unrelated in primary sequence and overall
architecture, the HSV-encoded gC (10), and
the leukocyte integrin Mac-1 (11), have
evolved a similar ligand recognition reper-
toire, both including complement proteins
of the C3b cascade and factor X (3, 12),
presumably through convergent evolution.
Third, these studies directly link the ligand
recognition of a broadly distributed leuko-
cyte integrin such as Mac-1 (3) to estab-
lished mechanisms of vascular injury. These
are well exemplified by the recognized ath-
erosclerotic risk associated with HSV infec-
tion of endothelial cells (13).

The synthetic peptidyl analogs of the lig-
and loops described here have the capacity to
interrupt generation of thrombin on mono-
cytes and HSV-infected endothelium, there-
by preventing the pleiotropic consequences
that include chemotaxis and mitogenesis (14),
platelet and leukocyte adhesion to endotheli-
um (15), and monocyte deposition of insolu-
ble fibrin (4). Moreover, only one of these
peptides minimally interferes with the mech-
anism of factor X activation mediated
through the classic extrinsic pathways (8).
Such specificity suggests that antagonists
based on peptidyl analogs or more advanced
derivatives may beneficially intervene in relat-
ed forms of vascular injury without interfer-
ing with physiologic hemostatic mechanisms
or leukocyte adhesion reactions.
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Epidermolysis Bullosa Simplex: Evidence in Two
Families for Keratin Gene Abnormalities

J. M. BoniFras, A. L. RotHMAN, E. H. EPSTEIN, JR.¥

Epidermolysis bullosa simplex (EBS) is characterized by skin blistering due to basal
keratinocyte fragility. In one family studied, inheritance of EBS is linked to the gene
encoding keratin 14, and a thymine to cytosine mutation in exon 6 of keratin 14 has
introduced a proline in the middle of an alpha-helical region. In a second family,
inheritance of EBS is linked to loci that map near the keratin 5 gene. These data
indicate that abnormalities of either of the components of the keratin intermediate
filament heterodipolymer can impair the mechanical stability of these epithelial cells.

PIDERMOLYSIS BULLOSA SIMPLEX IS
Ean unusual hereditary disorder in

which patients develop blisters after
relatively mild mechanical trauma. Cleavage
is through the basal cells, unlike the more
superficial cleavage that produces friction
blisters in normal people. Those with the
commonest forms of EBS have blisters pre-
dominantly acrally (EBS-Weber-Cockayne
or EBS-WC) or in a more generalized dis-
tribution (EBS-Koebner or EBS-K). Skin
fragility is temperature sensitive—it is worse
in the summer, and preventive measures are
confined to cooling the skin and avoiding

Department of Dermatology, San Francisco General
Hospital, University of California, San Francisco, CA
94110.

*To whom correspondence should be addressed.

trauma. Although the blisters heal relatively
quickly and without scarring, blistering may
be so painful as to be medically disabling
1).

Several years ago we were struck by sim-
ilarities between EBS and heritable erythro-
cyte disorders such as pyropoikilocytosis,
elliptocytosis, and spherocytosis. These sim-
ilarities include autosomal dominant inheri-
tance and temperature-sensitive cellular fra-
gility. These red blood cell disorders result
from molecular abnormalities of the cy-
toskeleton, which is limited in the mature
erythrocyte to a submembranous position.
Although keratinocytes do contain ho-
mologs of proteins of the erythrocyte mem-
brane skeleton (2), their predominant cyto-
skeletal components are the tonofilaments—
intermediate filaments composed of keratin
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A Fig. 1. Pedigrees of EBS-K-Sc (A) and
EBS-WC-Fo (B) families. Darkened sym-
bols represent individuals clinically affect-
ed with blisters. In (B), alleles of D12S14
(upper letters) and D12S17 (lower letters)
are indicated. Blistering cosegregates with
the d (D12S14) ¢ (D12817) allele.
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Fig. 2. Southern (DNA) blot analysis of genomic
DNA from members of EBS-K-Sc family hybrid-
ized with 3'-untranslated K14 probe. Numbering
above each lane as in Fig. 1A. The largest frag-
ment (1.6 kb) is derived from the normal allele
and is of a size compatible with known restriction
sites (7), and the middle-sized fragment (1.35 kb)
is unique to the affected persons. The smallest
fragment (1.2 kb) is present in all genomic sam-
ples, does not hybridize with probes 5’ of bp
3857, and is probably derived from one of several
K14-related genes (5).

molecules. On the basis of (i) the resem-
blance of the fragility and (ii) the morpho-
logical abnormalities of intermediate fila-
ments in EBS (3), we reasoned that keratin
gene disorders might underlie this disease,
and so we have compared the inheritance of
EBS with the inheritance of probes that
idendfy DNA polymorphisms in regions to
which keratin genes have been mapped.
Keratins can be divided into families of
relatively acidic (type I) and relatively basic
(type II) molecules, and they have been
numbered according to size within each
family (for example, K1 is larger than K2;
K10 is larger than K11). One member of
each family is required for polymerization.
Although isolated acidic and basic keratins
can pair promiscuously, epithelial cells in
vivo express specific pairs that are character-
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istc of the epithelium and of the stage of
differentiation of the cell. Thus, the predom-
inant keratins of epidermal basal cells are K5
and K14 and those of suprabasal cells are K1
and K10. Each keratin molecule is the prod-
uct of a single gene, and genes for acidic and
basic keratins are clustered on chromosomes
17 and 12, respectively.

Polymorphisms of the genes for the pre-
dominant basal cell keratins K5 and K14
have not been described, so we tested for
linkage to probes recognizing polymorphic
loci that have been mapped to the regions
where the type I keratin K14 (chromosome
17q12—q21) and several type II keratins
(chromosome 12ql1-ql3) have been
mapped (4, 5).

We studied two American families of
Northern European ancestry (6, 7). Mem-
bers of one family (EBS-K-Sc) (Fig. 1A)
have generalized fragility, but most blisters
occur on the hands and feet; members of the
other (EBS-WC-Fo) (Fig. 1B) have blisters
only acrally. Parents noticed blisters at an
age as early as 1 month. Skin biopsies of one
affected member of each kindred were stud-
ied, and electron microscopic examination
confirmed the expected splitting through
the basal cell layer that is characteristic of
EBS.

In-the Sc family, EBS is weakly linked to
D17874 and is excluded from the region of
the chromosome 12q probes tested (Table
1). To survey the K14 gene in the Sc family
directly, we hybridized a 3’-untranslated
K14 probe (8) to patient DNA digested
with nine restricion endonucleases. Eight
gave a normal band pattern. However, Msp

I digestion produced a 1.35-kb fragment in
DNA from all affected members of the fam-
ily but produced no fragment of this size in
DNA from unaffected members. This K14
polymorphism is tightly linked to inheri-
tance of EBS in this family, with a logarithm
of likelihood ratio for linkage (lod score) of
3.0 (Table 1).

We wished to know whether the Msp I
polymorphism is unique to this family and
therefore tested DNA from 57 normal, un-
related Caucasians (114 chromosomes).
None had the 1.35-kb Msp I fragment. The
Sc family progenitor of this three-generation
kindred (II-8) is the first affected in his
family—his disease apparently is the result of
a new mutation. His parents have died, but
all seven of his siblings are alive. None of
them has EBS, and DNA from all seven lack
the 1.35-kb Msp I K14 fragment (Fig. 2),
indicating with 128:1 odds that the 1.35-kb
fragment and the disease arose in the same
individual. Probes recognizing highly poly-
morphic loci (9) gave no evidence for non-
paternity in the eight members of generation
I1, and the progenitor’s two D17874 alleles
each were present in several of his siblings.

A K14 exon-6 probe hybridizes with the
normal 1.6-kb Msp I fragment as well as
with the 1.35-kb fragment unique to the
patient. Msp I digestion of patient DNA
amplified with primers flanking exons 4
through 7 (8) produced the expected 575-
and 520-bp fragments from the normal al-
lele as well as three fragments (520, 333,
and 242 bp) from the mutant allele. This
maps the mutation creating the new Msp I
site to within exon 6. After sequencing this
region (10), we found a T to C substitution at
bp 3542 (Fig. 3). This substitution produces
the new recognition site for Msp I and is
expected to change the amino acid at position
384 from leucine to proline. In vivo transcrip-
don of both normal and mutant alleles was
confirmed by Msp I digestion of polymerase
chain reaction (PCR)-amplified cDNA that
had been prepared from skin samples taken
from unblistered buttock skin (171).

In the Fo kindred, EBS is linked to chro-
mosome 12q probes—with data combined
from D12S14 and D128S17 in a haplotype
analysis (Fig. 1), the lod score is greater than
7 (Table 1). We isolated a K5-specific hu-
man cosmid and found using two-color
fluorescence microscopy that the locations
of this cosmid and of D12S14 are nearly
indistinguishable on in situ hybridization
(12).

These data provide strong evidence for
linkage of the inheritance of EBS to the
inheritance of genes that encode the keratins
of epidermal basal cells, the site of the
phenotypic abnormality. Intermediate fila-
ment proteins share a similar molecular ar-
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Fig. 3. (A) Mapping of Markers Normal  Normal Normal B
polymorphic ~ EBS-K-Sc A Uncut Cut Uncut Cut G ATC

K14 Msp I site. A 1095-bp

fragment (bp 2780 to 3875)

was amplified from genomic
DNA (8), an aliquot was
digested with Msp I, and
digested and undigested
DNA were separated by
electrophoresis on agarose
(3% NuSieve, 1% LE; FMC
Corporation) (top). The
Msp I map of this region is
shown below; numbered

Msp I
boxes represent exons; thin 70 s20 B0 575 3875 .
lines represent introns. (B) o = N«::rma_ll_ P(a:lle:l c
Sequencing  of  region Mspl Mspl
around bp 3542, indicating " 20 0% a
utan

thymine to cytosine substi-
tution. (Top) Sequence
codes for Leu®®* (CTG);
(bottom) sequence codes for
Pro*#* (CCG). (C) Confir-

Rl k‘*

mation of sequencing by single nucleotide primer extension. With DNA from normal individuals, only
the thymine is incorporated; with DNA from the heterozygous affected patients, both thymine and

cytosine are incorporated (20).

Table 1. Pairwise lod scores between EBS and chromosome 12q and 17q loci. Chromosome 12q
loci are ordered in the table according to their position on the genetic map from top (centromeric)
to bottom (telomeric) (21). Paternal and maternal segregation are combined, and autosomal
dominant inheritance with full penetrance and no sporadic cases (except the Sc progenitor) have

been assumed.

Lod score at 6 of

L Peak lod
0.001 0.01 0.05 0.10 (score/6)

Sc family

D12S14 ~9.59 —5.61 ~2.88 -1.77 ~0.07 /0.40

D17574 ~0.30 0.66 118 1.25 1.25 /0.09

Kl4 3.00 2.96 2.76 251 3.00 /0.00
Fo_family

DI252 ~0.66 1.26 2.30 245 245 /0.09

COL2A1 1.75 3.66 464 467 471 10.08

D12S15 214 3.06 342 3.27 3.42 /0.05

D12S14 417 413 3.91 3.61 £17 /0,00

D12S17 352 352 342 3.17 3.52 /0.00

D12S14/D12S17 7.43 7.35 6.97 6.42 7.43 /0.00

haplotype
D17574 —34.47 ~19.56 —9.45 —5.42 0.07/40.00

chitecture, with four long regions of a hel-
ices separated by short nonhelical regions
and flanked by longer nonhelical tails (13).
Evidence for the function of the helical
regions comes from conservation of se-
quences among keratins and from transfec-
tion studies, in which genes encoding short-
ened intermediate filament proteins do not
disrupt the endogenous network when the
proteins lack the nonhelical tails but do
cause collapse of the network when even a
few of the helical region amino acids are
deleted (14). Thus, the effect of a proline for
leucine substitution, which would be ex-
pected to disrupt the COOH-terminal o
helix, is highly compatible with previous
findings emphasizing the importance of this
region to intermediate filament function.
Basal keratinocyte fragility causing neona-
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tal death occurs in mice carrying a transgene
encoding a shortened K14 (15). The pheno-
type of the human disease apparently caused
by the proline for leucine substitution is much
less severe in the Sc family than that caused by
the deletion of 135 amino acids from the K14
COOH-terminus in these mice.

These data indicate that intermediate fila-
ments in epidermal basal keratinocytes serve
a structural role. They also indicate that
EBS, like osteogenesis imperfecta (16), can
be due to abnormalities of either of the
components of a multimeric structural pro-
tein complex—of keratin filaments and of
collagen fibrils, respectively. Thus, both dis-
orders are a result of “dominant negative”
mutations (17). Furthermore, the Sc family
mutation resembles the common mutations
causing osteogenesis imperfecta in that both

appear to disrupt the normal helical struc-
ture of the polymer. Others have reported
linkage in one kindred with the rare variant
EBS-Ogna to the glutamic-pyruvic transam-
inase (GPT) gene, which is located on chro-
mosome 8q (18), and linkage in one kindred
with EBS-K to chromosome 1q (19). Al-
though these patients may also have cyto-
skeletal protein abnormalities, genes encod-
ing epidermal cytoskeletal components have
not yet been mapped to these regions.
Note added in proof: Subsequent to submis-
sion, we have assessed DNA from 20 unre-
lated persons with EBS. None has the Msp I
polymorphism described in the Sc family.
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Functional Importance of Sequence in the
Stem-Loop of a Transcription Terminator

SHEAU-WEI C. CHENG, E1LEEN C. LyNcH, KENNETH R. LEASON,
DonNaLD L. Court, BRUCE A. SHAPIRO, DAVID I. FRIEDMAN*

Intrinsic transcription terminators of prokaryotes are distinguished by a common RNA
motif: a stem-loop structure high in guanine and cytosine content, followed by multiple
uridine residues. Models explaining intrinsic terminators postulate that the stem-loop
sequence is necessary only to form structure. In the tR2 terminator of coliphage A,
single-nucleotide changes reducing potential RNA stem stability eliminated tR2 activity,
and a compensatory change that restored the stem structure restored terminator activity.
However, multiple changes in the stem sequence that should have either maintained or
increased stability reduced terminator activity. These results suggest that the ability of the
stem-loop structure to signal transcription termination depends on sequence specificity and

secondary structure,

ARLY WORK ON GENE REGULATION

focused interest on promoters, the

sites of transcription initiation; fur-
ther work has expanded interest to the study
of termination and the generation of the 3’
ends of transcripts (1). Two classes of ter-
minators have been defined for Escherichia
coli (2, 3), those that require p protein
(p-dependent) (4) and those that do not
(intrinsic or p-independent) (5). The hall-
mark features of the DNA sequence of an
intrinsic terminator are a region of hyphen-
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ated dyad symmetry, followed by multiple T
residues, yielding an RNA with a stem-loop
structure followed by a run of U residues
(6-8). Lytic growth of coliphage A\ requires
read-through of multiple transcription ter-
minators, including the tR2 intrinsic termi-
nator (Fig. 1A). To assess the role of the
hyphenated dyad symmetry in signaling ter-
mination, we systematically changed nucle-
otides in the N tR2 terminator (9) and
measured the in vivo effectiveness of these
mutated terminators by using plasmid vec-
tor pKL600, designed to quantitate termi-
nator activity (10) (Fig. 1B), and N con-
structs with mutated tR2 regions, designed
to test in situ terminator activity.

We cloned the tR2 terminator into
pKL600 on a 434-bp Sau 3AI fragment,
generating pKL600tR2*, which places tR2
between the lac promoter (P,,.) and the galK
reporter gene. This allows us to use galK
expression as a measure of terminator activ-
ity. Mutations were introduced only in the
sequences encoding the stem-loop structure;

therefore, differences in galK expression
yielded a direct measure of the effects on
termination of alterations in this region of
hyphenated dyad symmetry. A derivative of
pKL600tR2™* with an 18-bp deletion that
removes most of the. stem-loop region
(pKL600tR248) (Fig. 2) served as the ter-
minator-deficient control; the expression of
galK from this plasmid was set as the 100%
read-through transcription or as the 0%
termination base line. On the basis of this
comparison, tR2* allowed 15% read-
through transcription.

We next assessed the importance of the
RNA stem structure using derivatives of
pKL600tR2* with mutations in tR2 (Fig.
2). Mutants tR2" and tR27, with single base
changes that weakened the stem structure,
climinated terminator activity. A double
mutation (tR22%), which re-created a G:C
base pair eliminated in tR27, restored termi-
nator activity. Mutations that reduce the
number of distal U residues or the strength
of the stem-loop structure of an intrinsic
terminator reduce termination (2, 7, 11).
This offers strong evidence that RNA struc-
ture plays a role in intrinsic terminator ac-
tion. Two other mutants, tR2° and tR2°,
had compensatory changes in the nucleotide
sequence of the stem structure that made the
sequences of their stems equivalent to the
wild type in number and quality of paired
residues. Unexpectedly, tR2° and tR2° ex-
hibited little terminator activity. This sug-
gests that the secondary structure is not the
only characteristic of the tR2 stem sequence
that is important for transcription termina-
tion. We introduced mutations in the loop
of tR2 (tR2*) to determine if the sequence
of the loop influenced termination. Al-
though the number of nucleotides that com-
posed the loop remained the same, the se-
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