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SUMMARY

Keratins are the major structural proteins of the  explore the diversity in mutations within milder cases of
epidermis. Analyzing keratin gene sequences, appreciating these diseases, we have focused on Weber-Cockayne EBS,
the switch in keratin gene expression that takes place as where mild blistering occurs primarily on the hands and
epidermal cells commit to terminally differentiate, and elu-  feet in response to mechanical stress. In this report, we
cidating how keratins assemble into 10 nm filaments, have show that affected members of two different W-C EBS
provided the foundation that has led to the discoveries of families have point mutations within 1 residue of each other
the genetic bases of two major classes of human skin in the non-helical linker segment of the K5 polypeptide.
diseases, epidermolysis bullosa simplex (EBS) and epider- Genetic linkage analyses, the absence of this mutation in
molytic hyperkeratosis (EH). These diseases involve point >150 wild-type alleles and filament assembly studies
mutations in either the basal epidermal keratin pair, K5  suggest that these mutations are responsible for the W-C
and K14 (EBS), or the suprabasal pair, K1 and K10 (EH). EBS phenotype. These findings provide the best evidence
In severe cases of EBS and EH, mutations are found in the to date that the non-helical linker region in the middle of
highly conserved ends of the-helical rod domain, regions the keratin polypeptides plays a subtle but significant role
that, by random mutagenesis, had already been found to in intermediate filament structure and/or intermediate
be important for 10 nm filament assembly. In order to filament cytoskeletal architecture.

identify regions of the keratin polypeptides that might be

more subtly involved in 10 nm filament assembly and to Key words: genetic skin disease, keratin, intermediate filament

INTRODUCTION The typifying feature of a cytoskeletal IF polypeptide is a
central 310 amino acid-helix, referred to as the rod domain.
At the interface between the traumas of the environment anh IF rod contains heptad repeats of hydrophobic residues that
the body, the epidermis serves a protective function, which &nable intertwining of a second IF protein along this hydropho-
manifests by an extensive cytoskeletal architecture of 10 nisic seal, thereby forming a coiled-coil dimer, which is the basic
intermediate filaments (IFs) of type | and type Il keratinslF subunit. Interspersed by three short non-helical linker
(reviewed by Albers and Fuchs, 1992). As basal epidermakgions (L1, L1-2 and L2), the rod is subdivided into four
cells cease to divide and move towards the skin surface, theggments, referred to as helix 1A, 1B, 2A and 2B. Type | and
switch from expressing K5 (type Il) and K14 (type 1) to a newtype Il keratin rod domains form parallel, unstaggered, coiled-
keratin pair, K1 (type Il) and K10 (type 1) (Fuchs and Greencoil heterodimers, which in IF assembly then align, in an anti-
1980; Roop et al., 1987). This switch is accompanied by aparallel manner, in a complex hierarchy of lateral and end-to-
increase in filament bundling that may enhance the ability cdnd associations. Recent chemical crosslinking studies and
keratins to survive the ensuing destructive phase of termingbmputer modeling suggest that IF assembly involves both
differentiation. staggered (amino end overlap) and unstaggered interactions
Each IF is composed of ~20,000-30,000 polypeptides thabetween dimers (Geisler et al., 1992; Steinert et al., 1993). In
in vitro, assemble into complex 10 nm structures in the absenegldition, models of end-to-end interactions between dimers
of any apparent auxiliary proteins or factors (reviewed bynvoke a small overlap between the amino-terminal ends of the
Conway and Parry, 1988; Albers and Fuchs, 1992). ApproxitA helices of one dimer and the carboxy-terminal ends of the
mately 32 polypeptides constitute the diameter of an IF, angB helices of another (Steinert et al., 1993). This configuration
approximately 500-1,000 polypeptides linked end-to-end arprovides an explanation for the importance of these segments,
needed to give rise to a 20-gén length. first recognized from their high degree of sequence conserva-



766 Y.-m. Chan and others

tion and from molecular mutagenesis studies (Albers anthembers of two unrelated mild (Weber-Cockayne, W-C) EBS
Fuchs, 1987, 1989; Raats et al.,, 1990, 1991; Wong arfdmilies have the point mutation, 1161:S, in the head domain
Cleveland, 1990; Gill et al., 1990; Lu and Lane, 1990; Hatzfeldf K5 (Chan et al., 1993). Intriguingly, these mutations reside
and Weber, 1991a; Letai et al., 1992). in a portion of the head domain that is not only conserved
The IF rod is flanked by non-helical head (amino) and taiamong type Il keratins, but is also important for filament
(carboxy) segments that are variable in size and in sequen@ssembly (Wilson et al., 1992; Chipev et al., 1992).
Given the diversity of head and tail sequences and their pro- Exploring the mild forms of EBS and EH has begun to
trusion on the IF surface, these domains likely impart speciaprovide valuable insights into mutations that can have subtle
ized functions to IFs, a postulate supported by molecular mutaffects on 10 nm filament assembly. It is remarkable that the
genesis studies (Coulombe et al., 1990; Lu and Lane, 199@utations are clustered in the three mild cases of EBS and EH
Hatzfeld and Weber, 1990b; Bader et al., 1991; Wilson et alstudied thus far. To determine whether there are mutations in
1992). other regions of the keratin polypeptides that might contribute
Recently, transgenic mice were engineered to expre$e mild forms of these diseases, we explored the genetic basis
epidermal keratin mutants that perturb 10 nm filamenof two additional incidences of W-C EBS. In this report, we
assembly in a dominant negative fashion (Vassar et al., 1994ttribute the genetic basis of EBS in these families to either of
Coulombe et al., 1991a; Fuchs et al., 1992). These mice exhilwto K5 point mutations separated by a single amino acid and
skin blistering upon mild physical trauma. In the most severéocated within the non-helical linker segment (L1-2) separat-
cases, tonofilament clumping and cell degeneration occur ing helices 1 and 2. We provide functional studies to show that
either basal or suprabasal cells, depending upon whether a Kthese mutations are likely to be responsible for the subtle per-
or a K10 mutant gene is expressed. These features are thebations on keratin filament networks that exist within
hallmarks of severe forms of the autosomal dominant diseasaffected members of these families. When combined with other
epidermolysis bullosa simplex (EBS; a basal cell disorder) angkcent reports, this study reveals a hitherto unappreciated, but
epidermolytic hyperkeratosis (EH; a suprabasal cell disorderjnarked importance of a segment of the L1-2 linker in IF
The degree of blistering and filament disorganization is atructure.
function of the level of transgene product and the degree to
which a mutation perturbs filament assembly (Coulombe et al.,
1991a). MATERIALS AND METHODS
Recent studies using improved markers have shown that the
genetic defects of several families with moderate to mild form8iopsies and blood samples
of EBS map to human chromosomes 17 or 12 (Bonifas et alQne clinically affected member of each family donated skin biopsies
1991; Ryynanen et al., 1991; McKenna et al., 1992; Chan &r culturing keratinocytes and for ultrastructural studies. Blood
al., 1993), at locations corresponding to the loci for type | angamples (15-20 ml) were taken for isolation of genomic DNA.
type Il keratin gene clusters, respectively (Rosenberg et al
1988, 1991; Lessin et al., 1988). Unequivocal evidence th : _ ) .
human EBS arises from genetic defects in K5 and K14 ca ucleotide primers were selected for polymerase chain reaction

f ina th | df tients. Thus f CR) amplification of DNAs encompassing polymorphic sites at or
rom sequencing these genes cloned from pauents. US Tdaar the keratin clusters of chromosomes 17 and 12. PCRs were

ten severe (Dowling-Meara, D-M) EBS cases have been shovya formed on genomic DNA isolated from blood of family members.
to contain point substitutions in either their K5 or K14 genespNAs were then resolved by gel electrophoresis, as described (Weis-
In our first study of D-M EBS, we found a K14 R125:C pointsenbach et al., 1992). Primers: D17S800 (AMF200zf4), GGTCT-
mutation in one case and a K14 R125:H mutation in anoth&@ATCCATCAGGTTTT and ATAGACTGTGTACTGGGCATTGA
(Coulombe et al., 1991b). Seven additional D-M EBS case@Veissenbach et al., 1992); K1, ATAACTGAGCTTCCTCTTGC and
with the R1-25:C/H mutation have now been identified (Fuch§GATCCCCGGCCTCCTATGG; 1G12A/CA, ACTTCAGGAGGT-

and Coulombe, 1992; Stephens et al., 1993). Affected membefQAGAATGAATCC and CCTGGCTACTATGTTGGACAGC;

. ) : ACATGACCACA. DNA probe/enzyme systems used were:
(Lane et al., 1992). It is noteworthy that the D-M mutations ar WV214Hinfl (locus COL2A1: Weaver et al, 1989),

in the_hlghly_(_:onserved rod ends of K5 and K14, i.e. regionscyvseHinfl (locus D17S74: Nakamura et al., 1988a):
especially critical for IF assembly (Letai et al., 1992; Steinerbcerp3aisp (locus D12S14; Nakamura et al., 1988b).
et al., 1993). Point mutations have also been found in theserNAs from cultured keratinocytes were primed with random
domains of the K1 and K10 genes in EH (Cheng et al., 1992examers and reverse transcribed into ¢cDNA (Coulombe et al.,
Rothnagel et al., 1992). 1991b). In some cases, genomic DNAs from blood were used, in
In contrast to D-M, two moderate (Koebner, K) EBS case®hich case, exon-specific K5 primers were used. All reactions were
have proline mutations that map within thehelical rods of amplified by PCR and sequenced, using biotinylated primers and
K14 or K5’ but outside the conserved ends (Bonlfas et a|SO|Id-phase DNA SequenCIng, or CircumVent (NeW England Blolabs,
1991; Dong et al., 1993). It is notable that a genetically eng Beverly, MA). K5 primers were chosen_ from the published sequence
neered proline within a few residues of these naturall Lersch et al.,, 1989). PCR/sequencing were always repeated in

. . . ) . uplicate to verify that putative mutations did not arise from poly-
occurring ones is not as disruptive to IF formation as MOrE orase artifacts

subtle mutations within the rod ends (Letai et al., 1993). After confirming the presence of a mutation in the cDNA, the entire
So far, the mildest cases of EBS and EH have keratin gemngy domain region of K5 was amplified as a 1276 bp fragment using
mutations that map outside tiehelical rod. A family with  primer set K5-81B (sense: TTCAGGAACCGGTTTGG) and K5
mild EH has a 160L:P point mutation in the head domain o¥Ill-3' (antisense: AGATGTTGACTGGTCCA). The fragment was
K1 (Compton et al., 1992; Chipev et al., 1992), and affectedubcloned into pCRII plasmid vector (TA Cloning System, Invitro-

hromosome mapping and DNA sequence analysis
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gen, San Diego, CA) according to the manufacturer’'s specificationsnits (Amicon; W. R. Grace & Co., Boston, MA). K5 and K14 or cor-
Upon screening, clones were isolated and sequenced using standegsponding mutants were mixed in a 1:1.05 ratio (K5:K14) and

dideoxy sequencing procedures. purified as a heteromeric complex by FPLC. All buffers contained 10
) ) mM B-mercaptoethanol and were at pH 7.5. Complexes were equili-
PASA analysis of the N:K mutation brated by dialysis against the following buffers: (1) 9.5 M urea, 10

To detect the K5 N:K mutation, PCR amplification of specific allelesnM Tris-HCI (10 hours, RT); (2) 4 M urea, 10 mM Tris-HCI (12
(PASA) was used with the following primers: wild-type, sense-stranchours, RT); (3) 1 M urea, 10 mM Tris-HCI (2 hours, 4°C); (4) 5 mM
primer (WT+), CAAGCGTACCACTGCTG; wild-type, antisense- Tris-HCI buffer (2 hours, 4°C), twice. Filaments were negatively
strand primer (W¥), CAGGTCCAGGTTGCGGTIG (G is stained (1.25% uranyl acetate) and examined by EM (Coulombe et
wild type); mutant antisense-strand primer (Mut CAGG al., 1990).

TCCAGGTTGCGGTTT(T is in one allele of affected family 34 For quantitation, random series of micrograph negatives from each

members). experimental condition were examined under a Nippon Kogaku shad-
o ) ] owgraph. Filament widths were measured from 20 randomly selected

FPLC purification of keratins, filament assembly and filaments. Quantitative analyses were made using the Macintosh

quantitation StatView program. The variation in filament width among a given

Bacterially expressed keratins were isolated from inclusion bodies ammbpulation was indicated by the coefficient of variance. Lengths were
purified by a Mono-Q anion exchange column (Coulombe et alestimated by determining the total length of filaments in a given
1990). Keratins were concentrated by filtration through Centricon-1@nicrograph and dividing by>X2the number of free ends.

Fig. 1. Histology and ultrastructure of W-C EBS. (A) Semi-thin section of epidermis from W-C EBS 33.12. Note isolated cytolyzed cell in
basal layer (arrowhead). (B) Ultrastructure of basal cell from 33.12 skin. Note cytolysis (asterisk), found in isolatetisbasaigcthe
basement membrane (BM). (C) Ultrastructure of a control basal layer. (D) Thick keratin filament bundle from 33.12 baj#®iseliefied

and atypically short keratin filaments from 33.12 basal cell. (F) Classical keratin cytoskeleton in a portion of a contesl. béat@: upon
review of many micrographs, differences shown were representative, but not found in all micrographs. Bars(A8.2.5um (B), 1.8um

(C), 0.3um (D), 0.5um (E) and 0.5um (F). N, nucleus; BL, basal layer; SP, spinous layer; SC, stratum corneum; GR, granular layer;

KF, keratin filaments; HD, hemidesmosomes; Mi, mitochondria, BM, basement membrane.
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Linkage analyses A methionine to threonine point mutation within the

Linkage analyses were performed using the MLINK program of thd-1-2 linker segment of the K5 rod domain

Linkage Analysis Package Il, version 5.10 (Dr J. Ott, Columbia UniSince all of the mild cases of EBS and EH thus far examined

versity, NY, NY). have mutations within the head domain of the type Il keratin
polypeptide, we first searched this region of K5 for a mutation.
However, sequences corresponding to the K5 head domain that

RESULTS had been amplified from keratinocyte mMRNAs of EBS 33.12

. . . and 34.1 showed no mutations.

Diagnosis of EBS families _ _ We next amplified and sequenced remaining regions of

W-C EBS patients of two families used for this study exhibited33.12 K5 mRNAs. A single point substitution at nucleotide 980

mild blistering of palmar and plantar skin. Light microscopy(A of the first ATG = 1; Lersch et al., 1989) distinguished one

revealed typical signs of basal cell degeneration (arrowhead Kg allele from wild-type (Fig. 3A). The transition caused a

Fig. 1A; reviewed by Anton-Lamprecht, 1983), while methionine (ATG) to threonine (ACG) mutation at codon 327

suprabasal layers displayed no major abnormalities. Ultran the L1-2 linker segment. Both A and G occurred in the

structural analyses uncovered additional traits of EBS (Flg 1B:,equencing ladder of the non_coding strand (T and C in the

compare with normal basal cell in 1C). Approximately 10-20%coding strand). In contrast, the control sequence from wild-

of basal epidermal cells displayed mild perturbationstype keratinocyte mRNA showed only an A at this position

including: (a) signs of vacuolization or cytolysis, often (Fig. 3B). When subcloned, some cDNAs contained only the

adjacent to the nucleus (asterisk in frame B); (b) an overashutant G (Fig. 3C), while others contained the wild-type A

increase in lateral bundling of tonofilaments in some cel[Fig. 3D). This confirmed the existence of both mutant and

regions (frame D, W-C EBS 3R®); (c) disorientation of a dis-

proportionate humber of short filaments in other cell region~

(frame E); and (d) a sometimes peculiar concentration of mitc EBS #33 EBS #34

chondria around the nucleus (not shown). However, in contra

to more severe (D-M) EBS, basal keratin was filamentous ar

3 | 1 I 8
not clumped in amorphous aggregates. Moreover, althoug
classical wild-type keratin networks (frame F) were relatively ih éiéiihﬁﬁi
4 5 6 7 1 8 9 2 3 2 4 5 6 7 10
10

rare in W-C EBS skin, some W-C EBS keratin cytoskeleton
were difficult to distinguish from wild-type.

Linkage analyses of W-C EBS families 33 and 34
The two families used for our study (see Fig. 2) were suffi

ciently large to provide strong linkage data (Table 1). The WC-EBS33
AFM200zf4 marker at the D17S800 locus, near the K14 gen

12 11

Ind K1 1G12A/CA 262B3/CA D17S800 K5/Ncol COL2A1 D17574

on chromosome 17 (17912-9g21; Rosenberg et al., 1988), h [33.1 [272 2/4 373 /3 172 /1 272
six allelic variations (Weissenbach et al., 1992). Elec |32 |22 2/ S e o 23
trophoretic separation of genomic PCR fragments encompas |33.4 |2/2  3/4 3/3  a/4 1/2 1/1 2/3
ing this polymorphic site revealed that no single D17S80((33% |22 32 v o e s
allele cosegregated with the EBS disease in families 33 and :|33.7 [2/2  2/4 3/3 as4 1/2 1/1 2/2
(Fig. 2). Similarly, pCMM86 at the D17S74 locus has four |35 [372 373 uyoas o o oz
allelic variations (Nakamura et al., 1988a), none of whict|33.10]2/2  2/3 3/4  3/4 1/1 1/2 1/3
cosegregated with the disease. With the AFM200zf4 marke |33 33|52 2/ NS s o~ 2z
the lod score &#=0.01 was-4.21 for both families. With the

pCMM86 marker, the lod score @&t0.01 was-4.21 and-2.08 HC-EBS34

for EBS 34 and 33, respectively. These data indicate that tt

Ind K1l 1G1l2A/CA 262B3/CA D175800 K5/PASA D12S14 COL2A1l D17S574

genetic defects for these two families do not reside on chr( g rTm—57 Ry R AR VERREVY
mosome 17. Ba.2 (272 273 1/4 2/4 172 172 1/1 1/2
To assess whether EBS in families 33 and 34 is linked tf: 22 33 A A SN
12g12-g14, where the K5 gene resides (Rosenberg et eps.s (272 3/3 /3 2/4 11 2/2 111 1/2
. . PB4.6 |2/2 2/3 1/4 1/2 1/2 1/2 i/1 3/4
1991), we used three polymorphic markers. pEFD-33.2 ¢, 5, |22 273 174 2 2 vz 1t 24
locus D12S14, has four allelic variations (Nakamura et al. pa-e (172 ;;; ifi 2;5 lg g;g ;;g g;g
. . . . . 1 1
1988). Allele 1 cosegregated with the EBS disease in famil

34, with a lod score @=0.00 of 1.51 (Table 1). 1G12A/CA _ N

and 262B3/CA each have five allelic variations and were dicFi9- 2. Pedigrees of W-C EBS families 33 and 34 and chromosomal
covered in a cosmid that maps to 12q13 and that containsSedregation of seven polymorphic loci. Patient numbers were
keratin-like sequence. Both markers revealed a chromosonass'gned to members for which blood was obtained (skin biopsies

: . . . ... and blood from 33.12 and 34.1). Closed symbols, members clinically
12 allele cosegregating with the EBS disease in both familie o cted with W-C EBS: open symbols, unaffected individuals;

(Fig. 2). The combined lod score€@#0.00 was 3.92 and 3.28 squares, males; circles, females. For each polymorphic marker, each
for markers 1G12A/CA and 262B3/CA, respectively (Table 1) pCR band corresponding to a unique allelic variation was arbitrarily

Taken together, these data provide strong evidence of linkaassigned a number, and these numbers for each pair of alleles are
to the K5 gene in both families. listed in the tables as X/Y for each locus and patient.
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Table 1. Linkage analyses of WC-EBS families 33 and 34

Pairwise lod scores between WC-EBS33 and various markers
Recombination fraction

Marker 0.00 0.01 0.05 0.10 0.20 0.30 0.40
K1 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1G12A/CA 2.11 2.07 1.91 1.70 1.26 0.79 0.32
262B3/CA 1.47 1.45 1.34 1.20 0.90 0.56 0.20
K5/Ncol 2.41 2.37 2.21 2.00 1.54 1.02 0.45
COL2A1 0.00 0.00 0.00 0.00 0.00 0.00 0.00
D17S800 -99.99 -4.21 -2.16 -1.33 -0.58 -0.23 -0.05
D17S74 -99.99 -2.08 -1.37 -0.98 -0.49 -0.20 -0.05
Pairwise lod scores between WC-EBS34 and various markers

Recombination fraction
Marker 0.00 0.01 0.05 0.10 0.20 0.30 0.40
K1 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1G12A/CA 1.81 1.78 1.65 1.49 1.13 0.72 0.28
262B3/CA 1.81 1.78 1.65 1.49 1.13 0.72 0.28
D12S14 151 1.48 1.37 1.23 0.92 0.58 0.21
K5/PASA 1.81 1.78 1.65 1.49 1.13 0.72 0.28
COL2A1 -99.99 -0.81 -0.19 0.02 0.12 0.09 0.03
D172A1 -99.99 -4.21 -2.16 -1.33 -0.58 -0.23 -0.05
D17S74 -99.99 -4.21 -2.16 -1.33 -0.58 -0.23 -0.05

wild-type sequences in the cDNA pool. Complete sequencingosegregated with the disease, and it was not found within the
of 33.12 K5 cDNAs did not uncover additional mutations.  general population.

Cosegregation of the 327 M:T mutation with the An N:K point mutation within the L1-2 linker
disease in W-C family EBS 33 segment of the K5 rod domain

The 327 M:T mutation obliterated axicd site, enabling a For family 34, we amplified and sequenced the K5 coding
rapid assessment of whether the mutation cosegregated wighquence from genomic DNAs. Surprisingly, a point substitu-
the EBS disease (Fig. 4, top gel). When digested Maith, a  tion was detected at nucleotide 987 in one of the K5 alleles of
control 1330 bp genomic PCR DNA encompassing this sitaffected member 34.1 (Fig. 5A). The transversion caused an
was cleaved to 830 and 500 bp (lane C). In contrast, PCésparagine (AAC) to lysine (AAA) mutation at codon 329 in

DNAs from 7 affected members of family 33 were ~50% (orthe L12 linker segment of K5 and a mere codon away from the
a molar basis) undigested. Alleles from unaffected familysubstitution discovered in family 33. Both G and T occurred

members were homozygous for this site, as were genomig the sequencing ladder of the noncoding strand (C and A in
DNAs from 78 normal individuals. Thus, the loss of this sitethe coding strand). This was true for only affected and not

A. W-C EBS 33.12 B. W.T.Control C. 33.12Cloned D. 33.12 Cloned

5 3 Total mRNA Total mRNA (EBS allele) (W.T. allele) 3 5
Cc-G G-C
i GATC GATC GATC GATC (88 | .
c-G = ~ee 3 “'g? G-C
T-A » — - —— h ! " i A-T
326 Ser Cc-G . -1 G-C Ser 326
i | = = B - B
A-T - T-A
327 Met/Thr | T/C - AIG s ﬁ § ? G/A-C/T | ThriMet 327
G-C P —— > P — > .d"" cC-G
G-C - §~ = — - - = c-G
328 Asp A-T e e . — = - = T-A Asp 328
Cc-G h.-‘-- -__- -— = s =~ G-C
o -~ - - —_— : g T-A
329 Lys A-T e ol - == el T-A Lys 329
c-G -ﬂ,':-:. —— — o = G-C
3 5 e s T = 5 3
= ~— i =_ e e

Fig. 3.T to C transition at codon 980 in one of two alleles of W-C EBS member 33.12. PCR was used to amplify K5 sequences from mRNA of
33.12 epidermal keratinocytes. Amplified fragments from two independent rounds of PCR were subjected to DNA sequencinggtgither d

or after subcloning. Note T to C transition (A to G in noncoding strand) at nucleotide 980 (codon 327) in one of twaralielesad).

Sequences are from total K5 PCR mixture of 33.12 mRNA (A) or control mMRNA (B); cloned cDNA from mRNAs of mutant 33.12)allele (C
wild-type 33.12 allele (D).
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W-C EBS 33 ,

L 1 2 3 4 5 6 7 8 9 10112 C L

— 1330 bp
— 830 bp
— 500 bp
I CONTROLS |
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 L
— 830 bp Fig. 4. Cosegregation of the 327 M:T mutation

with the disease in W-C EBS family 33.
Genomic DNAs were PCR amplified to
produce a 1300 bp K5 DNA fragment
encompassing the T to C transition at
nucleotide 980. DNAs were digested with
Ncd, which cleaved wild-type DNA, but not
| CONTROLS | DNA containing the 980T:C muta_tion, to 83_0
16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 L bp and 500 bp fragments. Following digestion,
DNAs were resolved by agarose gel
electrophoresis, and stained with ethidium
— 590 bromide. Top row: L, DNA ladder; C, control
P DNA,; remaining lanes, DNAs from W-C EBS
33 members, 33.1-33.12, from left to right.
— 500bp Second and third rows, genomic DNAs from
blood of first 30 of 78 normal individuals.

unaffected members of the family (examples in Fig. 5)mutation cosegregated with the EBS disease in family 34 (Fig.
Complete sequencing of 34.1 K5 cDNAs did not uncover addié). A wild-type primer set generated a 420 bp PCR fragment

tional mutations. from DNAs of all family members, as well as from 65 control

) ) ) DNAs of normal individuals. In contrast, a mutant primer set
Cosegregation of the K5 329N:K mutation with the only generated a 420 bp PCR fragment from genomic DNAs
disease in W-C Family EBS 34 of affected family members. No PCR fragment was generated

The 329 N:K mutation neither created nor obliterated a knowwith the mutant primer set and DNAs from unaffected
restriction endonuclease site. Therefore, we resorted to allelmsembers or from 65 control DNAs. Thus, the 329N:K
specific PCR assays (PASA) to rapidly assess whether tiesionoccurred in a heterozygous fashion, correlated with the

5 a1 A. 341(EBS) B.342(EBS) C. 34.3(U) D. 345(U) E. 347(EBS) [3 s
A-T T-A
s GATC GATC GATC GATC GATC [T8 |y
G-C - ; ' c-G
G-C cC-G
328 Asp A-T T-A Asp 328
c-cé G-C
A-T T-A
329 Asn/Lys A-T T-A Lys/Asn 329
C/A-GIT | 2 TIG - AIC
A-T T-A
330 Asn A-T T-A Asn 330
C-G G-C
c-G - G-C
331 Arg G-C *_ = 7 c-G Arg 331
C-G Py G-C
35 59

Fig. 5.C to A transversion at codon 987 in one of two alleles of affected individuals from W-C EBS family 34. PCR was usedinitially t
amplify K5 sequences from 34.1 genomic DNA. Sequencing revealed a heterozygous C to A transversion (G to T in non-cqdihg strand
codon 329 of K5 (A). PCR was then used to amplify the region encompassing the putative 987 C to A transversion from gesasfiic DNA
each member assigned a number in Fig. 2. Shown are sequences from representative examples of non-coding strands fE&B% péadted (
unaffected (U) individuals. The mutation cosegregated with affected members of W-C EBS family 34.
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WILD-TYPE PRIMER SET MUTANT PRIMER SET
RTINS e — o,
2 3 4
[~ CONTROLS ———— |— CONTROLS
23456?891011 1 2 3 45 6 7 8 9 101
CONTROLS ————— ——— CONTROLS
L 12 13 14 15 16 17 18 19 20 21 22 L 12 13 14 15 16 17 18 19 20 21 22

Fig. 6. Primer-specific amplification of the 329 N:K mutation in affected members of W-C EBS family 34. Genomic DNAs were PCR
amplified using a commori Brimer and one of two different primers. One Sprimer was specific for the wild-type C residue at nucleotide
987, and the other was specific for the mutant A residue at nucleotide 987 (see Materials and Methods). DNAs were resobssidsl ag
electrophoresis, and stained with ethidium bromide. Left gels show bands generated by wild-type primer set; right geldsshenebated
by mutant primer set. L, DNA ladder; W-C EBS 34 DNAs are listed in order from 34.1 to 34.10. Shown also are reactionsranbigpeco
DNAs of first 22 of 65 controls. Note that all samples generated an amplified fragment of 420 bp with the wild-type specifietphate
only the affected members generated an amplified fragment with the mutant-specific primer set.

disease phenotype and was not likely to be a polymorphignraveled filaments in the two mutant preparations was

variation. 24.7+0.7 and 22.1+0.7 nm, respectively, whereas the diameter
. o of the unraveled filaments in the wild-type preparation was
The M327:T and N329:K mutations in linker 1-2 19.7#0.7 nm. Overall, perturbations in 10 nm filament
perturb the ability of keratin 5 to assemble with its structure were more subtle than those seen previously for the
partner into 10 nm filaments R125:C/H K14 mutations (Coulombe et al., 1991b; Cheng et

Previously, we engineered 125R:H/C mutations in human K14l., 1992). However, the differences were nevertheless readily
cDNA and demonstrated that these point mutations were sufliscernable. These functional studies provide strong evidence
ficient to generate a type | keratin that was perturbed in ithat the L1-2 point mutations in K5 are functionally responsi-
ability to form proper 10 nm filaments in vitro (Coulombe etble for the W-C EBS phenotype in these two families.
al., 1991b; Cheng et al.,, 1992). To ascertain whether the
M327:T and N329:K mutations can also elicit aberrations in
10 nm filament assembly, we engineered these mutations BISCUSSION
human K5 cDNA, and used the pET expression vector to
express the mutant proteins in bacteria. Following FPLC anioA number of lines of evidence indicate that the T to C transi-
exchange chromatography, preparations of wild-type antion at nucleotide 980 of K5, and the C to A transversion at
mutant K5 proteins were then combined with wild-type K14 nucleotide 987 of K5, underlie the genetic bases for W-C EBS
and the tetrameric complexes were isolated by a second rouimdfamilies 33 and 34, respectively: (a) these mutations were
of FPLC (see Materials and Methods). As judged by SDSnot found in 130-150 wild-type alleles; (b) the mutations were
polyacrylamide gel electrophoresis, these preparations weoarried only by affected family members; (¢) the mutations
pure (Fig. 7A). were inherited in an autosomal dominant fashion, characteris-
In two independent rounds of IF assembly using twdic of the pattern of inheritance in these families; and (d) the
separate preparations of purified keratins, filaments formedhutations found were in the K5 gene on chromosome 12
from wild-type K5 and K14 were long (>2,000 nm) and(Rosenberg et al., 1991), and the peak combined lod score at
uniform (11.3 nm £ 0.7 nm diameter) (Fig. 7B). In contrast,8=0 was 3.92 for chromosome 123(42 atB=0 for chromo-
filaments formed from either M327:T or N329:K mutant K5 some 17).
and wild-type K14 were somewhat shorter (650-1190 nm and Residues 327 and 329 of K5 are in the non-helical linker 1-
520-1210 nm, respectively) and less uniform (Fig. 7C and DR segment of the IF polypeptide (Fig. 8). Residue 329 of K5 is
Most notably, these mutant filaments were often unraveled, @asparagine in all type Il keratins, but is otherwise not
feature that was also seen in the wild-type preparation, albaibnserved. Residue 327 is methionine in all type Il keratins
to a far lesser extent (arrowheads in Fig. 7 denote unravelingdnd in some type | and Il IF polypeptides. Interestingly, it has
The greater degree of unraveling in mutant filaments wasecently been reported that a family with K-EBS has a K14
reflected in their increased diameter: the diameter of thkl:R mutation in the equivalent L1-2 residue to our K5 M327:T
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1 2 3 4 5§ 67
[

sk T :.'.:r:i|:
|

Fig. 7. The genetically engineered 327M:T and 329N:K linker point mutations perturb 10 nm filament formation in vitro. Site-directed
mutagenesis was utilized to engineer the 327M:T and 329N:K point mutations in the coding sequence of a functional humar{llsstbNA
et al., 1989). The pET8c bacterial expression vector was used to produce milligram quantities of wt human K14 (Marcagdgtaaid
mutant and wt K5. Following FPLC purification, proteins were subjected to type I-type Il complex formation and then inmvém fila
assembly (see Materials and Methods). Frame A shows a Coomassie Blue-stained SDS-polyacrylamide gel of: lane 1, wBR3Mahe 2,
K5; lane 3, wt K14, lane 4, 329N:K K5; lane 5-7, purified complexes of wt K14 and: lane 5, wt K5, lane 6, 327M:T K5, lars:K, 29
Shown in addition are IFs assembled from wt K14 and: (B) wt K5; (C) 327M:T K5; (D) 329N:K K5. Note that filaments assembled from
327M:T K5 or 329N:K K5 are somewhat shorter, but most notably, they are more unraveled and less uniform than those amsewttiéd fr
(arrowheads denote fraying). Bar, 200 nm.

(Humphries et al., 1993). Moreover, while our report was outlinical heterogeneity, suggesting that there may be genetic
for review, another study appeared, reporting two additiondhctors in addition to the specific keratin mutation that can
L1-2 linker mutations in W-C EBS families: one is R331:C ininfluence the clinical manifestations of these diseases.
the K5 L1-2, and the other is V270:M in the K14 L1-2 (Fig. A surprising finding emerging from the catalogue of keratin
8; Rugg et al., 1993). The fact that five different families withmutations in different EBS and EH patients is that mutations
EBS have mutations in L1-2 of the keratin polypeptides lentend to be clustered, and sometimes even the exact same
strong support to the evidence that these basal keratin L1r@sidue is mutated in different families with these diseases. Of
linker mutations account for the EBS phenotype. the five EBS families with mutations in the L1-2 region, only
It is intriguing that the recently reported K14 272M:R L1-2 one, the 331R:C K5 mutation (Rugg et al., 1993), involves a
mutation produced a K-EBS phenotype (Humphries et alC to T transition at a CpG dinucleotide, i.e. a hotspot for muta-
1993), while the similar K5 327M:T L1-2 mutation producedgenesis (for review, see Fuchs and Coulombe, 1992). That L1-
a clinically milder (W-C) case of EBS (this study). This 2 linker mutations have now been found in four of six analyzed
variation in clinical severity generated by the mutated methioincidences of W-C EBS suggests that mutations in the L1-2
nine residue could arise from either the specific mutation (M:Rnker may account for a significant proportion of W-C EBS
versus M:T), differences in the importance of the specificases.
keratin in IF assembly (K14 versus K5) or in the polymorphic The discovery that L1-2 residues are frequently mutated in
background of the two families. Indeed, even within a familymild to moderate EBS is especially intriguing in light of recent
with a specific keratin mutation, there seems to be som&udies on a putative yeast IF protein, MDM1. An MDM1
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8] ez L 1992; Steinert et al., 1993), the carboxy end of the L1-2 linker

1A B A 7B % region, i.e. the part of the linker where EBS mutations are
. /H\KH clustered, is predicted to be in relatively close proximity to the
region of putative overlap between two staggered, antiparallel
keratin heterodimers. In a model of linear arrays of dimers,

W

mEBERER where the helix 1A ends of one dimer have been postulated to
hu K5  QTHVSDTSVVLISMDINNRN LD overlap with the helix 2B ends of the next dimer in line, the
#33 W-C EBS K5 T L1-2 linker segments of one row of dimers might be nearly
#34@;’::2 ggz E‘;’ K o oppqsite to the_: overlap segments of an a_djacent row o_f d!mers.
hu KI  QTOISETNV IusMplirlFD If th_|_s model is correct, _then the_L1-2 Ilnke_r region is in a
hu K6b OTHISDTSVVILSMpNNRNLD position to play a major role in promoting appropriate
hu K7 QSQISDTsvYI|siMpinlsirls D staggered lateral associations. It may also play a role in stabi-
hu K4 QTHVSDTSVVL|sMp/NNRNLD lizing end-to-end interactions between dimers in an adjacent
hu K2 QS-VTDTNV I|LISMD|N|S[R]N LD row. While further studies will be necessary to more fully
fi K8 QSQIKDTSVVVEMDN|SRNLD elucidate the role of the L1-2 linker in IF assembly, our W-C
B};angi gggisggg‘;?zgsggiii‘;; EBS and filament assembly data presented here provide the
N - first experimental evidence in support of this model, and add
u K14 RGQV-GGDVN|V[EMD|AAIPIGVD L. . . .
*K-EBS K14 R valuable new insights into our understanding of the role of this
@W-C EBS K14 M non-helical segment in IF structure.
hu K19 RGQV-GGQV S|V[E[VD|S|A|PIGTD
L L RS We thank: (a) Dr Roger Pearson (Rush Medical School, Chicago,
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