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Abstract. Trichohyalin is a structural protein that is
produced and retained in the cells of the inner root
sheath and medulla of the hair follicle. The gene for
sheep trichohyalin has been purified and the complete
amino acid sequence of trichohyalin determined in an
attempt to increase the understanding of the structure
and function of this protein in the filamentous network
of the hardened inner root sheath cells. Sheep tricho-
hyalin has a molecular weight of 201,172 and is char-
acterized by the presence of a high proportion of glu-
tamate, arginine, glutamine, and leucine residues,
together totaling more than 75% of the amino acids.

Over 65% of trichohyalin consists of two sets of tan-
dem peptide repeats which are based on two different
consensus sequences. Trichohyalin is predicted to form
an elongated a-helical rod structure but does not con-
tain the sequences required for the formation of inter-
mediate filaments. The amino terminus of trichohyalin
contains two EF hand calcium-binding domains indi-
cating that trichohyalin plays more than a structural
role within the hair follicle. In situ hybridization stud-
ies have shown that trichohyalin is expressed in the
epithelia of the tongue, hoof, and rumen as well as in
the inner root sheath and medulla of the hair follicle.

appendage consisting of an array of up to six different

cellular layers. Upon division, the follicle cells move
up the shaft of the follicle and give rise to either the cortex,
cuticle, medulla, or the inner root sheath (IRS)! which ac-
companies the developing fiber in its outward growth. The
IRS is a cylinder of cells surrounding the developing fiber
and is believed to play a structural role within the follicle,
supporting and directing the fiber cells (Straile, 1965). The
developing IRS cells are characterized by the appearance of
electron-dense nonmembrane-bound trichohyalin granules
which have been shown to contain trichohyalin, a protein
with a mass of ~200 kD (Rothnagel and Rogers, 1986). As
the cells move up the follicle, filaments with a diameter of
8-10 nm appear in close association with the trichohyalin
granules (Rogers, 1964). Finally, the granules disappear, the
IRS cells become filled with intermediate-like filaments,
aligned parallel with the direction of hair growth (Rogers,
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1964), and these filaments harden into the insoluble contents
of the mature IRS cells (Birbeck and Mercer, 1957).

The insoluble protein network of the IRS cells are charac-
terized by two posttranslational modifications. The IRS pro-
teins are cross-linked by e-(y-glutamyl)lysine isopeptide
bonds (Harding and Rogers, 1971) which are formed by the
enzyme transglutaminase (Chung and Folk, 1972; Harding
and Rogers, 1972). In addition, arginine residues within the
IRS proteins are converted to citrulline by peptidylarginine
deiminase (Rogers et al., 1977). The activities of both en-
zymes are calcium-dependent.

The developing medulla cells also contain trichohyalin
granules although the mature cells do not contain filaments
but are filled with an amorphous protein mass. Both of the
posttranslational modifications also occur within the medulla
(Steinert et al., 1969; Harding and Rogers, 1971; Harding
and Rogers, 1972).

The role of trichohyalin in the IRS and medulla has long
been enigmatic. Immunological studies suggest that tricho-
hyalin acts as an intermediate filament-associated protein
(IFAP) in the IRS cells (Rothnagel and Rogers, 1986; O’Guin
etal., 1992) with K1 and K10-like intermediate filament (IF)
proteins forming the IF (Stark et al., 1990). It is therefore
postulated that the lack of IF protein synthesis in the medulla
would allow cross-linked trichohyalin to form the major
component of the protein mass of the mature medulla.

A partial trichohyalin cDNA clone has been previously
isolated and ~30% of the protein sequence of sheep tricho-
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hyalin determined (Fietz et al., 1990). This portion of the
protein does not contain any of the central core sequence typ-
ical of IF proteins but consists of an array of tandem
23-amino acid repeats which are predicted to form a-helix.
In the present paper, we report the isolation and character-
ization of the single copy sheep trichohyalin gene. The com-
plete protein sequence is analyzed and the functional impli-
cations discussed. Further, the expression of trichohyalin
within other sheep keratinized epithelia is examined by in
situ hybridization.

Materials and Methods

Screening and Subcloning of the Sheep
Trichohyalin Gene

A sheep genomic cosmid library, which was constructed in the vector
PWEIS5 by Clontech Laboratories Inc. (Palo Alto, CA) using DNA provided
by our laboratory, was screened with a 1.9-kb sheep trichohyalin cDNA
EcoRI fragment (Fietz et al., 1990) using the method of Hanahan and
Meselson (1980). Southern blot analysis of the purified clone was per-
formed using the method described in Fietz et al. (1990) except that the
transfer was performed using an LKB Vacugene Blotting System (Bromma,
Sweden). The desired fragments were initially subcloned into either the
BamHI or EcoRlI site of pPGEM-7Zf(+) (Promega Corp., Madison, WI) for
further analysis.

Genomic Sequence Analysis

Fragments spanning the trichohyalin gene were inserted into either pGEM-
3Zf(+) (Promega Corp.), pGEM-7Zf(+) or pBluescript II SK (Stratagene
Inc., La Jolla, CA). Deletions were performed using Bai31 endonuclease
(New England Biolabs, Beverly, MA) (Maniatis et al., 1982), subcloned
into appropriate M13 vectors (Yanish-Perron et al., 1985), and sequenced
by the dideoxy chain termination method (Sanger et al., 1980; Messing et
al., 1981) using the Sequenase Version 2.0 DNA Sequencing Kit (Un. States
Biochem. Corp., Cleveland, OH). Sequences at the beginning of the frag-
ments were obtained using double-strand DNA sequencing methods (Chen
and Seeburg, 1985).

DNA sequence data and the derived protein sequence data were analyzed
using programs from both the Staden Package (Staden, 1982, 1984) and the
Sequence Analysis Software Package of the University of Wisconsin Ge-
netics Computer Group (UWGCG) (Devereux et al., 1984). Database
searches were performed using the UWGCG package while secondary
structure analyses were obtained using the PREDICT program (Eliopoulos
et al., 1982) and UWGCG programs.

Sequence Analysis of Trichohyalin mRNA

To obtain the sequence of the 5’ end of the trichohyalin mRNA it was at-
tempted to clone the 5’ terminus using the “PCR-RACE” technique of Froh-
man et al. (1988). PCRs were used to amplify this region from cDNA syn-
thesized from total wool follicle RNA, prepared by the method of
Chomczynski and Sacchi (1987), using an oligonucleotide primer (Tr3) lo-
cated ~370 bp from the 5’ end of the mRNA. The full-length product could
not be cloned but sequence data was obtained from M13mpl8 clones con-
taining partial inserts and from double-strand sequence analysis (Chen and
Seeburg, 1985) of the amplified fragment primed with the oligonucleotides
Tr3 and TrS (see Fig. 2).

The size of Exon 1 was determined by RNase protection analysis using
the method of Krieg and Melton (1987). A 186-bp Hinfl fragment (1035-
1220) was cloned into the Sma I site of pBluescript II SK, transcribed with
T7 RNA Polymerase (Bresatec Ltd., Thebarton, S. Australia), and used to
protect wool follicle total RNA. The cap site was located by primer exten-
sion analysis (McKnight et al., 1981) of wool follicle total RNA using TrS
to prime DNA synthesis by AMV Reverse Transcriptase.

In situ Hybridization of Sheep Epithelia

In situ hybridization analysis was performed using a cRNA probe derived
from the COOH-terminal repetitive region of trichohyalin as described in
Fietz et al. (1990). The probe was hybridized to sections from sheep tongue,
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hoof, skin, esophagus, and rumen using a procedure based on the method
of Cox et al. (1984) with the modifications of Powell and Rogers (1990).

Results

Purification and Analysis of Sheep Trichohyalin
Genomic Clones

We have previously reported the purification and analysis of
a 2.4-kb sheep trichohyalin cDNA clone (AsTrl) encoding
the COOH-terminal 30% of trichohyalin (Fietz et al., 1990).
To further the examination of trichohyalin, a sheep genomic
cosmid library was screened with a 1.9-kb EcoRI fragment
derived from AsTrl and a single clone isolated (sTrl10). The
fragments encoding the COOH terminus of trichohyalin and
the orientation of the gene were determined by Southern
analysis using probes derived from AsTrl. The region ex-
pected to contain the trichohyalin gene was then mapped and
found to abut the cosmid vector (Fig. 1). Fragments span-
ning the gene were subcloned and the nucleotide sequence
covering the complete region (9,344 bp) was determined
(Fig. 2).

Determination of the Structure of
the Trichohyalin Gene

Examination of the obtained sTr10 sequence showed that the
coding region present in the cDNA clone AsTrl occurs at the
3’ end of an open reading frame of 4,521 bp. The open read-
ing frame does not contain a methionine residue and has only
a single probable intron splice site 12 bp from the beginning
of the reading frame. To confirm the presence of the splice
site and to determine the upstream exon sequences, the clon-
ing of the 5’ end of the trichohyalin cDNA was attempted
using the PCR protocol of Frohman et al. (1988). Unfortu-
nately the fuli-length amplified product would not clone using
a number of different vector/host combinations. Therefore
regions of the upstream exon sequences were determined by
cloning portions of the amplified product and by directly se-
quencing the product using internal primers. From this anal-
ysis, it was determined that the trichohyalin gene contains
two upstream exons, the first containing only upstream non-
coding sequence (see Fig. 1). The size of Exon 1 was deter-
mined by RNase protection of follicle RNA (Fig. 3) while
the location of the cap site was confirmed by primer exten-
sion analysis (data not shown).

The trichohyalin gene contains three exons: Exon 1 con-
tains 52 bp of 5' noncoding sequence; Exon 2 contains 166
bp (28 bp 5" noncoding, 138 bp coding); and Exon 3 contains
5,529 bp (4,512 bp coding, 1,017 bp 3’ noncoding), which are
separated by introns of 1,808 bp and 586 bp, respectively. It
encodes a protein of 1,549 amino acids with a molecular
weight of 201,172 which roughly corresponds with the size
of 190,000 estimated from PAGE (Rothnagel and Rogers,
1986).

Analysis of the Predicted Amino Acid Sequence

The amino acid composition of the deduced trichohyalin pro-
tein sequence is shown in Table I and is compared with that
obtained from a previous amino acid analysis of purified tri-
chohyalin (Fietz et al., 1990). Trichohyalin is a hydrophilic
protein with over 57% of the amino acids having ionizable
side chains. It is further characterized by the four amino
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TAG AATAAA Figure 1. Structure of the sheep
trichohyalin gene. A partial
map of the region of sTr10 con-
taining the trichohyalin gene
is shown. The predicted start
(ATG) and stop (TAG) codons
are indicated as is the position
of the putative polyadenylation
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signal (4ATAAA). Boxed regions indicate the exons and the hatched area represents the predicted coding region. The portion of the cosmid
vector which abuts the 5’ flanking region of the gene is represented by the black bar. The restriction sites shown were used in the sequencing
and analysis of the gene. Note that not all of the sites for each restriction enzyme are necessarily indicated. Ba, BamHI; Bc, Bcll; Bg,
Bgll; E, EcoRlI; Hd, HindIll; Hf, HinfI; P, Pstl; Xb, Xbal; Xh, Xhol.

acids, giutamic acid, glutamine, arginine, and leucine, con-
stituting over 75% of the protein and has high levels of the
substrate amino acids for peptidylarginine deiminase (ar-
ginine) and transglutaminase (glutamine and lysine). Al-
though the relative levels of the different amino acids are
similar in the deduced sequence and amino acid analysis, the
absolute amounts of numerous amino acids differ signifi-
cantly. The levels of glutamic acid/glutamine and arginine
are markedly higher in the deduced amino acid sequence
while the levels of threonine, proline, glycine, alanine, and
isoleucine, as determined by amino acid analysis of the puri-
fied protein, are at least three times greater than in the de-
duced amino acid sequence. At present we have no logical
explanation for these significant differences between the two
amino acid compositions. Examination of the remainder of
the amino acid composition shows that trichohyalin has a
very low sulphur content containing only a single methio-
nine and five cysteine residues.

Computer analysis of the overall charge ratio, using the
computer program ISOELECTRIC (Devereux et al., 1984),
has indicated that sheep trichohyalin has a pI of ~5.6 due to
the excess of acidic residues within the protein. This corre-
sponds with the estimation of a pI of 5.3 obtained from ear-
lier isoelectric focusing analysis (Fietz, M., unpublished ob-
servations).

Closer examination of the trichohyalin protein sequence
has revealed that it can be subdivided into three separate do-
mains based on amino acid composition. The majority of the
protein (-esidues 96-1,517) has the high proportion of
hydrophilic residues indicated by the overall amino acid
analysis (Table I) while small domains at the NH, terminus
(residues 1-95) and COOH terminus (1,518-1,549) have a
much higher proportion of hydrophobic residues. The NH,-
terminal domain has homology with a family of calcium-
binding proteins (discussed below) but the COOH-terminal
domain does not bear any close relationship with any other
known protein sequence.

The secondary structure of sheep trichohyalin was ana-
lyzed using the program PREDICT (Eliopoulos et al., 1982)
and PEPTIDESTRUCTURE (Devereux et al., 1984), both
of which predicted that almost all of the large hydrophilic do-
main of trichohyalin has the capacity to form a-helix (data
not shown). In addition, the high ratio of charged to apolar
residues within the hydrophilic domain (3.3 compared with
0.9-1.4 for rod shaped molecules including IF proteins and
0.3-0:6 for globular proteins [Cohen and Parry, 1986]) sug-
gests that trichohyalin will have a rod structure highly stabi-
lized by ionic interactions. Together these data indicate that
trichohyalin may form a single-stranded a-helical molecule.

Fietz et al. Analysis of the Sheep Trichohyalin Gene

The trichohyalin amino acid sequence does not contain the
central region of heptad repeats required for the formation
of the double stranded coiled-coil rod domain, characteristic
of IF proteins. In agreement with the deductions from analy-
sis of rabbit trichohyalin (Rogers et al., 1991), trichohyalin
cannot form intermediate filaments.

The amino acid sequence deduced from the sheep tricho-
hyalin cDNA clone is characterized by the presence of a tan-
dem array of a 23-amino acid repeat. To further characterize
the repetitive nature of sheep trichohyalin, a dot matrix plot
of the complete trichohyalin sequence compared with itself
was produced (Fig. 4). In addition to the repetitive region
seen in AsTrl (seen to span residues 920-1,380 of the com-
plete protein) there is a separate, apparently unrelated,
repetitive region which appears to extend between residues
400 and 800 (see Fig. 4). To further examine this, the com-
plete amino acid sequence of trichohyalin is arranged with
respect to the two repetitive regions in Fig. 5. The central
repetitive region contains 16 tandem repeats which are based
on a 28-amino acid consensus sequence (Fig. 6) although
five of the repeats also contain an insert of seven extra amino
acids (see Fig. 5). The COOH-terminal repetitive region
contains 28 repeats based on the 23-amino acid consensus
sequence present in AsItl (Fig. 6) (Fietz et al., 1990). Al-
though the two consensus sequences have similar composi-
tions, the sequences are considerably different with the ma-
jor similarity being the identity of two five amino acid
stretches in each repeat (EEEQL and RRQER, see Fig. 6).
Both consensus sequences are predicted to form a-helical
structures (data not shown) and also contain the substrate
amino acids for peptidylarginine deiminase and trans-
glutaminase. Note that the terminal repeats of each repetitive
region are poorly conserved with respect to the consensus
sequence.

The Calcium-binding Domain

The NH; terminus of trichohyalin is characterized by the
presence of a much higher proportion of hydrophobic amino
acids than the bulk of the protein. A database search with
this sequence, using the UWGCG program FASTA, yielded
significant similarities with a number of calcium-binding
proteins which are characterized by the presence of the EF-
hand calcium-binding motif typified by calmodulin (Vana-
man et al., 1977).

Examination of the trichohyalin sequence has shown that
it contains two EF-hands, the first is encoded by Exon 2 and
the second is encoded at the 5’ end of Exon 3. Both the pro-
tein sequence and gene structure of the region encoding the
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%gn;ﬁftacaaaatctcatcaaaatCCaqaaaacctatacttqcctctgttgqacaaagqaaqagagagaaatgccaaaaaccactgaatcatCtaatagtccecatgaaccttttacaa -1011
a:::aagtttcatactgqctgaaatgtaagggtqagaatcuaccagggataaauttcaggttcttacaataaaataatgctqatatqtgcaaataatcaccagagttgagaaagccctga ~-891
cagacataatgggtcagaatgactgattaccttaatgtgcttccacgagaaccagactcaagtgtttaggtgtcataatcatcagtaactggggctgaacaagatgattatatctgcaat ~771
aatgcattacaccagctcttttcctccaggggcatcagtatgctaatgagaacagaaatgagcaaatttcatttaguCagaatatcactaataataaaatttcacagatttcaagttctc -651
ttatgaacaatttgatgaaaacatatttttaagtacecttcaaaattatttattaaggacatgatctccaatetgtaggasaatcataagaccaaagaatatagatgcaaatgtttteee -531
accagcatttttagagaagaaattaaaactagttccttaaaaactcttgttgacctagaatggectcaggcagteccatggactgtcatatcceggaaagaaatcatctgggtetcatta -411
gtttatgccaaaatttttgtttaacctcagcctugaatttatatcttttataaaqtuaatqgtttacaggtcactactttgtaatqaaattccaattaacCaaqattctgaacatgaatt ~291
tctttatttaattttaacagttaagaaaaattagagattctgccaaatattctatcctttcatgttagqtgga-qcagtactctgtcaagaggaatggtctgtgaacctcgtqccaaaqa ~171

— —— — P AP-, i
gctacgtgagcasacagcaagataaacaagtcattcgtggagacagaggtggaget ggget tgtttaggadigasiony qecatecdncagagtgggtgteteotttotaagttgetatt 51
i
CAA

ttctctaatgcatgaaagtqaaaagtgaaagtqaagtcgctcagtcatqcctgacécttagcgaccccatgg;n;gnngcctgbéagcgtcctccgtccatgggattttccaqgcaagag
tactggagtgggttgctgttqccttctccaacagatatacctnattcctactaactccatgtcatctctctata;?;tncttaactctataaqtttgttcggacgtcggagttggagqat 550
ggtcatatatgactgatgtggctcatcttectaaaaaaagtttgecagecctcagttotettttatttattgettectaceccaatatggactatgttcatgtggttatggcacctgaggta 670
ttgaagttgagaagcaactaaagaagccagetttecaggttcagtetgactcaccaaatctggecageccagtcagaaagcacctaacagaaacttacaatgattgaatacttgtaatacat 790
aagaattaaggctaataacatgaactttgttttctgaattgatatatataaatattacaataccacctttgactaggaagtagtacttaagagectggtgacttacgaattatacttctag 910
atttctaaaggactatatacagttaggaaataacccacatgccctttttattgttccagttaccaccagatgttttgetgetacaattaggtttacttatccattttagacagcactgeca 1030
tggcacaggcaatttacaggcttccctggtggetcagatggtaaaatgtctgegtgoagtgcgagagaccaggatttgatcectgggttgggaagatcecectggagaaggaaatggcaac 1150
ccactccagtactcttgcctgqaaaattccatggactgaggagcctggtaggctigzgttcatggggtcqcaaagagtcagacatqactgagcaacttcactttatccattttaagatcc 1270
ttcactttttgttatcacctatccteotttgetcaattttagagaaaaattcttatgagtagtaacctatcaaatctaaatatctacaatcttcactgtctgatttgaaaaacactaggga 1390
ataggaagaaagagaaaggatatggataatacaaactgggtagaaaaccaaaaactaactacaggatagectgagatgcatcecctgacttgaaatttttcaggatctctteccttttata 1510
agcactacatgaaagtgaacgtcagttagttgtgtcecgaagecttgtgatceccatggactgtagectgectggetecttttecatgtaattectccaggcaagagtagtggaatgggttge 1630
catttecttetccagggatecttcecccaccecagggatagaaccagggtetoctgtgttgecaggecagactetttaccaactgagecatattcaaagataaaatgectttgaaagtcecagttg 1750
aaaatactttggtaaagtcaaattacttagggatctgcctgaaactgtggagaaagcctccccaagatcagaaacagagtttgactctgaatccaattttattgttctagGTTTACTGGA 1870

1 M s P L L R S 1 F N I T K I F NQUY A S HUDT GCDTGTTTUL S KZ KDL K
ACTTGAAGGAAGAAAAAAATGTCTCCACTTCTGAGAAGCATCTTTAATATCACTAAAATTTTCAATCAATATGCCTCACATGATTGTGATGGGACAACACTAAGCAAGAAAGACCTGAARG 1990

33 N L L E R E F G E I L R
AATCTCCTTGAGAGGGAATTTGGAGAAATCCTTCGGgtaagaaataacaagaaaaggaaatttctctactgatttagagctatgaaatttcttctcaggagagaccagagcaaggaatgg 2110
xS
tgactttatattcatttattgccatgacagttctacaccatattccccattcatgtctaagecctgaaggtaattaattagttacataattatttaatcaggetcttctetagtaaaatgg 2230

catttctgcaaatgttttgttctgttttcaaacatgggataaaaatcaaatcagcatactggetatttecagacagaaatggectgetgecaaatecttcataaattteccactgetttetcectet 2350

tgaggatgaatitgcattcttatttacccagectataacttgttttcttttgatcagcattaaataagatgcaaaaatttccaacgaatgtgtgetttaaaattaggttgttcacettttaca 2470
EcoRI

tgcgtacaagactccatacaactgtttctetaattgttcttaatgtecttttgagtaccaacatattataaaatatacagtgtgtgtgtggaagtttactacctgtaaatagcacattgta 2590

47 K P H D P E T V DLV L EL QDU RDIZRDTGTULTIDFHETFTILATIUVF
aaagttttgatttctttttcagAAACCACACGACCCAGAAACTGTAGACCTAGTCCTGGAACTTCAGGATCGCGACCGTGACGGGCTAATCGATTTCCATGAATTCCTCGCAATCGTTITT 2710
EcoRI

80 K vV A A A C Y Y AL GOQRASGLNETZKTEA ATZ KT CETZ RIEKTGNTZPTILO QDT RTZERTR RTETDTG R RR
CAAAGTGGCTGCAGCTTGTTATTATGCTCTCGGCCAGGCCTCGGGGCTARAT GAGAAAGAAGCCAAGTGTGAGAGAAAGGGAAACCCGTTACARGATCGCAGGAGGGAAGACCARAGGAG 2830
Tr3
120 F E P Q DR QL EERIZ RI LI KW RUGQETLEZETLAZEEEZEILIRUEI KU QVRIRETGQRTIULZGQR
ATTCGAGCCCCAGGACAGACAACTAGAAGAACGCAGGCTGAAGAGGCAGGAACTGGAGGAGCTCGCTGAGGAAGAGGAGCTGAGGGAGAAGCAAGTAAGACGTGAGCAGAGGCTGCARAG 2950

160 R E Q EE Y GGEEZETULSGQOQRPIKGRETLEIETULILNIREA QRTFEIRUG QETZGQRERQ
GCGAGAACAAGAAGAGTATGGTGGGGAGGAAGAGCTGCAGCARAGGCCCAAGGGTCGGGAGCTGGAGGAGCTTCTGARCCGAGAGCAAAGGTTCGAGAGGCAGGAGCAACGGGAGCGACA 3070

200 R L. Q VE Q Q QR QRGELIREIZRUG QEEUVQLOQIZ X RETUGQEETLIOQRETRIULTEETE Q
GCGCCTCCAGGTGGAACAGCAACAGCGGCAAAGAGGAGAGCTGCGCGAGCGCCAGGAAGAAGTGCAGCTCCAARAGCGGGAGACT CAGGAGCTCCAGAGGGAGCGTCTGGAGGAAGAGCA 3130

240 Q L Q K Q KR GULEEU RTULULEUG QEIRIREIZGQETLWRIZ RIEKIETZGQETRIZREU QQLRZOQEOQE
GCAACTGCAAAAGCAGAAGCGCGGGCTCGAGGAGCGGCTCTTGGAGCAGGAGAGGCGGGAGCAGGAGCTGCGGCGCAAGGAGCAGGAAAGACGGGAGCAGCAGCTAAGGCAAGAGCAGGA 3310

280 E AT QZEETI S ERGE S RTSURCOQWOQULESEA RARADA ARTIGQIRIKUVY S RUPUHRZQ
GGAGGCGACGCAGGAAGAGATCAGTGAGCGGGGCGAGAGCCGCACCTCGAGGTGTCAGTGGCAGCTAGAAAGCGAGGCCGACGCCCGTCAGCGCAAAGTCTACTCCAGGCCCCACAGGCA 3430
Bgll
30. E Q 0 S R R QEQELILET RO Q@QETIQQTISETEVU QSTLOQETDSO QGHRIQRTLIZEKGQE
AGAGCAGCAGAGCCGCCGCCAGGAGCAGGAGC TGCTTGAGAGACAGCAGGAGCAGCAGATCAGCGAGGAGGTGCAGAGCCT TCAAGAAGACCAGGGGAGGCAACGACTCAAGCAAGAGCA 3550

360 R Y D Q NWRWOQ L EEE S QR RIRYTUL YA KU P AU QREZ Q@VIREEEZ QTULRILK
ACGCTACGACCAAAACTGGAGGTGGCAACTAGAGGAGGARAGCCAGAGACGCCGCTACACACTGTACGCCAAGCCAGCTCAACGGGAGCAGGTGAGGGAGGAAGAGCAGCTCCGGCTTAR 3670

400 E BE K L Q R E KRUROQEREU RU QYR REUVETLUGQRETEZEIZRILUOGQRIETEETZGQQULGQREE
AGAGGAGAAGCTGCAGCGGGAGAAGAGGCGCCAGGAACGAGAAAGGCAGTATCGGGAAGTGGAGCTGCAGAGAGAGGAAGAGCGACTACAGCGGGAGGAGGAGCAGCTGCAGAGAGAGGA 3790

440 R E K R R R QEWRUEIKUOQY L E KV ELWEUZEIEZ QTILUGQREUEIZRTEI KU RIRGQERE K Q
ACGCGAGAAGAGGAGGCGCCAGGAGCGTGAGAAGCAATACCTAGAGAAAGT GGAGCTGTGGGAGGAGGAGCAGTTGCAGAGAGAGGAACGCGAGAAGAGGCGCCAGGAGCGCGAGAAGCA 3910

480 Y L E KV ELRETEEZGQILQRQEREI KU RIRUOQEREU R~ QYTULEZ KV VETLSGQETETEDQ
ATAIQTAGAGAAAGTGGAGCTGCGGGAGGAGGAGCAGCTACAGAGACAGGAACGCGAGAAGAGGCGCCAGGAGCGCGAGAGGCAATATCTAGAGAAAGTGGAGCTGCAGGAGGAGGAGCA 4030
Xbal

Figure 2. The nucleotide sequence and predicted amino acid sequence of the sheep trichohyalin gene. The 9,344-bp sequence extending
from the cosmid arms of sTrl0 to 86 bp downstream of the polyadenylation signal of the trichohyalin gene was determined. The exon se-
quences and 5 flanking sequences are unambiguous. Exon sequences are shown in upper case while intron and flanking sequences are
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R E K Q Y LEKVETULAG QETETEUOQLIOQRA QERUQXRRGQERTEIKU QYTULEIKVYVETLAQ
GCGCGAGAAGCAATATCTAGAGAAAGT GGAGCTGCAGGAGGAGGAGCAGCTGCAGAGACAGGAACGCCAGAAGAGGCGCCAGGAGCGCGAGAAGCAATATCTAGAGAAAGTGGAGCTGCA

E EE QL QR QER®REIKR RRBRGOQEREU RUGQYTLEIZ XKV VELUOQEEEUGVQRUOQERE K
GGAGGAAGAGCAGCTGCAGAGACAGGAACGCGAGAAGAGGCGCCAGGAGCGCGAGAGGCAATATC TAGAGAAAGTGGAGC TGCAGGAGGAGGAGCAGGTGCAGAGACAGGAACGCGAGAA

R R Q ERERUGQYULEIKETLGQRUOQEUTERILUGQEEEUGQQLULRETERTEI KR RURBRTGQTETRE
GAGGCGCCAGGAGCGCGAGAGGCAGTACﬂﬁ%&%ﬁhlGGAGCTGCAGCGGCAGGAAGAGCGACTGCAGGAAGAGGAGCAGCTGCTGAGGGAGGAACGCGAGAAGAGGCGCCAGGAGCGCGA

R Q Y LE KV ELGQEEEUGQLUO QREEREIKRROQEU RERUGQYTULEIKETETILUGQRDZQ
GAGGCAGTATCTAGAGAAAGTGGAGCTGCAGGAAGAGGAGCAGTTGCAGAGAGAGGAACGAGAGAAAAGGCGCCAGGAGCGTGAGAGGCAGTATCTCGAGAAGGAGGAGCTGCAGCGGCA

E ERLQREIKEAQLAOQREUDREIKRIRGQVYVYRERIKYTLETETETLUGQA QETETDTRILZQ
GGAAGAGCGACTGCAGAGAGAGAAGGAGCAGCTGCAGAGAGAGGACCGCGAGAAGAGGCGCCAGGTGCGCGAGAGGAAGTATCTCGAGGAGGAGCTGCAGCAGGAGGAAGACCGATTGCA

R E K QL L REUDUZ REIKRUGOQYTULEIKVETLUGQRETETEQ QLU QREIKTZ RIRGQETRIERDQQ
GAGAGAGAAGCAGCTGCTGAGAGAGGATCGCGAGAAGAGACAGTATCTAGAGAAGGTGGAGCTGCAGCGGGAAGAGGAGCAGCTGCAGAGGGAGAAGAGGCGCCAAGAGCGGGAAAGACA

Y REEEULULRETEERTLHHRIKEUGQOGQLUGRETET CEI KT RTRIROQETLETRU QTLETETE
ATATCGGGAAGAGGAGCTGCTGCGGGAGGAAGAGCGACTGCACAGAAAGGAGCAGCAGCTGCAGAGAGAGGAATGTGAGAAGAGGAGGCGCCAGGAG:E%E%GAGACAGCTAGAGGAGGA

E L QRLDRIKUROFRDTUDUDIQHU QNETUVRNSI RV Y S KHREUNIKEIKS ST RUZGQTL
GGAGCTGCAGCGCTTGGACAGGAAGAGGCAATTCCGGGATGAI%%%%AGCACCAAAACGAAGTTCGTAATAGCAGGGTTTACTCCAAACACCGAGAGAACAAAGAAAAGAGCCGGCAACT

D Ds WV RESOQFQQDULRUPIULIOQDETUGQETEIKRIEREUGQEUWHR RSIRGQIKT BRTDIDSZQ
GGATGATTCCTGGGTGCGGGAGAGTCAAT TCCAGCAGGATCTGCGCCCCCTGCAGGATGAACAAGAAGAGAAAAGAGAACGCGAGCAAGAGTGGAGGAGCCGGCAAARAGCGTGACAGCCA

F P A EQ L L EREUGQAOQIKETEZRI RT DR RIKTFRETETEU QTLILIKGA QREEI KTIRYL
ATTTCCAGCTGAACAACTGCTGGAGCGAGAGCAGCAGAAGGAAACCGAAAGGCGAGACAGGAAATTCCGAGAGGAAGAACAGCTGCTGAAAGGGCAAAGAGAGGAGAAAATACGCTATCT

E EDRKT FREETEUQOLRIRLEU REUGQQLRUGOQEIRUDURIKTFRETETLSUR RUGQETRTD
GGAAGAAGACAGAAAGTTCCGGGAAGAGGAACAGCAGCTGCGCCGCCTTGAACGCGAGCAACAGCTACGCCAGGAGCGAGATAGAAAATTCCGCGAAGAACTGAGCCGCCAGGAACGAGA

R X FREEEAQLULAGQERTETEU QLR RIRIOQEU RDU RIKT FRETETEUGQTLTILUGQETRTETETOQL
CAGAAARATTCCGTGAGGAAGAGCAGCTCCTGCAGGAAAGGGAAGAACAGCTGCGCCGCCAAGAACGCGACAGAAAGTTCCGTGAGGAGGAACAGCTCCTGCAGGAAAGGGAAGAACAGCT

R R Q ERDRIKTFREETEUZGQLULAOQEREEUGQILRIRIGQEUZRTDIRIKTFRETEEU GQUOQTULR
GCGCCGCCAAGAACGCGACAGAAAGTTCCGTGAGGAGGAACAGCTCCTGCAGGAAAGGGAAGAACAGCTGCGCCGCCAGGAACGCGACAGAAAGT TCCGCGAAGAGGAACAGCAGCTGCG

L L EREGQ@QLRGQER RNRIKTFRETEU QLILREREEU QLW RILOQETGEUPGGIULRDQQ
CCTCCTGGAACGCGAGCAACAGCTACGCCAAGAACGAAATAGAAAATTCCGCGAAGAACAGCTCCTGCGAGAAAGGGAAGAACAGCTGCGCCTCCAGGAGGGCGAGCCGCAGCTTCGCCA

K R DRKVFHEETEUGQLILU QERETEU QOLRURBRGQEU RIUDRIKTFRETEWA AU QTIULIKTETRE
GAAGCGCGATAGAAAGTTCCATGAGGAGGAACAGCTCCTGCAAGAARGAGAAGAACAGCTGCGCCGCCAGGAACGCGACAGAAAGTTCCGTGAGGAGGCACAGATCCTGAAAGAAAGGGA

E Q LR R QEWRUIDURIKTFRETEEUZGQLULUOQERETETLIRRGQEREUPI QTULRUOQETRDR
AGAACAGCTCCGCCGCCAGGAGCGCGACAGAAAGTTCCGTGAGGAGGAACAGCTCCTGCAAGAAAGAGAAGAGCTGCGCCGCCAGGAGCGCGAGCCACAACTTCGCCAGGAACGCGACAG

K F REEEGQLULGQEREI KTILRRUOQEREU PO QLRI QET RTDIRIKTFMHETETEUGQTLL
AAAGTTCCGTGAGGAGGAACAGCTCCTGCAAGAAAGAGAAAAGCTGCGCCGCCAGGAGCGCGAGCCACAACT TCGCCAGGAACGCGACAGAAAGT TCCATGAGGAGGAACAGCTCCTGCA

E REEQULIRIROQERUDI RIKIEFRETEADLOQLULUGQERETEUGQTLIRRAGQEUZRDU RIKT FRE
GGAAAGGGAAGAACAGCTGCGCCGCCAGGAACGCGACAGAAAGT TCCGTGAGGAGGCACAGCTCCTGCAGGAAAGGGAAGAACAGCTGCGCCGCCAGGAACGCGACAGARMAGTTCCGTGA

E EQ L L QERETEUGQLRIRAGQERUDRIKT FRETEZEQ QLTLAGQEREEU QLR RIR RUG QER
GGAGGAACAGCTCCTGCAGGAAAGGGAAGAACAGCTGCGCCGCCAGGAGCGCGACAGAAAGTTCCGTGAGGAGGAACAGCTCCTGCAGGAAAGGGAAGAACAGCTGCGCCGCCAGGAACG

D RKFREEEUGQULIULIKESEEU QLRRAQGQEIZRDIRIKTF FHEIKE HTILULRETREEQ
CGACAGAAAGTTCCGTGAGGAGGAACAGCTCCTGAAAGAAAGCGAAGAACAGCTGCGCCGCCAGGAGCGCGACAGGAAGTTCCATGAGAAAGAACACCTCCTTCGAGAAAGGGAGGAACA

L RRQEULEGVV F S QETEQULRIRAMETGQETETEU QR RRU QR QRUDR RIKTFLETEE
GCAGCTGCGCCGTCAGGAACTTGAGGGGGTCTTCTCCCAGGAGGAACAGCTGAGGCGCGCCGAGCAAGAGGAAGAACAGCGACGTCAGAGGCAGAGAGACAGGAAATTCCTCGAGGAAGA

Q S L Q RERETEEIKRRVYVQEU QT DRIKT FIULETUG GGETEHU QTILHTR RETEJ QEETULRIBRIRLZGQ
GCAGAGCCTCCAGCGCGAGCGAGAGGAAGAAAAGCGCCGCGTCCAGGAGCAGGACAGGAAGTTCQEEE%QCAGGAAGAGCAGCTGCACCGCGAGGAGCAGGAAGAGCTGAGGCGCCGGCA

Q L D Q QY RAEEUGQTFARETEIKIRRRUOQEIUGQETLRUOQEEU QRRRAQETRTETRIKTF
GCAGCTAGACCAGCAGTACCGGGCGGAGGAGCAGT TTGCTAGGGAGGAGAAGAGGCGTCGTCAGGAACAAGAATTGAGGCAAGAAGAGCAGAGACGCCGCCAGGAGCGGGAGAGGAAATT

R EEE QL RROQQQEETZ QI KU RRUOQEURTDVQgQQ SRR QV WETEDIKGRIRZGQV L
CCGGGARGAAGAACAGCTCCGCCGCCAGCAGCAGGAGGAGCAGAAGCGTCGCCAAGAGCGCGACGTGCAGCAGAGCCGCCGCCAAGTGTGGGAGGAAGACAAGGGCCGCCGGCAGGTCCT

E A G KR QF A S A PV R S SPULVYZ EYTIOQEUGQHRSOQYRP *
GGAGGCTGGCAAGCGGCAGTTTGCCAGTGCCCCAGTGCGCTCCAGTCCGCTCTACGAGTACATCCAAGAGCAGAGGTCTCAGTACCGCCCT TAGGAGATGCTGCCAAATCCCGACATCTG

CC%CGAGCAAAGGAMATGAGMTCACTGAGTACCAMTGACTCTGGTTGTGGGAMACTCTGGTGTTAGACTMCTC TTTTTTACAAAATCTTTAATCTATACTTTTTCATGT
GCT;&GTACTTCTGCCTTTTATTCTTCCTTAAATAGTTCTTTAGGATGTCTTTGCTCTTTGGTGCAGATTTGGTGTGCATTTTTAAAAAACATAAAAGCCATTTAATTTGTTTAAGGAAT
TTTGTTTGGGAAACACGTTCATTCATTGCTTTCAGAAGTAACAAAAATATTGTGTCCAT T TGAGATTCAAAAGAATGGGTCAGCT TTTTTATTGT TGATCCATCTTATAGAGAGCTCAGA
TATTTTTTATGTTCAAGTTGATATTTCTTCCTGGGCCTAAATTATGT TAATATTTATCTCCAAATAGCCTCCCACTT TTTGTGGCATAATTAGCACAGATTCTGCAAGGGGACCGAATTT
TTCCMGMCCCCTGAATAGTGCAGGAAGAATGGCTTCECCAGMAMGTCTCT%CAGCCCATMTCGGMGMTTATCTTTAAGACTTGGMTTAGATTTCTTTTCCATTTMTT
CCATATATACTTATGAAGCAAAAAGCAAGGCGTTTCTCAAACAACTCCAGAGT TCAAACTTTAAAACCATGTCTGCTGTAGTCTGTAGCATTCAGT TCCTTTCCCCCAGTCTTGGATGAG
CTTGAGACTATTACTGCCTTTGTTMTTTTAGCTGAGAAGGGACCTGCTCAEBQIEETGTAMCATCTGTCTTGCTCTAGAGCCAACMGAGATCACGGAGCATTTGGGGGTGGGGMM
GGGAAGTTTTGTGGACAGAAGGGCAAGTCCCTTGAGGACCTTTGACAAGCCC;:;CAGCCCACAATCCTTTGAGCCCTACTGATACTACCTTGGAGACATGTTAAAATAATTGGACTGTG

TAAAAAATTAATAATAAATATTTTGGCAATTaLLtLtgtctgttttaactgtgcatcasaccataactcaagatttaatggtctgggaactgacataactttce 8214
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in lower case. The binding sites for the primers Tr3 and Tr5, used for analysis of the 5’ end of the trichohyalin gene, are underlined, as
are the polyadenylation signal (position 8123) and GT- and T-rich regions (position 8143) required for processing of the mRNA species.
The probable TATA and CAAT boxes are indicated while possible AT-1, AP-2, and NF-«B binding sites (detected by the computer program
SIGSCAN [Devereux et al., 1984]) are boxed. Note that immediately upstream of the CAAT box the gene contains a perfect 8-bp inverted
repeat with the sequence between the two repeats containing two 6 bp direct repeats (indicated by arrows). The complete predicted amino
acid sequence of trichohyalin is shown. Restriction sites denoted in Fig. 1 are underlined. These sequence data are available from EMBL/
GenBank/DDBIJ under accession number Z18361.

Fietz et al. Analysis of the Sheep Trichohyalin Gene 859



-331
-~

-242

-190

=147  Figure 3. Determination of the size of Exon
1. The 186-bp Hinf I fragment surrounding

-110 the predicted location of Exon 1 was cloned
into pBluescript II SK+. The resultant plas-
mid was linearized and transcribed with T7
RNA Polymerase producing radiolabeled
anti-sense CRNA. The resultant cRNA probe

-67 was hybridized to total wool follicle RNA

(20 pg) and digested with RNase A and T1
(Krieg and Melton, 1987). The protected
> fragment (») was resolved by denaturing
PAGE: (—) track, no RNase digestion; (+)
track, control with yeast RNA rather than
follicle RNA; F, RNase protection of wool

-34 follicle RNA.

EF-hands are very similar to those of the S100 family of
small calcium-binding proteins (Fig. 7). As is the case for
these proteins, trichohyalin consists of two EF-hands, the
first of which is two amino acids longer than the standard EF-
hand of 28 amino acids (Szebenyi et al., 1981). The tricho-
hyalin gene, like those encoding the S100 proteins, contains
two introns, one in the 5’ noncoding region and the other
positioned at a conserved site between the two hands

Table 1. Amino Acid Composition of Sheep Trichohyalin
Determined by Amino Acid Analysis and from the Sheep
Gene Sequence

Wool follicle Sheep gene
Amino acid trichohyalin$ sequence
mole percent

Asp/Asn* 6.4 3.2/0.7
Thr 29 0.6
Ser 5.4 1.9
Glu/Gln? 28.0 26.1/17.2
Pro 33 1.0
Gly 53 1.2
Ala 4.7 1.5
Cys 0.6 0.3
Val 4.0 2.0
Met 0.1 0.1
Ile 2.5 0.7
Leu 10.0 11.0
Tyr 2.1 1.8
Phe 24 23
Lys 6.7 6.1
His 1.7 0.8
Trp 0.2 0.5
Arg 13.7 21.2

* Aspartic acid and asparagine are denoted separately for the gene sequence
composition but are combined for the wool follicle analysis.

* Glutamic acid and glutamine are denoted separately for the gene sequence
composition but are combined for the wool follicle analysis.

§ Taken from Fietz et al. (1990).
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Figure 4. Dot matrix comparison of the sheep trichohyalin amino
acid sequence. The sheep trichohyalin amino acid sequence was
compared with itself in order to search for internal repetitive se-
quences using the computer program COMPARE (word size of 5).
The results were plotted by the program DOTPLOT. The analysis
has detected two repetitive regions, indicated by the arrays of lines
parallel to the central diagonal, spanning from residues 400 to 800
and from residues 930 to 1,400. The two blocks of dots away from
the diagonal indicate points of homology between the two repetitive
regions. Axes are labeled in residue numbers.

(Lagasse and Clerc, 1988). Although trichohyalin is more
closely related to the S100 proteins, the glycine within the
first hand occurs at the conserved site for the remainder of
the EF-hand proteins, for example, calmodulin, parvalbu-
min, and troponin C, rather than at the alternative position
found in the S100 proteins (see Fig. 7).

The Noncoding and Flanking Regions of
the Trichohyalin Gene

The promoter of the trichohyalin gene contains a number of
transcriptional control sequences including a typical TATA
box and a modified CAAT box (Fig. 2). In addition the se-
quences immediately upstream of the CAAT box and at the
5’ end of the first intron contain several putative control se-
quences (see Fig. 2).

The transcribed message contains a single polyadenylation
signal (position 8123, Fig. 2), corresponding to the site lo-
cated in AsTrl, and has the GT-rich and T-rich regions
(nucleotides 8143-8156, Fig. 2) required for the efficient and
accurate formation of a correct 3’ mRNA terminus (Gil and
Proudfoot, 1987). The sequence immediately preceding the
initiating ATG is markedly different from the Kozak con-
sensus sequence (Kozak, 1987) and consists of six consecu-
tive adenosine residues.

Comparison with cDNA Sequence

Comparison of the deduced trichohyalin protein sequence
with that derived from the cDNA clone has revealed that the
sequence from sTrl0 contains two large inserts introducing
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EF Hands

MSPLLRSIFNITKIFNOYASHRCRCT IS RRILKNL LERE]
GEILRKPHDPETVDLVLELOGROADGLENEHHE LATVEKY]

AAACYYALGQASGLNEKEAKCERKGNPLQDRRREDQRRFE
PQDRQLEERRLKRQELEELAEEEELREKQVRREQRLQRRE
QEEYGGEEELQQORPKGRELEELLNREQRFERQEQRERQRL
QVEQQORQRGELRERQEEVQLOKRETQELQRERLEEEQQL
QKOKRGLEERLLEQERREQELRRKEQERREQQLRQEQEEA
TQEEISERGESRTSRCQWQLESEADARQRKVYSRPHRQEQ
QSRRQEQELLERQQEQQISEEVQSLOEDQGRQRLKQEQRY

DONWRWQLEEESQRRRYTLYAKPAQ
A -~=-~REQV~~-REEEQLRLKEEKLQRE---
ERQYRE-VELUEEERLQREEEQLQOREERE

Central
Repetitive Region
ERQYLEK-EL

ERKYLEE-ELQ
-RQYLEKVELQEEEQLQRE------———-
ERQYREEELLREEERLHRKEQQLQREECE

i ESQFQODLRPLQDEQEEKREREQEWRSROKR
DSQFPA-EQLL-EREQOKETERR
DRKFREEEQLLRQREEKIRYLEE
DRKFREEEQQRLEREQQL-RQER
DRKFREE—— === SRQER
DRKFREEEQLLOEREEJLRRQER
DRKFREEEQLLQEREEQLRRQER
DRKFREEEQLLOEREEQLRROER
DRKFREEEQQLLEREQQL-RQER
NRKFRE-EQLLREREEQLRLQEG
EPQLR-QKR
DRKFHEEEQLLQEREEQLRRQER
DRKFREEAQILKEREEQLRRQER ~4—
DRKFREEEQLLQEREE-LRRQER <€
EPQLR-QER &~
DRKFREEEQLLQEREK-LRRQER
EPQLR-QER
DRKFHEEEQLLQEREEQLRROER
DRKFREEAQLLOEREEQLRRQER <—
DRKFREEEQLLOEREEQLRRQER
DRKFREEEQLLQOEREEQLRRQER
DRKFREEEQLLKESEEQLRROER
DRKFHEKEHLLREREEQLRRQEL
EGVFSQEEQLREEQEEEQRRJOR
DRKFLEEEQSLOEREEEKRRQEQ
DRKFLEEEQLHREEQEELRRQQL
DQQYRAEEQFAREEK~~RRRQ—-
EQELRQEEQ--—————~- RRRQER
ERKFREEEQL~~=~==~ RROQQE
EQKRRQERDVQQ---—-- SRRQVW
Yy L EEDKGRRQVL
EAGKRQFASAPVRSSPLYEYIQEQRSQYRP*

C-terminal
Repetitive Region

four extra repeats or partial repeats into the COOH-terminal
repetitive region of the deduced cDNA sequence (see Fig.
5). This would give the protein an extra mass of ~10 kD.
Apart from these insertions there is only one alteration in the
amino acid sequence (replacement of a glutamate with a gly-
cine at residue 1399). )

The genomic 3’ noncoding region is almost identical to

Central ERQYLEKVELQEEEQL-QREEREKRRQER
RERESE N i

C-terminal DRKFREEEQLLOEREEQLRRQER

Figure 6. Comparison of the consensus sequences for the central
and COOH-terminal repetitive regions. The consensus sequences
for the central repetitive region and the COOH-terminal repeti-
tive region of sheep trichohyalin are aligned. Note that two stretches
of five amino acids are present in both consensus sequences.
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EDRLQREK-QLLREDREK=~--

QER
QER
EKQYLEKVELWEEEQLQREERE -——-—--~ KRRQER
EKQYLEKVELREEEQLQRQERE -----—- KRRQER
ERQYLEKVELQEEEQLQREERE -—————- KRROQER
ERQYLEKVELQEEEQLQRQERE~ ===~~~ KRRQER
EKQYLEKVELQEEEQLQRQERQ-—-—--- KRRQER
EKQYLEKVELQEEEQLORQERE~-~~-~--~ KRRQER
ERQYLEKVELngEQVQRQERE ------- KRRQER
OEERLQ-EEEQLLREEREKRRQER
ERQYLEKVELQEEEQLOREERE-——-—-~- KRRQER
ERQYLEKEELQEEERLQREKEQLQREDREKRRQVR
QER
QEL
Y ERQ-LEEEEL-———————————~- QRLDR--KRQFR
DDDQHONEVRNSRVY SKHRENKEKSRQLDDSWVR

Figure 5. Amino acid sequence of sheep trichohyalin.
The amino acid sequence of sheep trichohyalin is ar-
ranged with respect to the consensus sequences of
both the central and COOH-terminal repetitive
regions (see Fig. 6). Both repetitive regions are
marked. To optimize alignment of the sequence with
the consensus sequences, spaces have been introduced
(dashes) and stretches of one or two amino acids re-
moved (arrowheads). The arrows to the right of the
COOH-terminal repetitive region denote repeats
which are not present in the previously isolated
trichohyalin cDNA clone (Fietz et al., 1990) which
encodes the region extending from the open arrow-
head through to the 3’ end of the mRNA. Also shown
are the helix (open box) and turn (hatched box)
regions of the proposed EF hands.

that of the cDNA sequence and contains only five single base
changes spread throughout the noncoding region and an 8-bp
deletion. Comparison of the 5' noncoding sequences avail-
able from the PCR amplification of the 5’ end of the mRNA
has shown that there are at least three single base changes
in the noncoding sequences in Exon 1. All of these differ-
ences between the cDNA and genomic sequences are attrib-
uted to the fact that the DNA’s originated from different
strains of sheep.

In Situ Hybridization to Sheep Keratinized Epithelia

A variety of sheep epithelia were probed with a cRNA probe
derived from the COOH-terminal repetitive region of sheep
trichohyalin to examine the extent of trichohyalin expression.
Previous work had shown that the same probe hybridized to
the medulla and IRS of the wool follicle (Fietz et al., 1990).
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Calmodulin ADQLTEEQIAE
S1008 SELEKAMYV A
Sheep Tr. MSPLLRSTIFNEHT
Calmodulin

S1008

Sheep Tr.

Figure 7. Comparison of the
EF hands of trichohyalin with
those of calmodulin and S1008.
The sequences of the first and
second EF hands of sheep tri-
chohyalin were aligned with
the corresponding regions of
bovine calmodulin (Vanaman
etal., 1977) and human S1003
(Jensen et al., 1985) which is
a member of the family of
S100-like proteins. The helix
and turn regions of each hand
are denoted and the amino acids
corresponding to the conserved
residues of the EF hands are
boxed: L, hydrophobic; O, ox-

Helix l
LL L
'RSGQNPTE‘.
NELSHFLE
EREFGEILR

1

MKDTDSEEETIRE...
TTACHEFFEHE
AAACYYALGQAS...

ygen-containing; G, glycine. Note that trichohyalin and S1008 contain a variant first hand which contains two single amino acid inserts
(+). The arrow at the end of the first hand indicates the conserved location of the intron occurring in the genes encoding trichohyalin

and a number of other S100-like proteins (Lagasse and Clerc, 1988).

Initial work confirmed the expression of trichohyalin in the
papillae of sheep tongue (Fig. 8) and the developing sheep
hoof (Fig. 9) as originally determined by immunohistochem-
ical analysis (O’Guin and Manabe, 1991). Further analysis

Figure 8. In situ localization of trichohyalin expression in the sheep
tongue. Sheep tongue sections were hybridized with 3S-labeled
anti-sense and sense (produced random signals, data not shown)
RNA probes derived from the COOH-terminal repetitive region of
the sheep trichohyalin gene (Fietz et al., 1990). A bright-field
micrograph of a filiform papilla is shown and labeled on the basis
of the previously detected expression of the esophageal (E) and
hair (H) IF proteins within the respective regions (Dhouailly et al.,
1989). The region containing the trichohyalin mRNA appears to
correspond with the E’ region which has been shown to contain
nonesophageal proteins in addition to the esophageal IF proteins.
The arrow indicates the basal cells for the E’ region. Bar, 100 ym.
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determined that sheep rumen epithelium also contains small
amounts of trichohyalin mRNA (Fig. 10) and trichohyalin
granules similar to those present in the follicle IRS and
medulla. No signal was detected in esophageal epithelium
or the epidermis (data not shown).

Discussion

The cells of the IRS of the hair follicle form a novel system,
the structure, and differentiation of which is incompletely
understood. The developing cells are filled with a large num-
ber of nonmembrane-bound granules which contain the pro-
tein trichohyalin. A rapid transformation, involving the
disappearance of the trichohyalin granules, produces an
organized array of intermediate-like filaments aligned paral-
lel with the direction of hair growth. The mature cells con-
tain the amino acid citrulline (Steinert et al., 1969) and the
proteins are cross-linked by e-(y-glutamyl)lysine isopeptide
bonds (Harding and Rogers, 1971). Radioactive tracing of
the fate of trichohyalin has shown that it remains in the ma-
ture cells (Rogers et al., 1977). It is currently believed that
trichohyalin acts as an IFAP within the mature IRS cells, in-
termingling with separately synthesized IFs, however, the
evidence for this is still limited. Numerous studies have de-
tected IF proteins within the IRS using a variety of different
antibodies (Lane et al., 1985; Ito et al., 1986a,b; Heid et
al., 1988; Stark et al., 1990) yet almost all of these detect
similar levels in both the IRS and medulla thus giving no
clear indication why the two tissues are markedly different
in structure. Separate immunoelectron microscopic studies
using polyclonal and monoclonal antibodies to trichohyalin
(Rothnagel and Rogers, 1986; O’Guin et al., 1992) have sug-
gested that trichohyalin acts as an IFAP in the mature IRS.

Within the present study we have determined the complete
amino acid sequence of sheep trichohyalin in an attempt to
further analyze the role of trichohyalin. The protein is 1,549
amino acids long and has a molecular weight of 201,172. It
does not contain the central region of heptad repeats, re-
quired for the formation of a coiled-coil molecule, which is
present in all IF proteins indicating that trichohyalin cannot
form an IF. Nevertheless, the prediction of a-helix over al-
most the complete length of trichohyalin together with the
very high ratio of charged to apolar residues (3.3) suggests
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Figure 9. In situ localization of trichohyalin expression in fetal
sheep hoof. Sheep fetal hoof sections were hybridized with 8-
labeled anti-sense and sense (produced random signals, data not
shown) RNA probes derived from the COOH-terminal repetitive
region of the sheep trichohyalin gene (Fietz et al., 1990). (4) A
schematic diagram indicating the hybridization of the trichohyalin
anti-sense cRNA probe to a fetal hoof section. The extent of hy-
bridization is depicted by the hatched region (nRNA) which is con-
tained within the hoof epithelium (EPI). The locations of the
micrographs in B, C, and D are shown. (B) Bright-field micrograph
of the lower posterior portion of hoof epithelium. The region ex-
pressing trichohyalin mRNA is bracketed and the basal epithelial
cells are arrowed. (C) Bright-field micrograph of the ventral hoof
epithelium. The region expressing trichohyalin mRNA is bracketed
and the basal epithelial cells are arrowed. (D) Bright-field micro-
graph of the anterior hoof epithelium. The region expressing tricho-
hyalin mRNA is bracketed and the basal epithelial cells are ar-
rowed. Bars, 100 um.

that trichohyalin may be able to form an elongated rod
shaped molecule in agreement with the electron micro-
graphic studies of Hamilton et al. (1992). Although this
structure may well act as an IFAP, it remains possible that
an organized array of these molecules could be involved in
the formation of the intermediate-like filaments of the IRS.
If this is the case, there is no present indication why such fila-
ments would not be able to form in the follicle medulla. The
studies of Hamilton et al. (1992) have also suggested that
trichohyalin is stable as a dimer. The presence of five cys-
teine residues may allow this to occur with sheep trichohya-
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Figure 10. In situ localization of trichohyalin expression in sheep
rumen. Sheep rumen sections were hybridized with 3°S-labeled
anti-sense and sense (produced random signals, data not shown)
RNA probes derived from the COOH-terminal repetitive region of
the sheep trichohyalin gene (Fietz et al., 1990). A dark-field micro-
graph of a portion of the rumen epithelium is depicted. Trichohya-
lin expression occurs in many, though not all, of the cells in the
granular layer of the rumen epithelium (arrowed). The arrowhead
indicates the position of the basal epithelial cells. Bar, 100 pxm.

lin thus containing two internal disulphide bridges leaving a
single cysteine to form an intermolecular bridge producing
a trichohyalin dimer.

All previous examinations of the role of trichohyalin have
assumed that it plays purely a structural role within the IRS
and medulla. The discovery of two EF-hand calcium-binding
domains at the NH, terminus of trichohyalin strongly sug-
gests that, in addition, trichohyalin plays a role in the control
of calcium levels within the cells of the differentiating IRS
and medulla. Furthermore, as both peptidylarginine dei-
minase and transglutaminase, two enzymes in the hair folli-
cle known to act on trichohyalin, are calcium-dependent en-
Zymes, it is possible that trichohyalin either stores calcium
for each of these enzymes at the site of their substrate mole-
cule or releases calcium for the activation of the enzymes.
The role of calcium within the IRS and medulla is further
emphasized by the expression of calcyclin, another calcium-
binding protein, in both of these follicle layers (Wood et al.,
1991). Calcyclin is also a member of the S100 family of EF-
hand calcium-binding proteins. Together trichohyalin and
calcyclin may control the availability of calcium in the IRS
and medulla.

The amino acid sequence of sheep trichohyalin is charac-
terized by the presence of two separate repetitive regions
which together constitute ~70% of the total protein (Fig. 5).
The COOH-terminal repetitive region extends only margi-
nally more NH,-terminal than the sequence deduced from
the cDNA clone AsTrl (Fietz et al., 1990) (see Fig. 5) and
is based on a 23-amino acid consensus sequence (Fig. 6).
The central repetitive region is based on a 28-amino acid
consensus sequence which has a very similar amino acid
composition to the COOH-terminal consensus sequence
although the individual sequences are markedly different.
Both consensus sequences contain the substrate amino acids
for both peptidylarginine deiminase (arginyl residues) and
transglutaminase (glutaminyl and lysyl residues). Although
sheep trichohyalin contains two repetitive regions, it is prob-
able that both perform a similar function since the central
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repetitive region is not present in rabbit trichohyalin which
has a much larger COOH-terminal repetitive region (Rogers
et al., 1991; Fietz, M. J., manuscript in preparation). It is
therefore probable that the function of the repetitive regions
is to provide an ordered array of substrate amino acids for
peptidylarginine deiminase and transglutaminase in an o-heli-
cal environment. In addition, the total number of repeats
within trichohyalin may be controlled to maintain the overall
length of trichohyalin which in those mammalian species ex-
amined, ranges from 190 to 220 kD (Rothnagel and Rogers,
1986).

The studies of the predicted structure of the deduced
trichohyalin sequence do not take into account the changes
in charge introduced into trichohyalin by the deimination of
arginyl residues. These modifications in the charge profile
will alter the structure of trichohyalin and its arrangement
within the protein network of the mature IRS and medulla
cells. To predict the structure of the modified trichohyalin
molecule it will be necessary to determine the position of
the substrate residues for peptidylarginine deiminase. This
could in part be obtained by treating synthesized peptides
containing the two consensus sequences with peptidylargi-
nine deiminase and determining the modified residues by se-
quence analysis. Further examination of the role of tricho-
hyalin could be obtained by the treatment of purified
trichohyalin with peptidylarginine deiminase in the presence
and absence of IF proteins. The mixtures could then be ex-
amined for the production of aggregates of IF. However, the
most direct approach to the structure and function of tricho-
hyalin would be the ablation of the mouse gene using em-
bryonic stem cell technology.

The purification of the trichohyalin gene has allowed a
long-standing question regarding the trichohyalin protein to
be answered. That is, what causes the protein doublet seen
upon the initial purification of sheep trichohyalin (Rothnagel
and Rogers, 1986) and pig trichohyalin (Hamilton et al.,
1992)? Comparison of the protein sequences deduced from
the genomic and cDNA clones has shown that the sequence
deduced from the genomic clone has four full or partial
repeats inserted within the COOH-terminal repetitive region
of the cDNA sequence. This would produce a difference in
mass of 10 kD. Thus it appears that the overall number of
repeats may be altered by incorrect crossovers during meio-
sis producing alleles encoding proteins of differing molecu-
lar weights. Purification of trichohyalin from a heterozygous
animal would therefore produce a doublet, explaining the
results originally seen in the purifications of Rothnagel and
Rogers (1986) and of Hamilton et al. (1992).

Complete analysis of the trichohyalin gene structure has
further demonstrated similarities between trichohyalin and a
number of epidermal structural proteins, namely, involucrin,
profilaggrin, and loricrin. All four proteins are substrates for
transglutaminase (Rogers et al., 1977; Rice and Green,
1979; Simon and Green, 1984; Richards et al., 1988;
Mehrel et al., 1990), contain quasi-repetitive structures
(Eckert and Green, 1986; Rothnagel et al., 1987; Fietz etal.,
1990; Haydock and Dale, 1990; Mehrel et al., 1990; Rogers
et al., 1991) and are encoded by genes located at the same
position on chromosome 1 (McKinley-Grant et al., 1989; Si-
mon et al., 1989; Fietz et al., 1992). Furthermore, all four
genes have a similar structure with each characterized by the
presence of a single intron in the 5’ noncoding region (Eckert
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and Green, 1986). However, in contrast to involucrin and
loricrin, profilaggin more closely resembles trichohyalin in
that there is an additional intron within the coding region of
its gene and it has two EF hands at the NH, terminus (Pres-
land et al., 1992). This feature may have been brought about
by the fusion of the gene of an S100-type calcium-binding
protein to an epithelial structural gene related to involucrin
and loricrin thereby producing the trichohyalin and profilag-
grin genes. These strong similarities suggest that all four
proteins may be members of a super family of epithelial
structural proteins (Fietz et al., 1992).

The in situ hybridization results are generally in agree-
ment with earlier immunological work performed on various
human epithelia (Hamilton et al., 1991; O'Guin and
Manabe, 1991; Hamilton et al., 1992). Trichohyalin mRNA
is present in a subset of filiform papillae keratinocytes (Fig.
8) in a region labeled the “E’” region on the basis of co-
expression of IF proteins normally present in the esopha-
gus (Dhouailly et al., 1989). These cells also contain gran-
ules with similar staining characteristics to the trichohyalin
granules of the IRS and medulla (Fietz, 1991), and have also
been shown to express filaggrin (O’Guin and Manabe, 1991).
Trichohyalin mRNA is also present in the developing cells
of the fetal hoof (Fig. 9) which again corresponds with the
presence of trichohyalin-like granules (Fietz, 1991) and the
immunological detection of trichohyalin in the human nail
bed (O’'Guin and Manabe, 1991). Trichohyalin has previ-
ously been detected within foreskin epidermis (O’Guin and
Manabe, 1991) and other nonhair-bearing epidermis
(Hamilton et al., 1991), but was not detected in the wool-
bearing epidermis of the sheep. It is possible that nonwool-
bearing sheep epidermis may contain cells expressing
trichohyalin. Trichohyalin expression was also detected
within a number of cells within sheep rumen epithelium
(Fig. 10). The expression appears to be in the granular layer
of the rumen epithelium which may correlate with the detec-
tion of trichohyalin in the granular layer of nonhair-bearing
skin (Hamilton et al., 1991; O’Guin and Manabe, 1991).
The role of trichohyalin in each of these tissues is presently
uncertain although each express sets of IF proteins suggest-
ing that trichohyalin may in each case act as an IFAP. Alter-
natively, mature nail epithelial cells contain a cellular enve-
lope which differs in amino acid content from the epidermal
cellular envelope (Baden and Fewkes, 1983) and is believed
to contain e-(y-glutamyl)lysine cross-links (Baden and
Fewkes, 1983; Shono and Toda, 1983) suggesting that
trichohyalin may be involved in the formation of the cellular
envelope of the hoof epithelial cells.
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