGGTGAGGGCCTCGCCGCTCCTCCCGCGAATCGCAGCTTCTGAGACCAGGGTTGCTCCGTCCGTGCTCCGCCTCGCC 264

ATG ACT TCC TAC AGC TAT CGC CAG TCG TCG GCC ACG TCG TCC TTC GGA GGC CTG GGC GGC GGC TCC GTG CGT TTT 339
N T S Y S Y R Q S S A T S S F G G L G G G S V R F 25

GGG CCG GGG GTC GCT TTT CGC GCG CCC AGC ATT CAC GGG GGC TCC GGC GGC CGC GGC GTA TCC GTG TCC TCC GCC 414
G P G V A F R A P S I H G G S G G R G V S V S S A 50

CGC TTT GTG TCC TCG TCC TCC T GGG GGC TAC GGC GGC GGC TAC GGC GGC GTC CTG ACC GCG TCC GAC GGG CTG 489
R F V S S S S S G G Y G G G Y G G V L T A S _---G---L- 75

CTG GCG GGC AAC GAG AAG CTA ACC ATG CAG AAC CTC AAC GAC CGC CTG GCC TCC TAC CTG GAC AAG GTG CGC GCC 564
-L---A---G---N---L---K---L---T---M---Q---N---L---N---D---R---L---A---S---X---L---D---K---V---R---A- 100

coil LA

CTG GAG GCG GCC AAC GGC GAG CTA GAG GTG AAG ATC CGC GAC TGG TAC CAG AAG CAG GGG CCT GGG CCC TCC CGC 639
-L---L---A---A---N---G---E---L---E---V---K---i---R---D---W Y Q K Q G P G P S R 125

spacer 1

GAC TAC AGC CAC TAC TAC ACG ACC ATC CAG GAC CTG CGG GAC AAG ATT CTT GGT GCC ACC ATT GAG AAC TCC AGG 714
D Y S H X---Y---T---T---I---Q---D---L---R---D---K---1---L---G---A---T---I---E--- N---S---R- 150

ATT GTC CTG CAG ATC GAC AAT GCC CGT CTG GCT GCA GAT GAC TTC CGA ACC AAG TTT GAG ACG GAA CAG GCT CTG 789
-I---V---L---Q D---N---A---R---L---A---A---D---D---F---R---T---K---K---E---T---T--- Q---A---L- 175

coil LB

CGC ATG AGC GTG GAG GCC GAC ATC AAC GGC CTG CGC AGG GTG CTG GAT GAG CTG ACC CTG GCC AGG ACC GAC CTG 864
-B---N---S---V---E---A---D---1---N---G---L---R---R---V---.L---D---E---L---T---L---A---R---T---D---L- 200

GAG ATG CAG ATC GAA GGC CTG AAG GAA GAG CTG GCC TAC CTG AAG AAG AAC CAT GAG GAG GAA ATC AGT ACG CTG 939
-E---N---Q---I---E---G---L---K---E---E---L---A---Y---L---K---K---N---H---E---E--- ---I---S---T---L- 225

AGG GGC CAA GTG GGA GGC CAG GTC AGT GTG GAG GTG GAT TCC GCT CCG GGC ACC GAT CTC GCC AAG ATC CTG AGT 1014
R G Q V G G Q V S V E V D S A P G T D L A---K---I---L---S- 250

spacer 2

GAC ATG CGA AGC CAA TAT GAG GTC ATG GCC GAG CAG AAC CGG AAG GAT GCT GAA GCC TGG TTC ACC AGC CGG ACT 1089
-D---K---R---S---Q---Y---E---V---X---A---E---Q--- j---R---X---D---A---E---A---W---f---T---S---R---.- 275

GAA GAA TTG AAC CGG GAG GTC GCT GGC CAC ACG GAG CAG CTC CAG ATG AGC AGG TCC GAG GTT ACT GAC CTG CGG 1164
-E---E---L---N---R---E---V---A---G---H---T---E---Q---L---Q---X---S---R---S---E---V---T---D---L---R- 300

CGC ACC CTT CAG GGT CTT GAG ATT GAG CTG CAG TCA CAG CTG AGC ATG AAA GCT GCC TTG GAA GAC ACA CTG GCA 1239
-R---T---.L---Q---G---L---E---I---E---L---Q---S---Q---L---S---X---K---A---A---L---E---D---T---L---A- 325

coil 2

GAA ACG GAG GCG CGC TTT GGA GCC CAG CTG GCG CAT ATC CAG GCG CTG ATC AGC GGT ATT GAA GCC CAG CTG GGC 1314
-E---lT---E---A---R---f---G ---A---Q- --A---H---i---Q---A---L---I---S------- ---E---A---Q---L---G- 350

GAT GTG CGA GCT GAT AGT GAG CGG CAG AAT CAG GAG TAC CAG CGG CTC ATG GAC ATC AAG TCG CGG CTG GAG CAG 1389
-D---V---R---A---D---S---E---R---Q---N---Q---E--- )L---Q---R---,L---X---D---I---.K---S---R---.L---E---Q- 375

GAG ATT GCC ACC TAC CGC AGC CTG CTC GAG GGA CAG GAA GAT CAC TAC AAC AAT TTG TCT GCC TCC AAG GTC CTC 1464
-E------A---T------R---S---L---.L---E---SG---AS===E===D===H===X===N===N===4==S===A===S===R===V===L=400

helical extension

TGA GGCAGCAGGCTCTGGGGCTTCTGCTGTCCTTTGGAGGGTGTCTTCTGGGTAGAGGGATGGGAAGGAAGGGACCCTTACCCCCGGCTCTTCTCCTG 1562

ACCTGCCAATMAMTTTATGGTCCAAGGGAAAAAAAAAA 1602

FIG. 1. Nucleotide and amino acid sequences of the 40-kDa human keratin. The nucleotide sequence is presented on the top line and was
assembled as follows: cDNA clone pK19-2 included nucleotides 480-1602, and the sequence derived from genomic clone GK19-1 covered
nucleotides 1 to the Kpn I site at nucleotide 610. Sequence from each clone was identical in the overlapping regions. The amino acids are
presented by the single letter designation. The a-helical coiled-coil-forming regions are connected by dashed lines and the hydrophobic amino
acid constituents of the heptad repeats are underlined in the rod segment and in the a-helical extension. The 13 amino acids comprising the
a-helical extension are joined by double lines. Segments of the a-helical region: coil 1A, coil 1B, coil 2, and spacers 1 and 2 are indicated. The
sequence CATAAAA corresponding to the TATA box is underlined and is in bold-face type as is AATAAA, the polyadenylylation signal and
the sequence CTTCTG found downstream of the cap site in many eukaryotic mRNAs (17). The translation termination signal is marked by an
asterisk.

quence. The 40-kDa keratin also contains this consensus keratins (Fig. 2; refs. 3, 18, 23, and 24). The human 40-kDa
(Fig. 1), but it does not possess a non-a-helical tail; in its keratin only contains two regions, amino acids 16-22 and
place is a 13-amino acid extension of coil 2, which has 59-68, that contain the glycine-rich motif, Gly-Gly-Gly-Xaa,
a-helical character. A similar extension has recently been which is found repeated in the head and tail segments of
reported for the bovine 40-kDa keratin (18). The head many other keratins (3, 23-25).
domain, encompassing amino acid residues 1-72, contains Amino Acid Sequence Comparison with Other Type I
nine basic and no acidic amino acids. It is interesting that the Keratin Polypeptides. Fig. 2 and Table 1 compare the se-
two proteins differ in size by only one amino acid; the human quence of the human 40-kDa keratin (H40) with the bovine
40-kDa protein has an extra serine residue (position 58; Fig. 40-kDa (B40), and the human 46-kDa (H46) and 50-kDa
2) in a run of five serines. The bovine keratin contains four (H50) type I keratins. Overall, H40 is 58-59% identical to
serines in this series. Serine runs are characteristic of the H46 and H50, with most of this identity in the a-helical
amino- and carboxyl-terminal non-a-helical segments of segment. H40 is strikingly less similar to H46 and H50 in the
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H4 . . . . . . . . . . . . . . . . . . .. . . ..... . . ....... tSVPIktSB

B14O... . . . . . Y SPGGGMGGBVNMtGAX BtiX GRGOSVBVARnBB
H146 MTTCSRQFTSSSSMKGSCGIGGGIGAGSSRISSVLAGASCPASTYGGASVSSRFSSGGACGLGLGGYGGGFSSSSSFGSGFGGGYGGGLGA
H50 MTTCSROFTSSSSMKGSCGIGGGIGAGSSRISSVLAGGSCRAPNTYGGGLSVSSSRFSSGGAYGLGGGYGGGFSSSSSSFGSGFGGGYGG

coil 1A spacer 1...~~~~~~~~~~~. *.*.... *....
5 6 BSGGS GVTSO 3D4 t9I:9U}$RL YLXVALAA E 1!:t DW;]I(Po tS. D!M3 n YT1 £QIDRDXXLGAT
56
91
91

146
145
181
181

SB . 4tGGXiC§VABXfAUDflLTQJE fEKYRALBhEA XE R YK2PFPARDYSHYFKTIEDLRDQILGAT
GFGGGLGAGFGGGFAGGDGLLVGSREVThQNLWIDALYLDXVX&LEANADLBVKXRDVQRQRPSE IKDYSPYFK(TfEDLXNKIIAAT
GLGAGLGGGFGGGFAGGDGLLVOSXKXVThIQNL XLABYLDZVXLBEANADLEVKICXM RQRPAEIKDYBPYFKTEDL1NRILTA?

coil 1B

......... .* ... .. .**

IENBRIVLQIDNAXLAA 2 LIR'flfE 2 QALAK VRAE 2 N LMt 901LLADBMIG RlLA-Y KZV1ER148VLKGQYGGQVBVIEZNAHALLQIDNARLAJL F2L VXlYTGR FFAE NPL t LD! L?~lL XQIEOLZXLAY XEEMBLALGQTGG[YVNVVENAHALLOWNARLAADDflRTflYRtENLRQTVEADINiGLRRYLDRLhEIELKRRLAYLRXMMEEMNALROOVGODV
VDNANVLL wtNAL -PTXR LNLRMVZA1XNGSIARLELLRD> lEQ t, S. BILAYLX 3 EMN.ALkvGV NV

spacer 2

236
235
271
271

326
325
361
361

coil 2

..... ........ ..... ...................................EWBAPGTDlInnnnRanYEIM KDkMnnRTI nrLAAxfL Qw aSMDLfTloGLaLBQSamALEn
EVDAAOID~aZXaBMlSQYVIABKMkDABAVIBQflX~LMflVARflQLQIBKTEWTDLfRlflGLRXLQBQLSXKAALEGThA

EMDAAPOVDLSRXLNEXRDQYBQMXKNRDAETVPUIAKThtLNKBVASNSELVQSBRSEELMRVLQGLBXELQSQLBSKASLENSLE
BEIDAAPOVDLSRILNEXRDQYEKNABKNRJMABEWPFTKTflXLNPVATNSELVQSGKBEISELRRTMQNLIE:LQ4SQLBNXASLENSLE

coil 2 HE

BlffAXt AQL&HIQALXBGIXA*LGDThASRRQNQXY SR.IXSLERQRZSATYRSLLEOQEDEYBNLBSAKVL*.. . . . . .

EXAXGAQLAQIQALIBSZAQLSDVXDTf QH lDIXTRLRQXIAXTRNLBGQDAYFNDLBIAKAL*.. . . . -
ETKGRtYCMQLSQIQGIGSVIEQLAQLRCEMRQQSQY.QI.LDV.TRL.QX.I RRLLGEDAMLSQQASGQSYSSREVFTSSSSSSA
14KGRYCMQLAQIQEMIGSVREQLAQLRCEMBQQNQXYKILLDVTXTLEQtXATYRRLLOGEDAHLSSSQF SGSQSSRDVTSSSRQIRT

451 VRPGPSSEQSSSSFSQGQSS* -

451 KVMDVHDGKVVSTHEQVLRTKN*

FIG. 2. Amino acid sequence identity comparison of the human 40-kDa keratin with other type I keratins. The amino acid sequences of the
human 40- (keratin 19), bovine 40- (keratin 19), human 46- (keratin 17), and human 50- (keratin 14) kDa keratins were aligned for maximal identity.
Amino acids are identified by the single-letter code. The a-helical rod includes coil 1A, spacer 1, coil 1B, spacer 2, and coil 2. Hydrophobic amino
acids comprising the heptad repeats are marked by asterisks and the extent of the heptads are shown by a dotted line connecting the asterisks.
HE, marked by double lines overlying the sequence, designates the 13-amino acid a-helical extension, which replaces the non-a-helical tail in H40
and B40. In H46 and H50, the non-a-helical tail begins with the sequence DAHLSS, etc. The sequence in front of the rod region is the head
segment (all keratins). Amino acid positions that are identical to the 40-kDa keratin are indicated by shading. Dotted lines indicate spaces inserted
to align the sequences. Notice that the space inserted into the B40 sequence at position 58 accounts for the extra serine in the H40 sequence. The
asterisk at the end of each sequence is the translation stop. The sequence information for B40, H46, and H50 is taken from refs. 18, 23, and 24,
respectively. The underlined sequences in the head segments are similar to sequences conserved in other keratins.

head region (Table 1). H46 and H50 are more similar to one
another than to H40, but the head and tail segments are
significantly less similar than the rod segment. H40 and B40
are the most similar; the complete sequence is 89% identical,
the coiled-coil a-helical domains are 89% identical, and the
head segments are 88% identical. Partial sequence informa-
tion for the mouse and human 67-kDa keratins is available
for a second cross-species comparison (25, 26). H67 and M67
are 69%o identical overall. The coil segments are 80%o iden-
tical, the tail segments are 50% identical, and the available
head segment sequences are 64% identical. H40 and B40 are,
therefore, very similar compared to other keratin pairs. In
contrast to all other keratin pairs, the identity is not confined
to the coil segments but extends the entire length of the
protein.
DNA Sequence Comparison of Human and Bovine 40-kDa

Keratin mRNA. In Fig. 3 the mRNA sequence of H40 and
B40 are aligned. Analysis indicates that the two sequences
are overall 83% identical, the 5'-noncoding/upstream re-
gions are 61% identical, and the 3'-noncoding regions are
7Q% identical. The coding regions are 90%o identical. This is
unusually high similarity when compared to other keratin
pairs. For example, the human 46- (keratin 17) and 50-
(keratin 14) kDa keratins are 85% identical in the coding
region and not significantly similar in the 5' and 3' regions
(not shown) unless gaps are inserted to align the sequences
(23). A cross-species comparison of the human and mouse

Table 1. Amino acid sequence identities among type I keratins

Comparison Region*
H40 and B40 Total (1-401)

Head (1-73)
Coil (73-401)
Tail

H40 and H46t Total (1-401)
Head (1-73)
Coil (73-401)
Tail

H40 and H5Ot Total (1-401)
Head (1-73)
Coil (73-401)
Tail

H46 and H50t Total (1-471)
Head (1-107)
Coil (108-412)
Tail (412-471)

% identity
89
88
89

59
28
69

58
30
69

77
66
87
46

*Indicates the amino acid residues from the H40 or H46 keratin
sequences selected for use in scanning the B40, H46, and H50
keratin sequences. The amino acid numbers correspond to those in
Fig. 2. H40 cannot be compared to H46 and H50 in the tail region,
since H40 lacks the non-a-helical tail segment. No gaps were
inserted into the sequence to improve fit.
tSequence of H46 and H50 are from Raychaudhury et al. (23) and
Marchuk et al. (24), respectively. The sequence of B40 is from
Bader et al. (18).
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H4o CGCOGACCOOGGGOGGOACCTCTGGAGGGCAG400CCTCTGBTCTCTGGGAGGGGAGGGOMTTGA
GTO9C9AGA 90CAGGAOCCOTTGGCCCCOOTGAGO99AGAGGA9GAAGCTOAGCCCOCAAGAACTOA

CCAATGOGWAGAGAGCCCATAT2IOCTOCABBkGAOOC2CAAA20TOAOCTCAOG=kATATOCGOCCC1ACACCATTCCTCCCTTCOOOCCTCACC
CMAATBGoQAOAocoC90TTATwtGAATCAOOAGOOTGCAATI AGGOCocTAATAGTOCGTCT ACAOCGTCOCCTCTCOCCCCO CGCCO
GCOOAGG9O9CATAGOOOGT CGCO CTOT GGCGAATCGCAGTTCTOAOAGATCAGOGTTOCGTCCGTOGTOCTCTCTCTCO C
Co=.4*Z=auuWX*" tMb >¢ USGCC ACTCC¢TCTGCGGACGGACCGCAOCCABCTCCOACCOG$GCCGMCTCTCC~T@CrXCe

9ACT TOO TO AGO TAT 090 CAG TO TOG 0 AG TO TOO Tt OGA 090 0T1 000 000 owC TOO 029 COT TT
At ACT TOO TAc AGO TAT 00 CTAOG TOC TOO Acc TOO TOOTO 90 G OT ATOQ990 99 90 TOO AT. OC00TC

999 C COG GTO OC Ttt COO 900C00 AGO AXT CAC 909 990 TOC 0 C990 000 900 TA T 01 TOO TOO 90
999 GCT OmA900 C TIC 0 99 000I AGO ATC OAT 9 990IA GT 99 090 9 91 TG 919 10 TOO C0

090 TT 92 TOO TOO T O TOG O90 00 TAO ''G0990 TA 0C 00f0 T 0C2 AOO GOG TOO AO
090TIC GIG*T-O-Q( 999 990 TAO 990990990 TAT 990 990 900 019 GOO ACC TOO GAO 999 019

C wl. Q.. ".. TA". T. M. GBtBRQO
01990 90 MO GAG MOW CIARC A29 CAB MO 00 MOQ GAO 9 2 ABO TOO TAO 1 A O99CC 900

099990M GAG MG 01 AC AG C M 10M AO 090 019 900 TOO TA 01 GAGM 910090
019 GAG 900 CM. MCI990A GA OTA GAG 929 ARC ATO 090 GAO T99 TAOCAO.A.A CAG 999 OCTG 09 COO TO 0

01 AO A 0 MO¢ 990 GAO I GAG 919 B ATOX090 GAO 199 TA 0A9M CAG 99 00 9900GO 9
GAOTAO AO=CTOTOA0AOAOCBGO0900GORGAOT0100AOAGGM TOOAG
AIR910 019 CAG ~ATO GA CT0 091 019 901 9T0A GA GAO ITO 90 OAA00M TIT GAG coGRO M TGW = ¢s WN ZB M~~~Q 'GT Zam^

090 R .GA 91AGAG 900WGAOATO MO 990 01901 BOA9 O GA1C9
090 ATo AT 9OMGG O GAO ,'ATO MT. 990 019 090C". 099Q11 A 1 0 1 0 G O A 1W

N ^~~~~~~~~C co .C AAQ AT -T Ot OW ^ GO~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~A C "S "C a ZAWT Mt an A-- M AAQ

66

165

264

339

414

489

564

639

714

789

864

GAG AT CAG ATc OAR 00 1 MG Gm
GA AN9 CAQ AlT OAR 990 019 MG G

RAGO 9m OG9A9 GOT 090 CAQO910 AT

GAO A9 OCR AZ0 CM TAT GAG 90 AOv~~~~~~~~~.GAO A19 AGA AGO C TAT GAG9AAGMOC¶7 oooGO 1 O

GAG ORG 019. MO AGO GA 1 919

09 00 CI CAB CC? OTT GA AT GAB
090R0 0.10 CAG O.101GATGA"QIT OQAG

GM ANG BAG000S 090tIT GOR 90 CAB
GM AcGSGA GOT 000 TIC 99A 900 OAO

OT 929 OC GM OAT AGT
GC 919 OC 0 GAC ACC

GAG AT?00 AX no 090
GAG AT.? 000 Act TAO tOOan AXCC A

*Q... 00'AGCAGOCTCI
f GTCTGGCOGC0TCT9GCT

OGA 00 CAG
GAO 099 CAG

AGOd029 0TC
AAC 01 0TG

G 90 TAO 019 MG MG MO CAT GABA ACTO 09C 939
GAG:019900TAO019MGAM CO AC GAQ A GMATG AC GTG 0

A 9 OAT 'CWTO 'M 99 T 0BCO MG ATO 1014
99G 919 GTT 001AW09 AT. GOC OTA 000 MG ATO.019 AWl

90C GA CAG MO 9M T "GIT AOO AGO ACT 1089
GOT O M AAM GA? 9 GG 900 TGOiTAT AGO OAG ACO

CAC ACO GAG CR9 020 CAG ATO A9Q R TOC GAB OTT ACT GAO 0. COG 1164
CAO AOc CM 019 CAG ATO AGORAG GA 1C0 AOC GA 01 09

019 CBC TOA CAB 020 A00 A"1 AM GOT OO TTGBAR AOR 2 0A 1239
019AG TOT CR9 010 A90 A19 AM0090 1 G 0 ACA 01 0

029 9A0 CAT ATOC-AB 00 02 ATOAGCO"C ATT CAR0"00i CA 0 GGO 131401A99TR ATO CAG 909 010 ATO ROT OCt RIO OAR 9000 CA GO9cS~~~~~~~~~~~~~~ AW MX "SArCOMB ^

ART CAG GAB TAO CAG CGG C10 AI GAO ATO MB TOG 00 CI GAQ CAG 1389
MAC CAO GA TA C ACA0AM G ATO MGRA ACC AGC

CAB GOA CAB CAA OAT CAC TAO AMO AMT M TCT GC0 TOC MB 91 C0 1464
AQ090 T OCC TAO I GAC01 O 0 G M 9 010

tGGGGC?Ic rAGGGT CTT AtO GA CC.ABA..C..A.c
rrCCCGo?020029 * CA9AA9GARATTCTCVTO tABA99CATOGAGBGG99AOOTAOCflTOCTM

TCTO2A...mA TCCAAGGGAAAAAAAA
COCCGA CCSQCAkUMM ATOCOAAAGGAAAA"A

1602

FIG. 3. Nucleotide sequence comparison of the human and bovine 40-kDa keratins. The DNA sequence of the human (H40) and bovine
(B40) 40-kDa keratins are aligned for optimal identity. The TATA box sequence is underlined, as is the polyadenylylation signal. The stretch
of adenylate residues at the end of each sequence is the poly(A) tail. Identity is indicated by shading. Gaps inserted into the sequence to improve
identity are indicated by dotted lines and a gap inserted into the bovine sequence to account for the extra serine in the human sequence is
indicated by three dots. The nucleotide position of the human sequence is indicated on the right side.

67-kDa keratins (26), H67 and M67, reveals that the DNA
sequences encoding the rod segments are 79% identical, the
tail segments are 49% identical, and the noncoding se-
quences are -35% identical (data not shown). Thus, even
without extensive gapping to align the sequences, H40 and
B40 are extremely similar relative to other keratin compar-
isons.
DNA Sequence Similarity in the 5' Regulatory Regions.

Sequence similarity in the 5'-noncoding and regulatory re-

gions of H40 and B40 is shown in Fig. 3. Several stretches
containing blocks of 9-30 bases are identical, and in a
140-nucleotide stretch (bases 60-200) the identity is 82%.
These include a region of strong identity surrounding the
"TATA" box sequence (underlined) and a stretch of nucle-
otides from base 60 to base 130.

DISCUSSION

Amino acid sequence similarity among members of each
keratin subfamily (type I acidic; type II neutral-basic) var-
ies; generally the a-helical rod regions are 50-70% identical
and the head and tail regions are much less similar (Table 1;
refs. 4 and 25). Higher sequence identity has been described
for sequences encoding two human keratins of 46 (keratin
17) and 50 (keratin 14) kDa (23). The coding regions of these
two human keratin genes are 85% identical, but similarity in
the 3'-noncoding sequence is low. This high degree of
similarity is perhaps not surprising, since these genes are
both human and are of similar size. In addition, in a partial
sequence comparison of the bovine and human 50-kDa
keratins (27), a stretch of 90 amino acids encompassing the
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last 43 amino acids of the coil 2 segment and 50 amino acids
of the non-a-helical tail segment of the bovine (keratin VII)
and human (keratin 14) 50-kDa keratins were identical with
only two exceptions (27).
The data presented herein represent a full-length compar-

ison of corresponding keratins from different species. The
sequence comparison of the human and bovine 40-kDa DNA
sequences indicates very high similarity even when the se-
quences are minimally gapped (Fig. 3). The overall DNA
sequence identity is 83%. A comparison of the amino acid
sequence shows that the head and coil segments, as well as
the total sequence, are nearly 90%o identical (Table 1; Fig. 2).
Thus, H40 and B40 appear to be the most highly conserved
intermediate filament pair known. Moreover, the pattern of
identity is strikingly different from all other known keratin
comparisons in that the non-coil segments are as similar as
the coiled segments.

Like B40 (18), H40 is unique in that the non-a-helical tail
present in other keratins is replaced by a 13-amino acid
a-helical extension. The heptad repeat structure within the
extension is in phase with the heptads in coil 2 (Figs. 1 and
2). It therefore appears unlikely that this fragment could
have replaced a non-a-helical segment from an ancestral
keratin. In fact, the ancestral a-helical sequence may have
extended much further. It appears more likely that the
40-kDa is the oldest keratin and that the non-a-helical tail
present in all other keratins replaced the a-helical extension
prior to generation of other members of the keratin family.
The high degree of cross-species conservation in the head

domain, which is not highly conserved between other kera-
tins, is striking and suggests that the conservation is main-
tained for important functional reasons. Because it is the
only unpaired type I keratin (6), the 40-kDa keratin may be
a scavenger of type II keratins serving to correct a type
I/type II keratin imbalance. This would have obvious ad-
vantages for the cell, since it would prevent the appearance
of short nonfilamentous structures observed when only one
keratin type is present (28, 29). This might be especially
important during a change in differentiated status of the
cells, such as that promoted by vitamin A (10). A second
possible role for this keratin is that of forming filament
structures that differ from all others. Although the bovine
40-kDa keratin assembles filaments with appropriate type II
partners (18, 28), these filaments may differ in ways that
have not yet been detected. These "different" filaments may
be important in maintenance of IF structures appropriate to
proliferating and/or simple epithelial cells. Because the
40-kDa keratin lacks the carboxyl-terminal tail and because
the a-helical extension is short, this end of the molecule is
likely to participate in filament formation and/or interact
with other cellular structures in a very different way com-
pared to other keratins and to potentially produce alterations
in cell morphology and function. This possibility is consist-
ent with the observation that proliferating undifferentiated
epidermal cells, in general, produce a large amount of
40-kDa keratin and when the cells differentiate, less of it and
more of other type I (and type II) partners is made.

If high overall conservation is a general property of
corresponding keratins from different species, it argues that
each distinct keratin is conserved for a highly specific,
perhaps subtly different, function. This would help to ex-
plain the wide diversity in the pattern of expression, size (5,
6), and filament assembly properties (28, 29) of keratins.

The high degree of conservation in the 40-kDa keratin
gene 5'- and 3'-noncoding DNA sequence suggests that
these sequences are functionally important and that expres-
sion of the genes may be regulated in a similar manner in
both species.
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