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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 or-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. 

T rIE mammalian hair follicle is a specialized epidermal 
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-(~/-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 
et al., 1992) with K1 and K10-1ike 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 
pWE15 by Clontech Laboratories Inc. (Palo Alto, CA) using DNA provided 
by our laboratory, was screened with a 1.9-kb sheep trichohyalin eDNA 
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 EcoRI site of pGEM-7Zf(+) (Promega Corp., Madison, WI) for 
further analysis. 

Genomic Sequence Analysis 
Fragments spanning the trichohyalin gene were inserted into either pGEM- 
3Zf(+) (Promaga Corp.), pGEM-7Zf(+) or pBluescript II SK (Stratagane 
Inc., La Jolla, CA). Deletions were performed using Bal31 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 Stadan Package (Staden, 1982, 1984) and the 
Sequence Analysis Software Package of the University of Wiscousin 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 eDNA syn- 
thesized from total v~ol follicle RNA, prepared by the method of 
Chomczynski and Sacchi (1987), using an oligonueleetide primer (Tr3) lo- 
cated "o370 bp from the 5' end of the mRNA. The full-length product could 
not be cloned but sequence data was obtained from Ml3mpl8 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 Tr5 (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 Tr5 
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, 

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 eDNA clone (ksTrl) encoding 
the COOH-termina130% 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 XsTrl and a single clone isolated (sTrl0). The 
fragments encoding the COOH terminus of trichohyalin and 
the orientation of the gene were determined by Southern 
analysis using probes derived from XsTrl. 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 sTrl0 sequence showed that the 
coding region present in the eDNA clone XsTrl 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 eDNA was attempted 
using the PCR protocol of Frohman et al. (1988). Unfortu- 
nately the full-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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ATG TAG AA~_AAA 
Ba Hf P P 1 E E Bg Xb Xh XhBc Xh IHd 
I Igll I • II , , , H t,, 
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EXON I EXON 2 EXON 3 

Figure 1. Structure of the sheep 
trichohyalin gene. A partial 
map of the region of sTrl0 con- 
taining the trichohyalin gene 
is shown. The predicted start 
(A/U) and stop (TAG) codons 
are indicated as is the position 
of the putative polyadenylation 

signal (AATAAA). 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, BclI; Bg, 
BgU; E, EcoRI; Hd, HindlII; Hf, HinfI; P, PstI; Xb, XbaI; Xh, XhoI. 

acids, glutamic 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 NH2 terminus 
(residues 1-95) and COOH terminus (1,518-1,549) have a 
much higher proportion of hydrophobic residues. The NH2- 
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. 

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 ),sTrl (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 )~sTrl (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 NH2 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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aaat~tacaaaat~tcat~aaaattca~aaaacctatactt~cctct~tt~acaaa~aaga~a~a~aaat~ccaaaaaccactgaatcatttaata~tct~cat~aaccttttacaa -1011 

a~caaagtttcatactggctgaaat~aagggtga~aatcaa~cagggataaaatt~ggttcttacaataaaataatgctgatatgt~caaataatcaccagagttgagaaagccct~a -891 

cagacataatgggtcagaatgac~gattaccttaatg~gctt~cacgagaac~agactcaa~gtttag~gtca~aat~atcagtaactgggqc~gaa~aagatgattatatctgcaat -771 

aatgcattacaccagCtcttttcctccaggggcatca~atgctaatgagaacagaaatgagcaaatttcatttagatagaatatcactaataataaaatttcacagatttcaagttctc -651 

ttatgaacaat~tgatgaaaacatatttttaagtacccttcaaaattatttattaaggacatgatctccaatctgtaggaaaatcataagaccaaagaatatagatgcaaatgttttccc -531 

accagcatttttagagaagaaattaaaactagttccttaaaaactcttgttgacctagaatggcctcaggcagtcccatggactgtcatatcccggaaagaaatcatctgggtctcatta -411 

gtttatgccaaaatttttgtttaacctcagcctagaatttatatcttttataaagtaaatg~ttacag~cactactttgtaatgaaattccaattaactaagattctgaacatgaatt -291 

tctttatttaattttaacagttaagaaaaattaga g attct gccaaatattctatcctttcat g Eta ggt ggaq~c$~a cca actct g tcaa ga gg aat g~ ct ~g aacctcgtgccaaaga -171 

gctac~gagcaaacagcaagataaacaa~cattcgtggagacagaggtggagctgggcttgtttagga~cagagtgggtgtctcctttctaagttgctctt -51 

cgggg~acaattaaaa~t~g~cagctcccagctgttca~tc~.~AccTGccAG~GTGTcAGcGA~ACTTGAccTcTTccTcTGGTG~GTGGgtaagtcccattcggtgg 70 

gatcatqttcttccgtatqattcttcattttccagct~tgtagatgttggggggca~ggttaaggagggtctatgtgacagatggcatcagtatcttacagatatacctgctgctgct 190 

~t~ctgc~aagt~actt~gg~tgt~a~t~gt~ga~cc~at~ga~~gg~t~gg~agaa~a~tggagtg~gttg~attt~c 310 
AP-2 AP-2 N ~  

tt~t~taa~g~atg~a~g~aa~gtgaaagtgaagtcg~ag~c~tg~tga~t~tt~g~ga~tgg~ctucaa~ta~c~g~gt~ct~gt~c~tggg~tttt~ggcaagag 430 

tactggagtgggttgct~tgccttctccaacagatatacctaattcctactaactccatgtcatctctctatagagcacttaactctataagtttgttcggacgtc~gagttggaggat 550 

g~catatatgactgat~ggctcatcttcctaaaaaaagtttgccagccctcagttctcttttatttattgcttctacccaatatggactat~tcatgtggttatggcacctgag~a 670 

ttgaa~tgagaa~caactaaagaagccagctttccaggttcagtctgactcaccaaatctggcagcca~cagaaagcacctaacagaaacttacaatgattgaatacttgtaatacat 790 

aagaattaag~ctaataacatgaact~tgttttctgaattgatatatataaatattacaataccacctttgactaggaagt~gtacttaagagctggtgacttacgaattatacttctag 910 

atttctaaaggactatataca~taggaaataacccacatgccctttttattgttccagttacca~cagatgttttgc~gctacaattaggtttacttatccattttagacagcactgca 1030 

tggcacaggcaatttacaggcttccctggtggctcagatggtaaaatgtctgcctqcaqtgcgagagaccaggatttgatccctgggttgggaagatcccctggagaaggaaat~gcaac 1150 
PSl 

ccactccagtactcttgcctggaaaattccatggactgaggagcctggtaggctaca~tcatggggtcgcaaagagtcagacatgactgagcaacttcactttatccattttaagatcc 1270 

ttcacttttt~ttatcacctatcctctttgctcaattttagagaaaaattcttatga~agtaacctatcaaatctaaatatctacaatcttcactgtctgatttgaaaaacactaggga 1390 

ataggaagaaagagaaaggatatggataatacaaactgggtagaaaaccaaaaactaactacaggatagcctgagatgcatccctgacttgaaatttttcaggatctcttcccttttata 1510 

agcactacatgaaagtgaacgtcagttagttgt~ccgaagcctt~gatcccatggactgtagcctgcctggctccttttccat~aattctccaggcaagagtagtggaatgggttgc 1630 

catttccttctccagggatcttc~ccacccagggatagaaccagg~ct~ctgtgttgcaggcagactctttaccaactgagccatattcaaagataaaat~ctttgaaagtcccagttg 1750 

aaaatactttggtaaagtca•attacttagggatctgcctgaaactgtggagaaagcctccccaagatcagaaacagagtttgactct•aatccaattttattgttctagGTTTACTGGA 1870 

I M S P L L R S I F N I T K I F N Q Y A S H D C D G T T L S K K D L K  
ACTTG~GG~GAAAAAAATGTcTC~CTTCTGAG~GCATCTTT~TATCACTAAAATTTTc~TC~TATGCCTcACAT~TTGTGATGGGAc~CT~GC~GAAAGACCTG~G 1990 

3 5 N L L E R E F G E I L R  
~TCT~cT~TCCTTCGGgtaagaaataacaagaaaaggaaatttctctactgatttagagctatgaaatttcttctcaggagagaccagagcaaggaatgg 2110 

~5 

tgactttatattcatttattgccatgacagttctacaccatattccccattcatgtctaagcctgaaggtaattaattagttacataattatttaatcaggctcttctctagtaaaat~g 2230 

catttctgcaaat~tttgttctgttttcaaacatgggataaaaatcaaatcagcatactggctatttcagacagaaatggctgctgcaaatcttcataaatttccactgctttctctct 2350 

tgaggat•aattcattcttatttacccagctataacttgttttcttttgatcagcattaaataagatgc•aaaatttccaacgaatgtgtgctttaaaatta•gttgttcaccttttaca 2470 

t~cgtacaagactccatacaactgtttctctaattgttcttaatgtcttttga~accaacatattataaaatatacagtgtgtgtgtggaagtttactacctgtaaatagcacattgta 2590 

4 7 K P H D P E T V D L V L E L Q D R D R D G L I D F H E F L A I V F  
aaagtttt~atttctttttcagAAA~cACACGACCCAGAAACTGTAGACCTAGTC~TGG~CTTCAGGATCGc~CCGTGACGGGCT~TcGATTTC~TG~TT~CTcGC~TcGTTTT 2710 

8 0 K V A A A C Y Y A L G Q A S G L N E K E A K C E R K G N P L Q D R R R E D Q R R  
cAAAGTGGCTGCAGCTTGTTATTAT~TcT~GGC~AG~cTcGGGGCTAAAT~AGAAAG~C~GTGTGAGAGAAAGGGAAACCCGTTAC~GATCGCAGGAGGG~cCAAAG~G 2830 

~3 

1 2 0 F E P Q D R Q L E E R R L K R Q E L E E L A E E E E L R E K Q V R R E Q R L Q R  
ATTCGAGCCCCAG~CA~C~CTAGAAG~CGCAGGCTG~GAG~AGGAA~TGGAGGAGCTCG~TGA~GGAG~T~GG~G~GC~GT~GA~GTGA~AGAGGCTGCAAAG 2950 

1 6 0 R E Q E E Y G G E E E L Q Q R F K G R E L E E L L N R E Q R F E R Q E Q R E R Q  
GCGAG~GAA~GTATGGTGGG~GG~GAGCTG~GcAAAG~CC~GGGTCG~AGCTGGAGGAGCTTCTG~CcGAGAGcAAAGGTTCGAGAGGCAGGAG~CGGGAGCGACA 3070 

2 0 0 R L Q V E Q Q Q R Q R G E L R E R Q E E V Q L Q K R E T Q E L Q R E R L E E E Q  
GCGCCTCCAGGTGGAAcAGC~CAGCGGCAAAGAGGA~GcTG~GcGAGCGCCAGG~G~GTGcAGCTC~AAAAGCGGGA~CT~GGAGcTCcAGAGGGAGCGTCTG~GG~GAGcA 3190 

2 4 0 Q L Q K Q K R G L E E R L L E Q E R R E Q E L R R K E Q E R R E Q Q L R Q E Q E  
GCAAcTGcAAAAG~G~GcG~GGGCTcGAGGA~GGCTCTTGGA~AG~GAGGCGGGAG~GGAGCT~GG~G~GGAGCAGGAAA~CGGGAG~GCAGcT~GGCAAGAGCAGGA 3310 

2 8 0 E A T Q E E I S E R G E S E T S R C Q W Q L E S E A D A R Q R K V Y S R P H R Q  
G~GG~GACGCAGGAAGAGAT~GT~GCGGGGCGAGAGCCGcACcTCGAGGTGTcAGTGG~GCTAGAAAGC~GGCCGAcGCCCGTCAGcGCAAAGTcTAcTCCAGGCCC~ACAGGCA 3430 

3 2 0 E Q Q S R R Q E Q E L L E R Q Q E Q Q I S E E V Q S L Q E D Q G R Q R L K Q E Q  
A~GcAGCA~GCCGCCGCCA~AG~GGAGCTGCTT~GA~cAGcAG~G~AGCA~TCAGCGAGGA~TGCAGAGCCTTC~GAAGAcCAGGGGAGGc~CGACTC~GC~GAGcA 3550 

3 6 0 R Y D Q N W R W Q L E E E S Q R R R Y T L Y A K P A Q R E Q V R E E E Q L R L K  
ACGCTACGACcAAAAcTGGAGGTGGCAACTAGAGGAG~CA~GAcGCc~TA~CACTGTAcGCcAAG~CAGCTc~cGG~GCAGGT~GG~GG~GA~AGcTCc~CTT~ 3670 

4 0 0 E E K L Q R E K R R Q E R E R Q Y R E V E L Q R E E E R L Q R E E E Q L Q R E E  
A~GGAG~GcTGcAGCGGGAGAAGAGGcGCcAGG~CGAGAAAGGCAGTATC~G~GTG~GCTGcA~GA~GG~GAGcGACTACAGCGGGAG~GGAGCAGCTG~GA~GAGGA 3790 

4 4 0 R E K R R R Q E R E K Q Y L E K V E L W E E E Q L Q R E E R E K R R Q E R E K Q  
ACGCGAG~GGAGGCGCCAGGAGCGTGAG~G~TACcTAGAGAAAGTGGAGcTGTGG~GGAGGAGcAGTTGCAGAGAGAGGAACGCGAGAAGAGGCGcCA~AGcGcGAG~GCA 3910 

4 8 0 Y L E K V E L R E E E Q L Q R Q E R E K R R Q E R E R Q Y L E K V E L Q E E E Q  
ATATCTAGAGAAAGTGGAGCTGCGG~GGAGGAGCAGCTGCAGAGACAGGAA~GCGAGAAGAGGCGccAGGAGCGCGAGAG~TATCTAGAGAAAGTGGAGCTGCAG~GGAGGAG~A 4030 

X~! 

Figure 2. The nucleotide sequence and predicted amino acid sequence of the sheep trichohyalin gene. The 9,344-bp sequence extending 
~om ~ e  cosmid arms of f f r l0  to 86 bp downstream of the pol~denylat ion 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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520 L Q R E E R E K R R Q E R E R Q Y L E K V E L (~ E E E Q L Q R Q E R E K R R Q E 
GCTGCAGAGAGAGGAACGcGAc~%AGAGGCGCCAGGAG~GAGAGGCAA~TCTA~G~T~G~G~GCA~G~C~GGC~ 4150 

560 R E K Q Y L E K V E L Q E E E Q L Q R 0 E R Q I( R R Q E R E K 0 Y L E K V E L Q 
GCG~GAGAAGCAATAT~TAGAGARAGTGGAG~TGCAGGAGGAGGAGCAGCTGCAGAGACAG~C~~C~~~TATc~G~T~ 4270 

600 E E E Q L Q R Q E R E K R R Q E R E R Q ¥ L E K V E L Q E E E Q V Q R O E R E K 
GGAGGAAGAGCAGCTGCAGAGACAGGAA~GCGAG~%AGAGGCGCCAGGAGCGCGAGA~TAT~~G~G~T~G~G~AG~AG~~ 4390 

640 R R Q E R E R Q Y L E K E L Q R Q E E R L Q E E E Q L L R E E R E K R R Q E R E 
GAGC~GCcAGGAGCGCGAGAGGCAGTA~G~G~TGCAGCGGCAGGAAGAGCGAcTGCA~G~G~T~T~GG~G~cGC~GC~G~ 4510 

X~OI 
680 R Q Y L E K V E L Q E E E Q L Q R E E R E K R B Q E R E R Q Y L E K E E L Q R Q 

GAGGCAGTATCTAG~GAAAGTGGAGCTGCAGGAAGAGC~GCAGTTGCAGAGAGAGGAACGA~G~GC~G~G~GG~GTA~TC~G~G~G~ 4630 

720 E E R L Q R E K E Q L (~ R E D R E K R R Q V R E R K Y L E E E L Q Q E E D R L Q 
GGAAGAGCGACTGCAGAGAGAGAAGGAGCAGCTGCAGAGAGAGGACCGCGAGAAGAGGCGC~G~GTA~T~G~G~TG~GCA~CC~TT~ 4750 

760 R E K (~ L L R E D R E K R Q Y L E K V E L Q R E E E Q L Q R E K R R Q E R E R Q 
GAGAGAGAAGCAGCTG~TGAGAGAGGATCC~GAGAAGAGACAGTATCTAGAGAAGGTGGAGCTGCA~G~G~G~TG~~GGC~G~~ 4870 

800 Y R E E E L L R E E E R L [4 R K E Q Q L Q R E E C E K R R R Q E L E R Q L E E E 
A T A T C ~ G ~ C T ~ G ~ G ~ ~ G ~ C . . A f f O d ~ , G ~ G ~ G ~ G C T G ~ ~ T G T ~ G ~ G G C ~ C A ~ ~ ~ G ~ A ~ G ~  4990 

840 E L Q R L D R K R Q F R D D D Q H Q N E V R N S R V ¥ S K 14 R E N K E K S R Q L 
GGAGCTGCAGCGcTTGGACAGGAAGAGGCAATTCCGGGAT~GCACCAAAACGAAGTT~GTAATAGCAGGG~TA~CC~C~C~GCC~CT 5110 

880 D D S W V R E S Q F Q Q D L R P L Q D E Q E E K R E R E Q E W R S R Q K R D S Q 
GC~TGATTCCTGGGTGCGGGAGAGTcAATTCCAGCAGGATCTGCGcCcCCTGCAGGATGAAC2%A~~CG~G~GT~G~GC~G~GT~GC~ 5230 

920 F P A E Q L L E R E Q Q K E T E R R D R K F R E E E Q L L K G Q R E E K I R Y L 
ATTTCCAGCTGRACAACTGCTGGAGCGAGAGcAGCAGAAGGAAACCGAAAGGcGAGACAGGARATTC~GAGAG~TG~GG~G~TA~TATCT 5350 

960 E E D R K F R E E E Q O L R R L E R E Q Q L R Q E R D R K F R E E L S R Q E R D 
GGAAGAAGACAGARAGTTcCGGGAAGAGGAACAGCAGCTGCGCCGCCTTGAACGCGAGCAACAGCTACGCCAGGA~TA~TTCcGC~T~GCcGC~G~C~ 5470 

i000 R K F R E E E Q L L Q E R E E Q L R R Q E R D R K F R E E E Q L L Q E R E E O L 
CAGAAAATT~CGTGAGGRAGAGCAGCTCCTGCAGGARAGGGAAGAACAGCTG~GCCGCCAAGAACGCGACAGAAAGTTCCGT~G~G~TC~G~G~GG~T 5590 

1040 R R Q E R D R K F R E E E Q T. L Q E R E E Q L R R Q E R D R K F R E E E Q Q L R 
GCGC~GCCAAGAACC~GACAGRAAGTTCCGTGAGGAGG~ACAG~TCCTGCAGGAAAGC~GAACAGCTGCGc~C~G~C~CA~GTTCC~~GCA~T~G 5710 

1080 L L E R E Q Q L R Q E R N R K F R E E Q L L R E R E E Q L R L Q E G E P Q L R Q 
CCTCCTGGAACGcC~GCAACAGCTA~GC~AAGAA~GARATAGA~TT~G~GAAGAACAGCT~TGCGAGAAAGGGAAG~CAGCTGC~CTCCAG~GG~CG~GC~ 5830 

1120 K R D R K F H E E E (~ L L Q E R E E Q L R R Q E R D R K F R E E A Q I L K E R E 
GAAG~GCGATAGA~AGTTCCATGAGGAGGAACAGCTCCTGCAAGA~AGAGAAGAAC~GCTGCGcCGCCAGGAACG~CA~G~c C ~ G ~ T ~ T ~ ~  5950 

1160 E (~ L R R (~ E R D R K F R E E E Q L L Q E R E E L R R Q E R E P Q L R Q E R D R 
AGAACAGCTCCGCcGCCAGGAGCGCGACAGAAAGTTCCGTGAGGAGGAACAGCTCCTGC~G~AA~GC~CGc~G~GC~CA~C~CGC~G~C~G 6070 

1200 K F R E E E Q L L Q E R E K L R R Q E R E P Q L R Q E R D R K F H E E E Q L L Q 
AAAGTTCCGTGAGGAGGRACAGCTcCTGCAAGAAAGAGAAA~GCTGCGCCG~CAGGAGCGCGAGCCACAACTTCGCCAGGAACGCGACAGAAA~TC~T~G~GCT~CT~ 6190 

1240 E R E E Q L R R Q E R D R K F R E E A Q L L Q E R E E Q L R R Q E R D R K F R E 
GGAAAGGGAAGAACAGcTGCGCCGCCAGGAACGCGACAGAAAGTTCCGTGAGGAGGCACAGCTCCTGCAGGAAAGGGAAGAACAGCTGC~CGCcAG~C~G~GTTCCGT~ 6310 

1280 E E Q L L O E R E E Q L R R O E R D R K F R E E E Q L L Q E R E E Q L R R Q E R 
GGAGGAAcAGCTcCTGCAGG~GGG~AGAACAGCTGCGCCGCCAGGAGCGCGACAGA~AGTTCcGTGAGGAGC~GCT~TG~G~~T~GCCGCCAG~CG 6430 

1320 D R K F R E E E Q L L K E S E E Q L R R Q E R D R K F H E K E H L L R E R E E Q 
CGACAGAAAGTTCCGTGAGGAGGAACAGCTCCTGAAAGAAAGCGAAGAAcAGCTGCGcCGCCAGGAG~GCGACAGGAAGTTCCATGA~AC~CC~C~G~ 6550 

1360 (] L R R Q E L E G V F S Q E B Q L R R A E Q E E E Q R R Q R Q R D R K F L E E E 
GCAGCTGCGcCGTCAGGAACTTGAGGGGGTCTTCTCCCAGGAGGAACAGCTGAGG~GCGCCC1&GCAAGA~GAA~GC~CGT~~~TTC~C~G~ 6670 

1400 Q S L Q R E R E E E K R R V Q E Q D R K F L E Q E E Q L H R E E Q E E L R R R Q 
GCAGAGCCTCCAGCGCGAGCGAGAGGAAGAARAGCGCCGCGTCCAGGAGCAGGACAGGAAGTT~AGGAA~G~TG~CC~G~G~T~GGc~C~ 6790 

X~OI 
1440 Q L D Q Q Y R A E E Q F A R E E K R R R Q E Q E L R Q E E Q R R R Q E R E R K F 

GcAGCTAGACCAGCAGTACCGGGCGGAGGAGCAGTTTGCTAGGGAGGAGAAGAGGCGTCGTCAGGRACAAGAATTGAGGcAAGAA~G~CGCCGCCAG~~TT 6910 

1480 R E E E Q L R R Q Q Q E E Q K R R Q E R D V Q Q S R R Q V W E E D K G R R Q V L 
CCGGGAAGAAGAACAG~T~GCCGCCAGCAGCAGGAGGAGCAGAAGCGTCGCCAAGAGCGCGAcGTGCAGCAGAG~C~CGcC~GT~C~GG~C~CGG~GGT~T 7030 

1520 E A G K R Q F A S A P V R S S P L Y E Y I Q E Q R S Q Y R P * 
GGAGGCTGGCAAGCGGCAGTTTGCCAGTGCCCCAGTGCGCTCCAGTCCGCTCTACGAGTACATCCAAGAGCAGAGGTCT~ACCGCC~TA~TGC~CC~T~C~CAT~G 7150 

C C C ~  m c~l~ ~ I ~ u ~ T ~ L . G I ~  "~AC'I~-~ GTAC C ~ , A T ~  C T CT GG'Fr G T C ~ G ~ C  TC T G ~-~ GT T A G A ~ C  T ~  T T TA ~ T ~  T T ~ T  CTATA~T TTT CA TGT 7270 

GCTTTGTACTTCTGCCTTTTATTCTTCCTTAAATAGTTCTTTAGGATGTCTTTG~TCTTTGGTGCAGATTTGGTGTGCATTTTTAARAAACATAAAAGCCATTTAATTTGTTT~G~T 7390 

TTTGTTTGGGAAACA~GTTcATTCATTG~TTTCAGAAGTAACA~TATTGTGTCCATTTGAGATTCAAAAGAATGGGTCAGCTTTTTTATTGTTGATCCATCTTATAGAGA~TCA~ 7510 

TATTTTTTATGTTCAAGTTGATATTTCTTCCTGGGCCTAAATTATGTTAATATTTATCTCCAAATAGCCTCCCACTTTTTGTGGCATAATTAGCACAGATTCTGCAAGGGGACCGAATTT 7630 

T ' ~  CAA~%.CC CC T ~  TAG T GCAG~mLA ~ T G  GC T T C~r C C A ~ I ~  G '~  T C o ~ w l ~ G e  C ~ T i I ~ ' I ~ G C ~ d ~ T  TA "~ T T T ~ C T  T ~ ~ A  ~ T  T T ~ T T ~ C A ~  T ~ T  T 7750  

CCATATATACTTATGAAGCAAAAAGCAAGGCGTTTCTcAAACAA•TCCAGAGTTCAAA•TTTAAAACCATGTCTG•TGTAGTCTGTAGCATTCAGTTCCTTTCCCCCAGTCTTGGATGAG 7870 

CTTGAG~CTATTACTGcCTTTGTTAATTTTAGCTGAGAAGGGA~CTGCT~TGTA~ACATCTGTCTTGCTCTAGAGCCAACAAGAGATCAcGGAGcATTTGGGGGTG~ 7990 
Be. [] 

GGGAAGTTTTGTGGACAGAAGGGCAAGTcCCTTGAGGACCTTTGAcAAGCCCTGT~AGCCCACAATCCTTTGAGCCCTACTGATACTACCTTGGAGA~TG~T~TTG~CTGTG 8110 

TA~TTAATAATAAATATTTTGGCAATTIt ttt t ~nt ~t t t aact gt goat caaaccat aact caagat t t aat g~ct gqgaact gacat aact t t cc 8214 

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-I, AP-2, and NF-rB 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/DDBJ under accession number Z18361. 
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Figure 3. Determination of the size of Exon 
1. The 186-bp HinfI fragment surrounding 
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 
was hybridized to total wool follicle RNA 
(20 #g) 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 
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 L 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 

m o l e  p e r c e n t  

Asp /Asn*  6 .4  3 .2 /0 .7  

T h r  2 .9  0 .6  

Ser  5 .4  1.9 
Glu /Gln*  28 .0  26 .1 /17 .2  

Pro  3.3 1.0 

G ly  5.3 1.2 
A l a  4 .7  1.5 
C y s  0 .6  0.3 
Val  4 . 0  2 .0  

M e t  0.1 0.1 

I le  2 .5  0 .7  
Leu  10.0 11.0 
T y r  2.1 1.8 
Phe  2 .4  2.3 
Lys  6 .7  6.1 

His  1.7 0 .8  

Trl0 0 .2  0 .5  
A r g  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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500 1,000 1,500 

F i g u r e  4 .  D o t  m a t r i x  c o m p a r i s o n  o f  the  s h e e p  t r i c h o h y a l i n  a m i n o  

a c i d  s e q u e n c e .  T h e  s h e e p  t r i c h o h y a l i n  a m i n o  a c i d  s e q u e n c e  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 XsTrl, 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 

Central 
Repetitive Region 

C-terminal 
Re ~etitive Region 

MS P LLRS I FhlI T K I F NOY[~S HD~DG~SKKT~LKNLLE RElY 
GE I LRKP HDP E~VDLVLE LCID~,~D~H~IF LAIVFK~ 
AAACYYALGQASGLNEKEAKCERKGNP LQDRRREDQRRFE 
P QDRQLEERRLKRQELEELAEEEELREKQVRREQRLQRRE 
QEEYGGEEELQQRP KGRELEELLNREQRFERQEQRERQRL 
QVEQQQRQRGELRERQEEVQLQKRETQELQRERLEEEQQL 
QKQKRGLEERLLEQERREQELRRKEQERREQQLRQEQEEA 
TQEE I SERGE SRTSRCQWQLESEADARQRKVYSRPHRQEQ 
QSRRQEQELLERQQEQQ I SEEVQSLQEDQGRQRLKQEQRY 
DQNWRWQLEEESQRRRYTLYAKPAQ 
.... REQV- -~EEEQLRLKEEKLQRE - - - Z~RQER 
ERQYRE -VEL(~E EERLQRE EEQLQRE E REK'RRQER 
EKQYLEKVELWEEEQLQREERE ....... KRRQER 
EKQYLEKVELREEEQLQRQERE ....... KRRQER 
ERQYLEKVELQEEEQLQREERE ....... KRRQER 
ERQYLEKVELQEEEQLQRQERE ....... KRRQER 
EKQYLEKVELQEEEQLQRQERQ ....... KRRQER 
EKQYLEKVELQEEEQLQRQERE ....... KRRQER 
E RQY LE KVE LQ~E E E QVQRQE RE ....... KRRQER 
ERQYLEK-ELQQEERLQ -EEEQLLREEREKRRQER 
E RQYLE KVE LQ~E E E QLQRE E RE ....... KRRQER 
ERQYLEKEELQ.QEERLQREKEQLQREDREKRRQVR 
ERKYLEE -ELC~EDRLQREK-QLLREDREK ..... 
-RQYLEKVELQ'EEEQLQRE .......... Z~%RQER 
ERQYREEELLREEERLHRKEQQLQREECEKRRQEL 
ERQ-LEEEEL ............. QRLDR--KRQFR 
DDDQHQNEVRNSRVYSKHRENKEKSRQLDDSWVR 
ESQFQQDLRP LQDEQEEKREREQEWRSRQKR 
DSQFPA-EQLL-~REQQKETERR 
DRKFREEEQ~LKQREEK I RYLEE 
DRKFREEEQQRLEREQQL-RQER 
DRKFREE ......... -vLSRQER 
DRKFREEEQLLQEREEQLRRQER 
DRKFREEEQLLQEREEQLRRQER 
DRKFREEEQ~LQEREEQLRRQER 
DRKFREEEQQ'LLEREQQL-RQER 
NRKFRE -EQLLREREEQLRLQEG 

EPQLR-QKR 
DRKFHEEEQLLQEREEQLRRQER 
DRKFREEAQ ILKEREEQLRRQER -e-- 
DRKFREEEQLLQEREE -LRRQER 

EPQLR-QER 
DRKFREEEQLLQEREK-LRRQER 

EPQLR-QER 
DRKFHEEEQLLQEREEQLRRQER 
DRKFREEAQLLQEREEQLRRQER 
DRKFREEEQLLQEREEQLRRQER 
DRKFREEEQLLQEREEQLRRQER 
DRKFREEEQLLKESE~QLRRQER 
DRren~.KEH,.T.%eRE~QTaRQIT. 
EGVF S QEEQLR~E QE E EQRP~QR 
DRKFL~EQSL(~EREEEKR~QEQ 
DRKFLEEEQLHREEQEELRKQQL 
DQQYRAEEQFAREEK--RRRQ-- 
EQELRQEEQ ........ RRRQER 
ERKFREEEQL ....... RRQQQE 
EQKRRQERDVQQ ..... SRRQVW 
............. EEDKGRRQVL 
EAGKRQFASAPVRSSPLYEYI QEQRSQYRP * 

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. 

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 ,x,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 

IIIII I I IIIII 
C-temmJnsd DRKFREEEQLLQEREEQLRRQER 

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. 

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 DN,~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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Calmodulln 
SIOOB 

Sheep Tr. 

Calmodulin 
Sl001@ 

Sheep Tr. 

I H e l i x  I T . r =  I H e l i x  I 
" '  " ÷ O  O O ~ ÷  " O  O ~  " "  " 

- - K G T RS G QNP T E 

S E LE KAM V A I D H Q|~S G R~G|~H K K K S K E N N E L S H F L E 

M S P LL R S I F N T K N Q ~ A ~ H ~ C ~ T  T K K K N E RE F G E I L R 

S E C O N D  EF H A N D  

I H e l i x  I r u r ~  I H e , , x  I 
L Z , L  ~ . 0  0 O ~  ~ 0  O I ,  I , Z ,  I~ 

. . . . .  B o0 oo 
KP HD P E T D L E L O ~ R ~ R ~ L ~ F  H LA F K AAA CYYA LGOAS... 

Figure 7. Comparison of the 
EF bands of trichohyalin with 
those of calmodulin and S100/3. 
The sequences of the first and 
second EF hands of sheep tri- 
chohyalin were aligned with 
the corresponding regions of 
bovine calmodulin (Vanaman 
et al., 1977) and human $100~ 
(Jensen et al., 1985) which is 
a member of the family of 
S100-1ike 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- 

ygen-containing; G, glycine. Note that trichohyalin and SIOOB 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 SlO0-1ike 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 Manahe, 1991). Further analysis 

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). 

Figure 8. In situ localization of trichohyalin expression in the sheep 
tongue. Sheep tongue sections were hybridized with 35S-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 #m. 

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-(7-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 IE Nevertheless, the prediction of c~-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 10. In situ localization of trichohyalin expression in sheep 
rumen. Sheep tureen sections were hybridized with 35S-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 #m. 

Figure 9. In situ localization of trichohyalin expression in fetal 
sheep hoof. Sheep fetal hoof sections were hybridized with 35S- 
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) 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 (mRNA) 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 #m. 

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- 

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 NH2-terminal than the sequence deduced from 
the cDNA clone hsTrl (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 or-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 et al., 
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 

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 NH2 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 trichohyaiin-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 ¢-('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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