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to a similar extent as a CT base combination (submitted for
publication).
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Organization, Structure, and Polymorphisms of the Human Profilaggrin Gene?
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ABSTRACT: Profilaggrin is a major protein component of the keratohyalin granules of mammalian epidermis.
It is initially expressed as a large polyprotein precursor and is subsequently proteolytically processed into
individual functional filaggrin molecules. We have isolated genomic DNA and cDNA clones encoding the
5’- and 3’-ends of the human gene and mRNA. The data reveal the presence of likely “CAT” and “TATA”
sequences, an intron in the 5’-untranslated region, and several potential regulatory sequences. While all
repeats are of the same length (972 bp, 324 amino acids), sequences display considerable variation (10-15%)
between repeats on the same clone and between different clones. Most variations are attributable to single-base
changes, but many also involve changes in charge. Thus, human filaggrin consists of a heterogeneous
population of molecules of different sizes, charges, and sequences. However, amino acid sequences encoding
the amino and carboxyl termini are more conserved, as are the 5" and 3 DNA sequences flanking the coding
portions of the gene. The presence of unique restriction enzyme sites in these conserved flanking sequences
has enabled calculations on the size of the full-length gene and the numbers of repeats in it: depending
on the source of genomic DNA, the gene contains 10, 11, or 12 filaggrin repeats that segregate in kindred
families by normal Mendelian genetic mechanisms. This means that the human profilaggrin gene system
is also polymorphic with respect to size due to simple allelic differences between different individuals. The
amino- and carboxyl-terminal sequences of profilaggrin contain partial or truncated repeats with unusual
un-filaggrin-like sequences on the termini. Such sequences are reminiscent of propeptides encountered in
other structural protein systems. We suggest these sequences are required for the assembly of the accu-
mulating protein into large keratohyalin granules among the keratin filaments in the granular cells and aid
in later processing events.

Filaggrins represent an important class of intermediate fi-
lament-associated proteins (IFAPs) that function, at least in

1The nucleic acid sequence in this paper has been submitted to Gen-
Bank under Accession Number J02929.

* To whom correspondence should be addressed at the Laboratory of
Skin Biology, National Institute of Arthritis and Musculoskeletal and
Skin Diseases, National Institutes of Health, Building 10, Room 12N238,
Bethesda, MD 20892,

f Dermatology Branch.

I'Laboratory of Biochemistry.

part, in the aggregation of keratin intermediate filaments into
an organized “keratin pattern” during terminal stages of
normal differentiation in mammalian epidermis (Dale et al.,
1978, 1989; Steinert et al., 1981; Steinert & Roop, 1988). On
the basis of data from both protein chemical studies (Harding
& Scott, 1983; Resing et al., 1984, 1985) and more recent
cloning experiments (Haydock & Dale, 1986; Rothnagel et
al., 1987; Rothnagel & Steinert, 1990; McKinley-Grant et al.,
1989), filaggrins are initially synthesized as large polyprotein
precursors (“profilaggrins”) consisting of many protein repeats
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arranged in tandem and accumulate in a nonfunctional
phosphorylated form as F-keratohyalin granules late in epi-
dermal differentiation (Fisher et al., 1987; Rothnagel et al.,
1987; McKinley-Grant et al., 1989; Resing et al., 1989; Steven
et al., 1989; Rothnagel & Steinert, 1990). Subsequently, this
precursor is dephosphorylated and proteolytically cleaved by
excision of a short peptide “linker” sequence to release func-
tional filaggrin molecules (Resing et al., 1984, 1985, 1989;
Haydock & Dale, 1986, 1990; Rothnagel et al., 1987; Roth-
nagel & Steinert, 1990; McKinley-Grant et al., 1989).

In order to understand the expression and function of this
protein in detail and to explore its putative involvement in
keratinizing disorders of the epidermis, we have recently iso-
lated a cDNA clone encoding one full repeat of the human
profilaggrin gene (McKinley-Grant et al., 1989). The full-
length repeat was shown to be 324 amino acids (972 bp), which
includes a linker of perhaps only 7 amino acids of sequence
FLYQVST; that is, human profilaggrin consists of a tandem
array of filaggrin molecules of about 317 amino acids separated
by the linker sequence. The properties of such a deduced
sequence are indistinguishable from those of isolated human
filaggrin. By in situ hybridization, expression of the gene is
tightly regulated at the transcriptional level in the granular
layer. Although we showed the human gene is localized to
chromosome position 1921, no further information on gene
structure and organization is available.

In this paper we have isolated and characterized both cDNA
and genomic clones encoding the ends of the gene. This has
enabled elucidation of the structure of the gene, the likely
number of repeats, and the extent of the polymorphisms in it.

MATERIALS AND METHODS

Molecular Biology Procedures. A human genomic library
in EMBL-3, constructed from DNA isolated from a single
placenta, kindly supplied by Dr. Frank Gonzales (National
Cancer Institute, Bethesda, MD), was screened with the
¢DNA clone AHF10, which contains human filaggrin coding
sequences (McKinley-Grant et al., 1989). Three clones were
plaque purified, and their inserts were excised with Sall.
Filaggrin-positive fragments were subcloned into pGEM-3Z
for preparation of DNA. Portions were further subcloned into
M13 mpl8 or mpl9 vectors for sequencing with either Se-
quenase 2 (U.S. Biochemical Corp.) or TacTrac (Promega
BioTec) according to the manufacturer’s specifications and
with synthetic oligonucleotides as primers. Portions of these
clones or synthetic oligonucleotides derived from them, cor-
responding to 5'- or 3’-noncoding sequences, were used to
reprobe the original Agtll library (McKinley-Grant et al.,
1989) to find cDNA clones also bearing 5'- or 3’-sequences.
Similarly, AHF10 was used to screen this library to isolate
longer cDNA clones containing multiple filaggrin repeats. The
first-round signals of greatest intensity were sized by Southern
blotting (Rothnagel et al., 1987; McKinley-Grant et al., 1989)
and the longest were plaque purified. Table I summarizes the
genomic DNA and ¢cDNA clones used to generate sequence
information.

DNA was obtained from a single placenta (Oncor Labs)
or purified from 12 whole human foreskins (Maniatis et al.,
1982).

Computer Analyses of Sequences. Protein sequence hom-
ologies, secondary structure prediction analyses, and nucleic
acid sequence analyses were performed on the University of
Wisconsin sequence analysis software packages compiled by
the Wisconsin Genetics Computer Group (Devereux et al.,
1984) and by use of the IBI Pustell sequence analysis software
(version 2, International Biotechnologies Inc.).
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Table I: Summary of Genomic DNA and cDNA Clones Used in
This Work

clone name sequence location comments

gene clones
gAHF3 5’-end of gene see Figure 1
gAHF222  3’-end of gene see Figure 2

cDNA clones
AHF202 5’-end; bp 366-379 and 949-2076 see Figure 1
AHF604 5’-end; bp 1376-2971 see Figure 1
AHF373 5’-end; bp 1447-1989 see Figure 1
AHF223 3’-end; bp 2801-5732 see Figure 2
AHF10 unknown coding region; 1248 bp  McKinely-Grant

et al. (1989)

AHF41 unknown coding region; 2832 bp  data not shown
AHF114 unknown coding region; 2325 bp  data not shown
AHF294 unknown coding region; 1800 bp  data not shown
AHF336 unknown coding region; 745 bp data not shown

RESULTS

Isolation of Clones for the 5'- and 3-Ends of the Profi-
laggrin Gene. cDNA clone AHF10 established in a previous
paper (McKinley-Grant et al., 1989) to encode a portion of
the human profilaggrin mRNA was used as a probe to screen
a human genomic library in EMBL-3. Three positive clones
were identified and plaque purified to homogeneity. Their
inserts were excised with Sa/l (which does not cut within
coding regions of the human gene), and the fragments which
were filaggrin positive were as follows: gAHFS5, 18 kbp;
gAHF18, 4.5 kbp; ghHF222, 7.7 kbp. Each of these inserts
was successfully subcloned into pGEM-3Z for further mapping
analyses. By use of the restriction enzymes HgiAl and Xmal
(which cut each filaggrin repeat once to yield a repeat frag-
ment of 0.972 kbp), clones gAHF18 and ghHF222 contained
four full filaggrin repeats and clone gAHF5 contained two full
filaggrin repeats, as well as bands of about 0.5, 2.5, and 16
kbp, respectively, that did not hybridize to the filaggrin probe.
These sequences presumably represent flanking regions of the
gene. The 0.5-kbp piece used as a probe cross-hybridized with
the 2.5- but not the 16-kbp pieces, indicating that gAHF5
represented a different end of the gene from the others. We
were unable to find any clones containing larger numbers of
filaggrin repeats, presumably because BamHI, used in con-
structing the genomic library, cuts each filaggrin repeat many
times (McKinley-Grant et al., 1989). Subsequently, for DNA
sequencing, the gA\HF222 7.7-kbp piece was cut in half with
Sacl. The gAHFS5 clone was also cut with Poull to generate
a 4.5-kbp piece carrying all of the filaggrin-positive sequences.
In addition, the 0.972-kbp pieces obtained by Xmal digestion
of both gh\HF5 and ghHF222 were harvested. All of these
fragments were subcloned into M 13 vectors for sequencing.
It became clear that gA\HFS encoded the 5’-end (Figure 1)
and ghHF222 the 3’-end of the profilaggrin gene (Figure 2).

Isolation of cDNA Clones for the 5- and 3’-Ends of the
Profilaggrin mRNA. Synthetic oligomers 60 bp long corre-
sponding to nucleotides 1605-1664 (see Figure 1) at the 5'-end
of the gene and nucleotides 5461-5520 (see Figure 2) at the
3’-end of the gene were used as probes to rescreen a cDNA
library in Agtll prepared earlier (McKinley-Grant et al.,
1989). Of about 1 X 10° pfu screened, only three clones
positive for the 5-end and one clone for the 3’-end were found.
These numbers are far less than the total numbers of filaggrin
clones in the library (about 2% of all plaques), suggesting that
the ends of the mRNA have been substantially processed, as
seems likely from Northern blots (McKinley-Grant et al.,
1989). Clones AHF202 (1.145 kbp) and AHF373 (0.543 kbp)
for the 5’-end and clone AHF223 (2.952 kbp) for the 3’-end
were completely sequenced and are illustrated in Figures 1| and
2, respectively.
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TCAGGAGACGGCACCAGGCACTCAGGGTCACATCATCAAGAAGCTTCCACTCAGGCTGACAGCTCTAGGCACTCTCAGGTGGGCCAAGGA 3600
S 46 S RTSRNQJGESSVSQDRDSEGQSE RT3
CgATCAGCGGGGTCCAGGACAAGTAGGAACCAGGGATCCAGTGTTAGCCAAGACAGGGACAGTEAGGGACAATCAGAAGACTCTGAuAGG 3690

H'S 3 S ASRNHRGSGSAQEQSRDGSRHPGSHD 767
CATTCTGGATCCGCT TCCAGGAACCATCGTGGATCCGCTCAGGAACAGTCAAGAGATGGCTCCAGACACCCCGGCTCCCATGACGAGGAC 3780
R AGHRGOQSADSSSQSGTRHTQTSSRRQAASS 79
AGGGCTGGACACAGGCAATCCGCAGATAGCTCAAGCCAATCAGGCACTCGTCACACGCAGACTTCTTCCAGGAGACAGGCAGCTTCATCC 3870
E AR SRAGDRHGSGHZUGQSADSSRMHSG 1 GR 827
CgAGAACgGECAAGATCAAGGGCAGGTGATAGACATGGTTCCGGCCACCAGEAGTCAGCAGACAGCTCCAGACAC?CAGCCATCGGuCuC 3960

G QA S S AYRDRGHRGSRGSQASDQEGHSETDS 857
GGCCAAGCTTCATCTGCAGTCAGAGATCSTGGCCACCGGEGCTCAAGGGGTAGTCAGGCAAGCGACCAAGAGGGACATT CAGAAGACTCT 4050

R G R § G

DS 3 S ¥y S AGQGRDQAGSHZ QQSHAQQ Q R s 887
GACTCACAATCAGTCTCAGCCCAAAGACAGGCTGGGTCGCATCAGCAGAGC CACCARGAGTCCACACGCGGCCGATCACAGRGAAGGTCT 4140

GRS GSF 1 fQ VST HEQQSESAHGERTR 17
GGACGTTCAGGGTCTTTCATCTACCAGBTGAGCACTCATGAACAGTCTGAGTCTGCCCATAGUCGGACCAGGACCAGCACTGGACGAAGA 4230

Xma [
PG 5 %47

S SRHSASQEGQDIT I RAH
CCAAGAGGGTCAGGACACCATTCGTGCACACCCGGGATCA 4320

QG S K HEQA
CAAGGATCCCACCACGAGCAGGCACGAGACAGCTCCAGGCACTCAGCGTC

R R G GRIOQGSHHET QS SV R 3 G H H S $ Q 977
AGGAGAGRAGGAARGCAGGRATCCCATCATGAGCAATCGGTAGATAGATCTGGACACTCAGGGTCCCATCACAGCCACACCACATCCCAS 4410

989
4446

G S AS H G Q 5 6 5 ..., VeCtor......
GGAAGATCTAATGCCTCCCAT3GGCAGTCAGGATCCGT TGACCTGCAGATCGAC

FIGURE |: Sequences of the 5-end and amino-terminal end of the human profilaggrin gene. The nucleic acid sequence of a portion of the
gene clone gAHFS is aligned with the entire nucleic acid sequences of the three cDNA clones A\HF202, A\HF604, and AHF373. Only the 3/
4.456 kbp of gA\HFS from a Poull site (underlined at the beginning) to the cloning vector site of Sall (underlined at the end) are shown. The
two different Xmal fragments were ordered from the sequence of the intact g\HF5 sequence. The intron sequences in gA\HF5 are presented
in lower case. Putative regulatory sequences of the CAT and TATA boxes and the cap site are indicated. The three restriction enzyme sites
Dral, EcoRV, and Spel used to size the entire gene and the Xmal sites are shown. The deduced amino acid sequences with variations are
indicated with the single-letter code and are numbered from the initiation codon (*). The symbols (O) and (@) of the amino-terminal 40 residues
mark likely a and d positions, respectively, that may form a coiled-coil a-helix.

Characterization of the 5-End of the Profilaggrin Gene.
Figure 1 shows the sequences of the genomic clone gA\HFS5 and
cDNA clones AHF202, AHF373, and AHF604 that encode 5’
information of the gene. Several features are evident. First,
all clones contain a unique in-frame ATG (at bp position 1477)
that meets all of the criteria for a utilized initiating codon
(Kozak, 1989). Their nucleotide sequences are identical prior
to it and for the first 128 bp following it; in the next 1266 bp
of overlapping sequences, there are 180 (14%) variations in
nucleotide and 86 (20%) variations in amino acid sequence.
The two different Xmal fragments identified by subcloning
and sequencing in gAHF5 were ordered as shown in Figure
1. Second, comparisons of gAHF5 and AHF202 reveal the
presence of an intron of 570 bp in the gene that splices the

5’-untranslated region (at bp 379), which meet the obligatory
recognition sequence requirements for introns (Green, 1986).
Primer extension experiments to define the likely “cap” site,
using the 60-bp oligonucleotide from bp 1605-1664 described
above and up to 100 ug of poly(A)-enriched epidermal RNA,
were inconclusive due to the likely processed nature of the
human filaggrin mRNA (McKinley-Grant et al., 1989).
However, there are two possible cap sites at bp 203 and 261.
These are preceded by potential “TATA” boxes at bp 163—185
and “CAT” boxes at bp 21 or 90-100 that fulfill the char-
acteristics of functional genes. Finally, the available sequence
data reveal several potential regulatory sequences such as the
so-called epidermal-specific enhancer element and a retinoic
acid responsive element (Blessing et al., 1987; Tseng & Green,
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giHF222 § 72

YR OSGHRGS SGSQASDSEGHSTEDSDTQS Yy S 54
gAHF222 GTCAGAGACTCTGGGCACCGAGRGTCCAGTGGTAGTCAGGCCAGTGACAGTGAGGGACAT TCAGAAGACTCAGACACACAGTCAGTGTCA 162

4 0 GOQAGPHOQOQOSHOQESTRGRSAGRSGRSGSF o4
g HF222 GCCCAAGGACAGGCTGGGCCCCATCAGCAGAGCCACCAAGAGTCCACACGTGGCCGRTCAGCAGGAAGGTCTGGACGTTCAGGGTCTTTC 252

L YQ V¥ s THEQQSESAHBRARTSTRGRIQGSHHE 114
gAHF222 CTCTACCAGGTGAGCACTCATGAACAGTCTGAGTCTGCCCATGGTCRAGC TCGGACCAGCACCAGAGGAAGGCAGGGTTCCCACCACGAG 342

AR DS SRHSTSQEGQDTIRGH®PGPS S GG R H 144

g #HF222 CAGGCACGAGACAGCTCCAGGCACTCTACTTCCCAAGAAGGTCAGGACACCATTCGTGGACACCCCGGGCCAAGCAGTGGAGGAAGACAC 432
¥ma

G SHY EQSVY¥HNSTGHSGSHHSHTTSQQGRSDODAS 174

giHF 222 GGATCCCATTACGAGCAATCGRTAAATAGCACTGGACACTCAGGTTCCCATCACAGCCACACCACATCCCAGGGTAGATCTGATGCCTCE 522

H&&T s 6GSRSASRETHNETEDNSGDGSRHSGSRH 204
giHF222 CATGGRACGTCAGGATCCAGAAGTGCAAGCAGAGAAACACATAATGAGGAACAGTCAGGAGACGGCTCCAGGCACTCAGGGTCGCGTCAC 612

Q E A S S WADSS GHYSQAGQGESSGSRTSRNGQG 234
gHF222 CAAGAAGCTTCCTCTTGGGCTGACAGCTCAGRACACTCACAGGCCGGCCAGGGTGAATCAAGCGGATC CAGGACAAGCAGGAACCAGGGA 702

S SFSQ0SDSQGQSEDSERRSGSASRNHARGS 264
9HF222 TCCAGTTTCAGCCAGGACAGTGACAGTCAGGGACAGTCAGAGGACTC TGAGAGGCGATCTGGGTCTGCT TCCAGAAACCATCGTGGATCT 792

AREQSRDGSRHPGSHHEDRAGHG GHSADSS R 294
g HF222 GCTCGGGAGCAGTCAAGAGATGGCTCCAGACACCCCGGATCCCATCACGAGGATAGAGCCGGTCATGGACATTCCGCAGACAGCTCCCRG 882

S hH T RH TN T S SRR RQAASSQOHOEQARSRAGDRHK 34
giHF222 CAGTCAGRCACTCGTCATACACAGACTTCCTCTCGTCGACAGBCTGCATCATCCCAAGAACAGGC TAGATCAAGAGCAGGAGACAGACAT 972

5 6 H S 40§ SRHSGEI GRGQASTAVRDS G H 354
GIHF222  BRATCCGGCCATCAGCARTCARCARACAGCTCCAGACACTCAGGRC AT TAGRCACAGACAAGCTTCAACTGCGGTGABAGACAGTGGACAC 1062

R R SR G S QA SDNEGSGHSEDSOTQ SV AGQRG GAG 38
qiHF222  CGAGBGTCCAGGEGTAGTCAGCCAGTGACAATGAGGGACACTCAGAAGACTCAGACACACAGTCAGTGRCAGGCCAACGACAGGCTRRG 1152

S KHESHQESTRGAGENSRETSGRSGESF L Y Q VST 414
GIHF222  TCCCATCACHAGAGECACCAAGAGTCCACACATGGCCAGTCACGAGAAACATCTGGACGTTCAGGBTCTTTCCTCTACCAGGTGAGCACT 1242

HF QS ESSHAWSAETSTRGRDOAS HHEDQAQDS S 44

GAHF222  CATGAACAGTCTGAGTCTTCCCATGGATHGTCTRGCACCAGTACTAGAGGAAGACAAGGATCCCACCACGAGCAGGCACAAGACAGCTCC 1332

2 K 5 A SN E &N DT I HGH P Guwuas 1420 bp gap...... 461

GAHF222  AGGCACTCAGCHTLCCAAGAGGGTCAGGACACCATTCATGGACACCCGGE 1383
Tma T

f HSADSSROG2SGTRHTESSSRGQAASSHEI QA 964
3HF223  GGCCACTCTGCARACAGCTCCAGACAATCAGGCACTCGTCACACAGAGTCTTCCTCTCGTGGACAGGC TGCGTCATCCCATGAACAGGCA 2892

R S S AGERHGSHHKQOQSADSSRHAGIGHGI QAS 9%
1 HF223  AGATCAAGTGCAGGAGAAAGACATGGATCCCACCACCAGC AGTCAGCAGACAGC TCCAGACACGCAGGCATTGGGCACGGACAAGCTTCA 2982

S 4 ¥ "R DS G HRSAG YRGS QATODOD S EGHSEDSDT G S 1024
AMF223  TCTGCAGTCAGAGACAGTGGACACCGAGGGTACAGAGGTAGTCAGGCCAC TGACAGTGAGGBACAT TCAGAAGACTCAGACACACAGTCA 3072

¥ S AQGQAG®PHOQOQAHQESARG QSGES S GR S G 1064
»HF223  GTGTCAGCACAGGGACAAGCTGGGCCCCATCAGCAGAGCCACCAAGAGTCCGCACGTGGCCABTCAGGGGAAAGCTCTGGACGTTCAGGG 3162

S FLYQVYSTHERDQSESTHG®DSVYPSTGE6R QG S H 1084
1 HF223  TCTTTCCTCTACCAGGTGAGCACTCATGAACAGTCTGAGTCCACCCATGGACAGTCTGTGCCCAGCACTGGAGGAAGACAAGGATCCCAT 3252

§
HDQAQDSSRHSASQESGQDTIRGH®PSGPSRGG 1114
g HF222 CCCGGGBTCCAGTAGAGRAGGT
xHF223  CATGATCAGGCACAAGACAGCTCCAGGCACTCAGCATCCCAAGAGGGTCAGGACACCAT TCGTGGACACCCGEAGCCAAGCAGAGGAGGA 3342
Tma

¥y
R QGSHHENSVYDRSGHSGSHHSHKHRTTSQG 1144
g#F222 ABACATRGCTCCCACTACGAGCAATCTGTCGATAGGTCTGGACACTCAGGUTCCCATCACAGCCACACCACATC TCAGGGAAGATCTGAT
AHF223  AGACAGGGGTCCCACCACGAGCAATCGGTAGATAGGTCTGGACACTCAGAGTCCCATNACAGNNATACTACATCCCASAGAASGTCTGAT 3432

H S R N €
A RG0S 6 SRS ASRQETHDIQET QSGDGSRHSRS 177
9*HF222 GCCTCCCATGGCTCCTCAGGATCCAGAAGTGCCAGCAGACAAACTCGTAATGAGGAACAATCAGGAGATGGCTCCAGGCACTCTAGGTCG
AHF223  GCCTCCCGTAGGCARTCASGATCCAGAAGTGCAAGCAGACAAACACATGACCAGGAACAATCAGGAGACGGCTCTAGGCACTCAGGGTLG 3522

H Y TN G N
R M NEASSKAESSRHS G Q S E G S R T S R R 1204
QIMF227 MATEACCATRAAGCTTCCACTCABRCRAACAGCTN TARACACTCACAGGCAGGCCAGGRACAATCAGCGGGCCCAAGGACAAGCAGGAAC
*HF223  CATCATCAGGAARCTTCCTCT TRGGCCGACASC TCTABACACTCACARGC AGTCCAGGRACAATCAGAGGBGTCCAGGACAAGCAGRCGE 3612

W
NnARSSY S$HTOSNH S QB HSEDNDSER”RSGS ASRNHR R4
gIHF2722 CAGGBATCCAGTRTTAGCCAGRACAGTAACAGTE AGHAACAC TCAGAAGACTCAGAGAGGTARTCTRAGTCTGCTTCCAGAAACCATCAT
AHF223  CAGGGATCCASTATTAGCCAGRACAGTRACAGTCAGGGACAL TCAGAAGACTCTGAGAGGCGGTCTGGGTCTGCT TCCAGAAACCATCGT 3702

T
5 S AQOENSRDGSRHPRSHMHETDRAGHGZD OSAE S 1264
gANF222 RRATCTRCTCAGRAGCAGTCAAGAGATGACTCCAGANACCCCACRTCCCATCACRAAGACAGARCCGBTCACCOGCACTCTACTRAGAGE
AHF223 GGQTCTGCTCAGGAGCAGTCAAGAGATGGCTCCAGACACCCCAGGTCCCATCACGAAGACAGAGCCGGTCACGGGGACTCTGCAGAGAGC13792
ac
1
S9N S 6T 4 HAENSSGGEQOAASS Y EQARS S AGE 129
gAHF222 TCTGACCAATCAGRCACTCATCATRCAGAGAATTCCTCTGSTGGACAGGCTGCATCATCCCATRAACAGGCTAGATCAAS TGCAGGAGAG
xKF223  TCCARACAATCANGCACTCATCATARCARAGARTTCCTCTAATGGACAGGC TRCATCATCCCATGAACAGGCAAGATCAAGTGCAGGAGAG 3882

H
R 45 S MY 0OO0OSADSSRHSG I GHGRAS S &V R D S 1324
GAHF222 AGACATGGATCCLACCACCAGCAGTCAGCAGACAGCTCCAGACACTCAGBCATTGGGCACGGACAAGCTTCATCTGCAGTCAGAGACAGT
IMF223  ARACATRGATCLCACTACCARCAGTCAGCAGACARCTCCARACACTCAGGCATTGAGCACRRACAAGCT TCATCTACAGTCAGAGACAGT 3972
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S G

G HRGS S G SDNEGHSEDSNHT QS VY S AHGRGQ 135

gAHF222 GBACACIGAGGGTCCAGTRGTAGTCAGRCCAG TGACAG TRAGGGACAT TCAGAAGACTC AGACACACAGTC AGTGTCAGCCCACGGACAS
AHF223 GRACACCGAGRRTA CAGTRATAGTCAGRCCAGTGACAATGARGGACAT TCAGAAGACTCAGACACACAGTCAGTGTCABCCCACCEACAG 4062

S 0o nE 6

G R HHESHDESTRGRSRGRSGRS S F LY gy 1384

g X¥{F222 GCTGRGTCCCATCAGCAGAGCCACCAAGARTCLACACRTGGCAGGTCRC AGGAARGRTCTRGACGT TCAGGATCTTTCCTCTACCAGGTG
HF223  GCTGGRCACCATCACGAGARCCACCAARARTCCACACATGGCCRGTCACGAGGAAGGTCTGGACGT TCAGGGTCTTTCCTCTACCAGGTG 4152

S THFEQSESAHGRRARGPS TG GRQE S H E Q AR D 1414
g MF222 AGCACTCATGAACAGTCTRARTCTRCCCATGGACGGGC TR6GCCCAGTAC TGGAGGAAGACAAGGATCCCGCCACGAGCAGGCACGAGAC
MF223  AGLACTCATGAACAGTCTAAGTCTACCCATGGACGRGCTAAECACAGTACTAGAGGAAGACAAGGATCCCGCCACGAGCAGGCACGAGAL 4242

S SRHSASQEGQDTTI 4 S RRGGRQGS Y H
9AHF222 AGCTCCAGGCACTCAGCATCCCAAGAGGRTCAGGACACCAT TCGTGGACACCCRGGGTCA AGACAGGGATCCTACCAC
MMF223  AGCTCCAGGCACTCAGCGTCCCAAGAGGGTCAGGACACCAT TCGTGGACACCCOGAGTCAAGGARAGGAGGAAGACAGGGATCCTACCAC 4332

Xma T

1444

£ NS v hnRr H H HTTSQGRSDASUHKGZ Q S 1474
gAHF 222 GAGCAATCGRTAGATAGRTCTGGACACTCAGGGTCCCATCACAGLCACACCACATCCCAGGGAAGGTCTGATGCCTCCCATGGGCAGTCA
AHF223  GAGCAATCGGTAGATAGGTCTGGACACTCAGGSTCCCATCACAGCCACACCACATCCCAGGGAAGGTC TGATGCCTCCCATGGGCAGTCA 4422

G S RS A SR T S GND GSRHSGSRHHEAS 1504
GAHF222 GGATCCAGAAGTGCAAGCAGAGAAACACGTAA TGAGGAACAGTCAGGAGACGGC TCCAGGCACTCAGGGTCGCGTCACCATGAAGETTCC
AHF223  GGATCCAGAAGTRCAAGCAGAGAAACACGTAATGAGGAACAGTCARGAGACGGCTCCAGGCACTCAGGGTCGCGTCACCATGAAGCTTCC 4512

T A S S R HSQ G QGESAGSRRSRRQGS SV S 153
9AHF222 ACTCAGGCTRACAGETCTAGACACTCACAGTCCGRCCAGGGTGAATCAGCGGGGTCCAGGAGAAGCAGGCGCCAGGGATCCAGTGT TAGC
AHF223  ACTCAGGRCTRACAGCTCTAGACACTCACAGTCCGGCCAGGGTGAATCAGCGGGGTCCAGGAGAAGCAGGCGCCAGGGATCCAGTGTTAGE 4602

FAYPEDNSERRSESASRNEKHGSSREQ 1564
GAHF222 CARGACAGTRACAGTRAGGC ATACCCAGAGGACTCTGAGAGGCGATC TGAGTC TGCT TCCAGAAACCATCATGGATCTTCTCGGGAGCAG
AF223  CAGGACARTAACAGTGAGGCATACCCAGAGRACTCTGAGARRCBATCTSAGTCTGCTTCCAGAAACCATCATGGATC TTCTCGGGAGCAG 4692

3 S RHPGSSHRDTASHY QS SPVQSDSST 159
gAHF222 TCAAGAGATGGCTCCAGACACCCCGGATCC TCTCACCGCGATACAGCCAGTCATGTACAGTCTTCACC TGTACAGTCAGAC TCTAGTACC
AHF223  TCAAGAGATGGCTCCAGACACCCCGGATCCTCTCACCGCGATACAGCCAGTCATGTACAGTCT TCACCTGTACAGTCAGACTCTAGTACC 4782

H H S S L SQDSAYHSGEI QSSRGS PHS S $ 1624
gAHF222 GCTAAGGAACATGGTCACT TTAGTAGTCTTTCACAAGAT TCTGCGTATCACTCAGGAATACAGTCACGTGGCAGTCCTCACAGTTCTAGT
AHF223  GCTAAGGAACATGGTCACTTTAGTAGTCTTTCACAAGATTC TGCGTATCACTCAGGAATACAGTCACGTGGCAGTCCTCACAGTTCTAGT 4872

S Y HYQ E K 6 QS GL Y WRHEGS Y GS A D Y 1654
gAHF222 TCTTATCATTATCAATCTGAGGGCAC TGAAAGGCAAAAAGGTCAATCAGGTT TAGT TTGGAGACATGGCAGCTATGGTAGTGCAGAT TAT
AHF223  TCTTATCATTATCAATCTGAGGGCACTGAAAGGCAAAAAGGTCAATCAGGTTTAGT TTGGAGACATGGCAGCTATGGTAGTGCAGATTAT 4962

0 Y G E G FRHSQHGS Y SYHNSNPVYLFKETRSTDI 1683
9AHF222 GATTATGGTGAATCCGGGT TTAGACACTCTCAGCACGGAAGTGT TAGTTACAATTCCAATCCTGTTCTTTTCAAGGAAAGATCTGATATC
AHF223  GATTATGGTGAATCCGGGTTTAGACACTCTCAGCACGGAAGTGTTAGT TACAATTCCAATCCTGTTCTTTTCAAGGAAAGATCTGATATC 5052

K ASAFGKDHPRYYATY T NKDPGLCGHSS D 1714
gAHF222 TGTAAAGCAAGTGCGTT TGGTAAAGATCATCCAAGGTATTATGCAACGTATAT TAATAAGGACCCAGGTTTATGTGGCCATTC TAGTGAT
AHF223  TGTAAAGCAAGTGCGTTTGGTAAAGATCATCCAAGGTATTATGCAACGTATAT TAATAAGGACCCAGGTTTATGTGGCCATTCTAGTGAT 5142

1 > 1731
gAHF222 ATATCGAAACAACTGHGATTTAGTCAGTCACAGAGATACTATTACTATGAGTAAGAAAT TAATGGCARAGGAAT TAATCCAAGAATAGAA
AHF223  ATATCGAAACAACTGGGATTTAGTCAGTCACAGAGATACTATTACTATGAGTAAGAAATTAATGGCAAAGGAATTAATCCAAGAATAGAA 5232

gAHF222 GAATGAAGCAAGTTCACTTTCAATCAAGAAACTTCATAATACTTTCAGGGAAGT TATCTTTTCCTGTCAATCTGTTTAAAATATGCTATA
AHF223 GAATGAAGCAAGTTCACTTTCAATCAAGAAACTTCATAATACTT TCAGGGAAGTTATCTTTTCCTGTCAATCTGTTTAAAATATGCTATA 5322
ra

gaHF222 GTATTTCATTAGTTTGGTGGTAGCTTATTTTTAT TGTGTAATGATCTT TAAACGCTATATT TCAGAAATAT TAAATGGAAGAAATCAATA
AHF223  GTATTTCATTAGTTTGGTGGTAACTTATTTTTATTGTGTAATGATCTTTAAACGCTATATTTCAGAAATAT TAAATGGAAGAAATCAATA 5412

gAHF222 TCATGGAGAGCTAACTTTAGAAAACTAGCTGGAGTATTTTAGGAGATTCTGGGTCAAGTAATGTTTTATGTTTTTGAAAGTTTAAGTTTT
AHF223  TCATGGAGAGCTAACTTTAGAAAACTAGCTGGAGTATTTTAGGAGATTCTGGGTCAAGTAATGT TTTATGTTTTTGAAAGTTTAAGTTTT 5502

GARF 2722 AGACACTCCCCAAATTTCTAAATTAATCTTTTICAGAAATATCGAAGGAGCCAAAAATATAAAACART TCTATATCCAAAGTGGCTATA
AHF223  AGACACTCCCCAAATTTCTAAATTAATCTTTTTCAGAAATATCGAAGGAGCCARARATATARRAC AGT TCTGATATCCARAGTGGCTATA 5592
ECoR V

@ HF222 TLAAGATCAGRGCTAGCACATCTTTCTCTATTATCCTTCTATTRGAATTCTAGTATTCTGTATTCAAAAAATCATCTTGGACATAATTAA
AHF223  TCAACATCARGRCTAGCACATATTTCTCTATTATCCTTCTATTAGAATTCTAGTATTCTGTATTCAAAAAATCATCTTGGACATAATTAA 5682

gMHF222 TATTTTAGTAARCTACATCTAAATTARAAATAAACTATTCATCATATAATACTGTTTGTCTCTTGTATTCTTATTTGTCAAACACAAATT 5772
AHF223  TATTTTAGTAAGCTGCATCTAAATTAAAAATAAACTATTCATCATATAAT(A)2, 5732

93HF222 ACATACTTCCCCATRGCCAGAATTAGATGTCTTCTATATCAT TGGAAAGCTATATGACCATAAAGCAGATACATTACATTCAAAATAACA 5862
AGTAATTAATAATAAMAGACAAAAT TTAATCAAGGCCTATATTTTTCTCCAACATAATCACTGTCCCACAATCACATACAGGAAAAAARA 5952
ARACATACTCTRCTCAATCATGAATATCACTATTAT TAATATGGAATTATCAACT TAGGTGGTGAT TAAGCCATGTCAAAGGCAGATCAC 6042
GAAACAGRAATTACTGACCATAGATCCTTCTTCCAAAGACACTAGGAGATGCTTTGCAATGTAGACTAGTTGGAGCAGAGAAGTTCTTCC 6132

Spe T
TGATATATCCTGAARAAGGGAAAAGAATTAAAAAGAAGTGTCCTCCTGACCTGGAAGGAAAATATT TGCTATCTTTTGTAATTTAAGCAA 6222
GTAGATRAARATGCTGAAAAAAGAATAGGTAAAAATATGAATGAAGT TCTACCAGTAGAAGGAATATGC TTCTRTAAGAATCCTACCCAA 6312
ATTTTCATTCCCATAATATCAGACTAGAAGTGATATGTAGGTCAGCGATCACATTT TRCAGATGAGTCTATTACACAAATAATCCACACC 6402
AARARTAGCACTTAGATCTCAAGTCTCCAAATC TRCTTTTAGTGAT TTTATAAAAGCACT TCCARAAAGCTGCCTTTATTGAACTTACAC 6492
TTGARTAAACCAAGATAAAGTRACAC TGAT TGTCAAAGT TACAATAATACCCAATAGGTGCAGGGAC TGAATGAAAAGCAACAAACAAGL 6582
TGCATTTTTCTAATTAGCCTCAAACAATAGTCTATATGTRTTGTCCACAAGCCACT TGAAGATGGCATTTCCTTCCCACCAGTATCATCC 6672
CTCCCTACTTGRAAGTGT TRTCCCCAAATRCCCCTACAAAGCTGCAAAGTCCATAAGATATCATACCTTCAGACCTCATTGAACTTCCACA 6762
GACATACCTAGAGASRATRCCTTTGTCCATTCTCTGATACACTTTRCTACCTTGCCCCCAGTCTCACAACCAGCTTAGTGGCTACCTGGT 6852
ATAGCTCCTGTCTAAAGAAGCCAGGCATAACTAACTGGCTAAGAAAACAATATATAATGAGGAAACAGTGCAGACCTAGTCTAACTATGG 6942
GARARRTACTGACAGAAGGACAGACAGACCTTAAAGTAGT TTTAGCCAGACGTTTAGAGAGCTARATTCTCAAGT TTTC TGAAGAACCCA 7032
TAAACAACTGGAACTGTTTTCTTTCATATCCCTGCCCACTCAAGGATARAATTACCAGATGCTCCTTTT TGT TGAGAGAAAATCAGTTTA 7122
CCCAAARAGATRCTAACARRATTCACT TAGAACATCAATTTTTCTGTRTCCTCTCTCCTTCCTTTATAAAATTGTTTTTACATTTTCCTT 7212
AATTAT TCRACCAATTCTCTCACATATAARTCAACAATTT TCCTRCARGATAACTACAGGTTTCTAAGTTTTTCTTTGGGACAATCGTTT 7302
TAAAATTTTTATARATACATAGTAGGTATACATATAT TTATAGGATACATGAGATATTT TGATACAGACATACAGTGTATRATAATCATA 7492
TCARARTAARTASAGGTATCCATCACCTCAARCAT TCATCATTTRTGT TACATGCAATCCAATTATACTATTTTACTTATTTTTCAATGTA 7532
CAATARATTACTRTCRAT 7690

FIGURE 2: Sequences of the 3’-end and carboxyl-terminal end of the human profilaggrin gene. The nucleic acid sequence of a portion of gene
clone gA\HF222 is aligned with the entire nucleic acid sequence of cDNA clone AHF223. The unsequenced gap of 1420 bp in gA\HF223 corresponds
to the position of the two Xmal fragments that could not be ordered. The Sall sites at the beginning (cloning vector site) and end (flanking
gene sequences), likely polyadenylation signal sequences, and the middle Sacl site used in subcloning and sequencing are underlined. The
three restriction enzyme sites Dral, EcoRV, and Spel used in sizing the gene and the Xmal sites are shown. The deduced amino acid sequences
with variations are indicated with the single-letter code and are numbered from the 5’-end of gAHF222, through the unsequenced gap to the

overlap region with AHF223 to the termination codon (*).

1988), but additional sequencing and other functional assays
will be necessary to identify all such sequences and those likely
to exist further upstream.

The deduced amino acid sequences from the initiating codon
reveal a conserved aliphatic—polar sequence for the first 40
amino acids of no sequence homology to the filaggrin repeating
sequences. Residues 41-71 reveal about 50% sequence hom-
ology, while residues beyond 71 are highly homologous
(>85%). The first FLYQVST sequence, which represents the
linker region that is cleaved to release individual functional
filaggrin molecules (McKinley-Grant et al., 1989), occurs at
residue 245; that is, the first portion of the gene encodes a
truncated filaggrin repeat with an unusual amino-terminal end.

Analysis of the likely secondary structure reveals that the
first 40 residues have an a-helical conformation. In searching

both GenBank and NBRF sequence data banks, we found the
sequences I-A-T-Y (residues 10-13) and L-L-E (residues
27-29) occur elsewhere only in the coiled-coil sequences of
several IF proteins, including human keratin 1 (Johnson et al.,
1985; Steinert et al., 1985), which is coexpressed in this tissue
with profilaggrin. Apart from this, the amino-terminal 40
residues share little significant homology with any IF or other
coiled-coil a-helical protein. However, this sequence possesses
a weak heptad pattern of the form (a-b-c-d-e-f-g),, suggesting
that it may form a coiled coil. In most established coiled-coil
proteins, at least 70% of the a and d positions are occupied
by residues with hydrophobic side chains (Conway & Parry,
1988). In this case, 55% (6 of 11) of the a and d residues meet
this requirement.

Residues 41-71, which have been less conserved, are likely
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Human 765 CGHSSDIS-KQLGFSQSQRYYYYE
Mouse 315 -GYESIFTAKHLDFNQSHSYYYY-
FIGURE 3: Homology of the carboxyl-terminal sequences of human

and mouse (Rothnagel et al., 1987; Rothnagel & Steinert, 1990)
profilaggrins: (:) identity; (-) homologous residues; (=) deletion.

to possess a folded structure due to the presence of several
turns.

Characterization of the 3-End of the Profilaggrin Gene.
Figure 2 shows the sequences of the genomic clone gA\HF222
and the cDNA clone AHF223 that encode 3’ information of
the gene. Both clones possess the termination codon (at bp
5193) and the entire A-T-rich 3’-noncoding region. Like the
mouse profilaggrin gene (Rothnagel et al., 1987; Rothnagel
& Steinert, 1990), there are no introns in the coding end. The
nucleic acid sequences are identical beyond the last FLYQVST
sequence (at bp 4138), suggesting that this part of the gene
has been conserved. Prior to this, in the last complete filaggrin
repeat (bp 3165-4137), there are 62 (8%) variations in nu-
cleotide and 30 variations (11%) in amino acid sequence in
the overlap region. The Xmal fragments of gAHF222 were
subcloned into M 13 and sequenced, and four different repeat
sequences were found. Two repeats, corresponding to the first
and fourth of the intact clone gA\HF222, were recognized and
are shown in Figure 2.

The deduced amino acid sequence of Figure 2 shows that
in the last repeat the sequence deviates completely from fi-
laggrin-like sequences after amino acid residue 1594. While
the carboxyl-terminal 137 residues have no homology with
typical filaggrin repeat sequences, the last 23 residues share
59% homology with the carboxyl-terminal end of mouse fi-
laggrin, including a striking -Y-Y-Y-Y terminal sequence
(Figure 3; Rothnagel et al., 1987; Rothnagel & Steinert, 1990).
Thus, like mouse profilaggrin, the human gene posssses a
truncated and modified repeat at its carboxyl-terminal end.
The carboxyl-terminal 137 residues are highly charged (24
basic, 13 acidic) and hydrophobic (23%). Secondary structural
predictions suggest little or no organized structure, having
frequent turns.

Sequence Polymorphisms of the Human Profilaggrin Gene
System. The data of Figures | and 2 have revealed consid-
erable sequence variation between adjacent repeats on the same
genomic clones. This was particularly evident in a sequencing
reaction using gA\HF222 and a synthetic oligonucleotide primer
corresponding to the linker region (bp 4138-4155 of Figure
2) which hybridizes to gAHF222 in five locations. A se-
quencing gel covering approximately 90-220 bp from the linker
region (Figure 4) reveals that 12% of the base positions are
heterogeneous. In order to understand these sequence poly-
morphisms in more detail, additional cDNA clones were ob-
tained from the Agtl1 library. The longest clones were isolated
and were AHF114 (2.325 kbp) and AHF41 (2.832 kbp) and
a third that was AHF223 (see Figure 2). (Several other long
clones were concateners of EcoRI fragments which had ran-
domly ligated together during preparation of the library, but
provided more filaggrin sequence data.) Together with these
new clones and the cDNA and genomic DNA clones described
above and previously (McKinley-Grant et al., 1989), we are
able to compile a data base of sequence information on human
filaggrin, including sequences from multiple individual persons
and some with multiple adjacent repeats. Figure 5 shows a
“consensus” sequence map for human filaggrin sequences with
variations. Of 26 partial or complete filaggrin repeats, we
found that all repeats are precisely 972 bp (324 amino acids)
long, except those repeats located at the 5'- and 3’-ends of the
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FIGURE 4: A synthetic oligonucleotide corresponding to a linker region
(bp 4138-4155 of Figure 2) which hybridizes to ghAHF222 in five
locations was used as a primer. The sequencing reaction shows multiple
bands in several base positions (spots), indicating that the sequences
following the linker are variable. The numbers refer to the base pairs
from the linker. The lanes are, from left to right, G, A, T, and C.

mRNA (Figures 1 and 2). In the full-length and partial
repeats on gAHF5 and gA\HF222 clones from the same indi-
vidual, 100 of 324 (31%) of the residue positions are variable,
of which 14 (4%) vary more than twice (Figure 5, capitals).
Of these variations, all but four can be accounted for by sin-
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FIGURE 5: A consensus amino acid sequence map of a human filaggrin repeat. A comparison of the full-length and partial repeats of clones
gAHFS5 and gAHF222 derived from a single individual (placenta) is shown in capital letters. Additional variations encountered in a total of
20 other partial or complete filaggrin repeats of nine other cDNA clones (and thus probably from different individuals) are shown in lower-case
letters. Whereas most of the former represent conservative amino acid substitutions arising from single-base changes in the codons utilized,
many of the latter involve more complicated mutations and involve nonconservative amino acid substitutions.

gle-base changes in the codons utilized. When all available
sequence data are considered (Figure 5), 126 of 324 (39%)
of the residue positions are variable, with several (a total of
32, 9%) more than twice. Most of the additional 26 variations
would have required multiple mutations in the codons utilized.
The longest conserved region occurs in the vicinity of the linker
(residues 319-13). This corresponds to the region in the DNA
sequence where several restriction enzymes such as HgiAl cut
each repeat, generating the superstoichiometric repeat on
Southern blots (McKinley-Grant et al., 1989).

A comparison of the full-length and partial repeats from
the two genomic clones (Figure 5, capitals) reveals that 60%
of amino acid sequence variations are conservative; only 7%
involve exchanges between hydrophilic and hydrophobic res-
idues, but 33% involve changes in charge. While the molecular
masses of these repeats vary little (34 £ 0.2 kDa), their p/ vary
more widely (8.3 = 1.1). Human filaggrin has been shown
to consist of multiple isoelectric variants, attributed to in-
complete dephosphorylation or desimidation (Harding & Scott,
1983), but these data clearly show that another major reason
for charge heterogeneity is sequence polymorphism.

Size of the Full-Length Human Profilaggrin Gene. The
data of Figures 1 and 2 reveal the presence of Dral, EcoRYV,
and Spel restriction enzyme sites that occur only in the con-
served 5'- and 3’-ends of the gene which permit calculations
of the size of the full-length gene. These calculations assume
that the distances between restriction enzyme sites and the first

FLYQVST linker sequence (bp 2212 of Figure 1) and between
the last FLYQVST linker sequence (bp 4138 of Figure 2) and
the restriction enzyme sites have been conserved, as our se-
quence data indicate. Surprisingly, the sample of genomic
DNA used, from a different source than used previously
(McKinley-Grant et al., 1989), yielded two bands of equal
intensity with each enzyme of sizes 13.2 and 12.2, 13.0 and
12.1, and 15.3 and 14.2 kbp, respectively (Figure 6A). This
means that this DNA sample contains profilaggrin genes
having 10 and 11 full filaggrin repeats, in addition to the
partial and modified repeats at the 5’- and 3’-ends. The ge-
nomic DNA utilized previously (McKinley-Grant et al., 1989)
yielded a single band that corresponds to a gene with 12 full
filaggrin repeats. These observations were explored further
with DNA from another 12 individuals which was cut with
Dral (Figure 6b). All samples contain either one band or two
bands of equal intensity of three size classes about 1 kbp apart
and correspond to genes containing 11 only, 12 only, 10 and
11, 11 and 12, or 10 and 12 repeats.

These apparent allelic forms of the human profilaggrin gene
were further examined with DNA derived from many indi-
viduals in several three-generation kindreds (CEPH cell lines;
White et al., 1990) with no known involved keratinizing dis-
orders of the skin and of several different racial and ethnic
groups. When cut with EcoRV, DNA from two kindred
families (Figure 7), as well as 24 other families (data not
shown), revealed only one or two bands in all cases, corre-
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FIGURE 6: Size of the human profilaggrin gene. (A) Genomic DNA
from a single source was cut with the three enzymes Dral, Spel, and
EcoRV, electrophoresed for 3 days to maximize resolution, processed
by Southern blotting, and probed with a coding probe [AHF10;
McKinley-Grant et al. (1989)]. The sizes of the two bands in each
case were measured with respect to high molecular weight markers
(Bethesda Research Labs). With the Dral data for example, the
number of repeats was calculated as follows: the distance from the
proximal Dral site at the 5’-end to the first FLYQVST linker is 1.590
kbp (Figure 1); the distance from the last FLYQVST linker to the
proximal Dral site at the 3’-end is 1.169 kbp (Figure 2); the sizes
of the Dral fragments shown here are 13.4 and 12.4 kbp; the size of
each filaggrin repeating unit is 0.972 kbp; the number of repeats is
therefore (13.4 - 1.59 - 1.169)/0.972 = 10.9 and (12.4 - 1.59 -
1.169)/0.972 = 9.9. The numbers for EcoRV and Spel calculated
the same way are 11.0 and 10.1 and 11.1 and 9.9, respectively. (B)
DNA from 12 individuals was digested with Dral and processed as
above. The three levels of bands correspond to 10, 11, or 12 repeats.
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FIGURE 7: Mendelian segregation of human profilaggrin size alleles.
DNA from transformed lymphocytes of the several members of two
three-generation kindred families (CEPH cell lines; White et al., 1990)
was cut with EcoRY and characterized on Southern blots as in Figure
6. In all cases, one or two bands corresponding to 10, 11, or 12 repeats
were obtained, which were segregated between the various family
members as shown.

sponding in size to 10, 11, or 12 filaggrin repeats. The dis-
tributions of the repeat numbers in the various family members
(Figure 7) indicate normal Mendelian inheritance. Thus,
based on the analyses of the DNA of more than 300 different
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FIGURE 8: Structure of the human profilaggrin gene containing 10
filaggrin repeats. S = Spel, which cuts only in the conserved flanking
regions; H = HgiAl, which cuts in the conserved linker region; F =
phenylalanine of the first consensus residue of each repeat. The
positions of the cap site, intron, initiating codon, termination codon,
and polyadenylation signal sequences are shown.

individuals (26 of 40 CEPH families and 14 other individuals;
a total of 44 shown in this paper), it is clear that the range
in size of the normal profilaggrin gene within the human
population is limited.

DiscusSION

Data reported in this paper on the isolation of portions of
the human profilaggrin gene, as well as data from both protein
chemical (Harding & Scott, 1983; Resing et al., 1984, 1985,
1989; McKinley-Grant et al., 1989) and other recent cloning
experiments (Haydock & Dale, 1986; Rothnagel et al., 1987;
McKinley-Grant et al., 1989; Rothnagel & Steinert, 1990),
have now firmly established that filaggrins are expressed from
huge genes of relatively simple structure. The genes consist
of several tandemly arranged polynucleotide repeats of 972
bp [human; this paper and McKinley-Grant et al. (1989)],
750 bp (mouse; Rothnagel & Steinert, 1990), and 1272 bp
(rat; Haydock & Dale, 1986) and are devoid of introns in
coding regions. Thus, the genes encode large polyprotein
precursors consisting of numerous tandem filaggrin repeats.

This paper provides details of the 5’- and 3’-ends and thus
of the structure of the entire human profilaggrin gene (Figure
8). Even though the complete gene has not been isolated, by
taking advantage of certain restriction enzyme sites that occur
only in the conserved flanking regions, we are able to calculate
the number of repeats in it. Whereas a sample of DNA
obtained previously from one individual yielded only one band
when cut with the enzymes Dral and EcoRV (McKinley-
Grant et al., 1989), we now find in another single DNA sample
that these enzymes and Spel generate two bands (Figure 6A).
Further, analysis of DNA from an additional 12 foreskins and
DNA from many members of 26 CEPH kindred families of
several different racial and ethnic origin reveals one or two
bands with Dral (Figure 6) or EcoRV (Figure 7). The precise
1-kbp difference in size of the bands in different individuals
(Figures 6 and 7), the conservation of the flanking sequences
of the gene, and the multiplicity of sites for these three re-
striction enzymes (Figures 1 and 2) make it improbable that
these 1-kbp variations in size can be due to mutations in all
three restriction enzyme sites simultaneously. The most likely
explanation of these results is that the profilaggrin genes in
different individuals can contain 10, 11, or 12 full filaggrin
repeats; that is, the human profilaggrin gene system is poly-
morphic with respect to the numbers of repeats. These data
may mean that there are multiple genes containing varying
numbers of repeats within any one individual, although if this
were the case, such multiple genes must be tightly linked to
the 1g21 region (McKinley-Grant et al., 1989). It is more
likely, however, that there is only one gene per haploid genome,
but the two copies of the gene in any one individual can contain
variable numbers of repeats due to simple allelic differences.
This notion is further supported by the finding (Figure 7) that
the different-sized bands corresponding to different numbers
of repeats segregate in kindred families by normal Mendelian
processes. These three allelic variants may have arisen by
unequal meiotic recombinations earlier in evolution and have
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since been conserved. Even though our data represent more
than 300 individuals of several racial and ethnic groups, we
cannot exclude the possibility of additional allelic size variants
in a wider population survey.

One important conclusion of this finding is that it would
appear that the formation of a normal terminally differentiated
human epidermis is not critically dependent on the precise
amount of functional filaggrin produced from the precursor
gene; that is, to date we see a variation of 20% (10-12 repeats).
The rationale for such variability is not yet clear.

In our initial report on the human filaggrin system
(McKinley-Grant et al., 1989), we recognized the probability
of sequence variation between neighboring repeats. In this
paper we have compared the sequences of 11 different clones
including clones containing multiple adjacent repeats and find
(Figure 5) that all repeats are precisely 972 bp (324 amino
acid residues) long but display a bewildering array of sequence
variations. Such variations mean that the human filaggrin
system is doubly polymorphic: in addition to variable numbers
of repeats in profilaggrin, functional filaggrin also consists of
a heterogeneous population of molecules of similar size but
of considerable charge and sequence heterogeneity. There is
as much variation between neighboring repeats on the same
clone from the same individual as between repeats on different
clones from different individuals (Figures 4 and 5). So far,
we have found 39% of the 324 amino acid positions per repeat
are variable (Figure 5). Our data base contains information
from nine clones from two different foreskin cDNA libraries
and two genomic clones, all obtained from individuals of
similar ethnic origin. Accordingly, we expect more variations
will appear when a larger portion of the human population
is sampled. Nevertheless, most of the identified variations
represent conservative changes. Few if any changes involve
the appearance of a different type of amino acid that might
be expected to significantly change the structural properties
of the filaggrin molecules. Thus, although our data base is
limited in size, it seems likely that generally only conservative
substitutions are tolerated and that such changes are not
randomly distributed in the normal human profilaggrin gene.
Furthermore, our data show islands of tight sequence con-
servation, which explains why some restriction enzymes cleave
DNA regularly. The most notable region is in the vicinity of
the linker (residues 319-13, Figure 5), as might be expected
since this is recognized by a common set of proteolytic pro-
cessing enzyme(s). In contrast, mouse filaggrin repeat se-
quences seem to have been highly conserved, yet the linker
region is somewhat variable (Rothnagel & Steinert, 1990).
Future work will be directed toward an understanding of the
structural and functional significance of these sequence var-
iations.

We demonstrate here that the human profilaggrin gene
contains an intron in the 5-untranslated region. Interestingly,
other genes expressed in mammalian epidermis such as invo-
lucrin (Eckert & Green, 1988) and loricrin (D. Hohl and P.
Steinert, unpublished results) and epidermal derivatives such
as trichohyalin (Rothnagel & Rogers, 1986; Fietz et al., 1990)
also possess simple gene structures. None of these genes
contain introns in coding portions, and all possess a single
intron in their 5'-untranslated regions. Each of these genes
encode proteins having peptide or polypeptide repeats that
display considerable sequence variations yet retain certain
prominent structural motifs. The lack of introns within or
between the repeats probably reflects the simple evolutionary
processes of amplification and/or duplication involved in their
formation. The reason for their sequence variations is not clear
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at this time. However, the fact that each is expressed in a
moribund tissue and ultimately functions in a dead cell to
afford a barrier against the environment reminds us of the
carlier view (Fraser et al., 1972) that such variations, providing
they retain certain essential structural motif(s), are tolerated
because they retain no further effect on the life of the or-
ganism. A further point of interest for future consideration
is that most if not all of these proteins probably function in
some way as intermediate filament-associated proteins, by
interacting directly or indirectly with the keratin IFs of the
various cell types (Steinert & Roop, 1988).

Examination of the sequences at the amino- and carbox-
yl-terminal ends of human profilaggrin reveals the presence
of modified repeats that either start with unusual sequences
before merging into or end with unusual sequences in the midst
of the “consensus” filaggrin repeats. Their structural and
chemical properties are strikingly different from those of the
filaggrin repeat sequences: (1) the amino-terminal sequence
is a-helical, is likely to form or participate in the formation
of a coiled coil, is strongly acidic, and is notably enriched in
aromatic amino acids; (ii) the carboxyl-terminal sequence is
strongly basic and also hydrophobic; (iii) whereas the filaggrin
repeat sequences contain an average of 22 potential phos-
phorylation sites per repeat (Resing et al., 1985, 1989; Steinert,
1988), the amino- and carboxyl-terminal ends contain 0 and
2 such sites, respectively; (iv) the sequences appear to have
been highly conserved (Figures 1 and 2). Although searches
in data bases with the carboxyl-terminal sequences have re-
vealed no similarities to other proteins (except with the car-
boxyl-terminal end of mouse filaggrin; Figure 3), the amino-
terminal sequence reveals modest homologies with certain
keratin IF chains because of a potential to form a coiled-coil
a-helical structure. Therefore, these sequences may serve an
important role in the function of profilaggrin, distinct from
its content of several filaggrin repeats. The hydrophobic nature
of the carboxyl-terminal sequences may aid in the proteolytic
processing, but other functions, if any, will have to await
further experiments. With respect to the amino-terminal
sequences, we note similar a-helical sequences are present on
other structural proteins, including procollagens (Bornstein
& Traub, 1980). Thus by analogy with the procollagens, we
suggest the following two possibilities for the function of the
amino-terminal sequences on human profilaggrin. They may
aid in the accumulation of the profilaggrin in the epidermis
by interaction with coiled-coil sequences on the adjacent
keratin IF, so as to in effect anchor the accumulating deposit
of protein. Alternatively, this could be accomplished when
two (or more) adjacent profilaggrin molecules associate by
interaction of their coiled-coil sequences to form a macroscopic
aggregate of protein. A third or concurrent function related
to their hydrophobic nature may be to aid in proteolytic
processing, as proposed for the carboxyl-terminal and linker
regions.

Several authors have hitherto referred to the initial trans-
lation product of this gene system as profilaggrin (Resing et
al., 1984, 1985, 1989; Dale et al., 1989; Haydock & Dale,
1986). The use of this term now seems fully justified in view
of the data described in this paper which clearly demonstrate
the presence of propeptide sequences at the termini.

In summary, we have characterized cDNA and genomic
DNA clones encoding the ends of the human profilaggrin gene,
which provide novel information on the extraordinary poly-
morphisms of this gene system and which will now permit more
detailed studies on its expression and function in normal and
abnormal epidermal differentiation.
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