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Summary

Amelogenins, a family of extracellular matrix proteins of the dental enamel, are transiently but abundantly
expressed by ameloblasts during tooth development. Amelogenins seem to regulate the formation of crystal-
lites during the secretory stage of enamel development, while they are specifically degraded during tooth-bud
maturation. In this paper we report the characterization of the AMGX and AMGY genes on the short arms
of the human X and Y chromosomes which encode the amelogenins. Our studies on the expression of the
amelogenin genes in male developing tooth buds showed that both the AMGX and AMGY genes are
transcriptionally active and encode potentially functional proteins. We have isolated genomic and cDNA
clones from both the AMGX and AMGY loci and have studied the sequence organization of these two
genes. Reverse transcriptase (RT)PCR amplification of the 5' portion of the amelogenin transcripts revealed
several alternatively spliced products. The splicing pattern observed in the Y-derived mRNA varies from
that of the X-derived mRNA. The promoter regions from both genes and the predicted amelogenin protein
sequences are presented. This information will be useful for studying the molecular basis of X-linked
amelogenesis imperfecta, for understanding the evolution and regulation of gene expression on the mammalian
sex chromosomes, and for investigating the role of amelogenin genes during tooth development.

Introduction

Amelogenins and enamelins are the two major classes
of proteins in the extracellular matrix of developing
dental enamel (Termine et al. 1980). They are secreted
by the ectoderm-derived ameloblasts in tooth buds
during early stages of odontogenesis. The profile of
the enamel matrix proteins changes during tooth for-
mation. Early enamel contains predominantly the
proline-rich amelogenins which are selectively metab-
olized during enamel maturation, leaving their degra-
dation products and the acidic enamelins in the mature
enamel (Fincham 1980; Robinson et al. 1983). Amel-
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ogenins are thought to regulate the formation of
enamel crystallites, probably by providing the hydro-
phobic environment necessary for the initiation and
growth of calcium hydroxyapatite crystals (Deutsch
1989). The nature and function of enamelins are not
completely clear (Robinson et al. 1989); recent reports
claim that the major forms of enamelins are in fact
albumin and other serum proteins (Strawich and
Glimcher 1990).
Amelogenin cDNA clones have been isolated from

both bovine and murine cells (Snead et al. 1985; Shi-
mokawa et al. 1987a). Using the mouse cDNA as
a probe, Lau et al. (1989) have mapped the mouse
amelogenin gene to the X chromosome. In humans,
sequences homologous to the mouse amelogenin
cDNA have been found on the short arm of the X
chromosome in the p22.1-p22.3 region (the AMGX
locus) and in the pericentric region of the Y chromo-
some (the AMGY locus). Using linkage analysis, La-
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gerstrom et al. (1990) have mapped X-linked amelo-
genesis imperfecta (Al), a genetic disorder affecting the
formation of enamel, to Xp22, suggesting that defects
in the amelogenin structural gene may be the cause of
X-linked AI (AIH1). In fact, a deletion in the amelo-
genin gene has been recently found in a family with
AIH1 (Lagerstrom et al. 1991). It is not known
whether the AMGY locus encodes a functional pro-
tein. We therefore proceeded to study the expression
of the AMGY locus in human male developing tooth
buds.

Because fetal tooth buds are difficult to obtain for
isolation ofmRNA and because the DNA sequence of
the human amelogenin gene is unknown, we first used
a mouse amelogenin cDNA probe to isolate human
genomic sequences from the AMGX and AMGY loci.
We then used the exon sequences shared by the sex
chromosomes, to design primers for reverse tran-
scriptase for (RT)-PCR amplification of the amelo-
genin transcripts in male fetal tooth buds. We were
able to differentiate the PCR products by X- or Y-spe-
cific oligonucleotide probes or by specific restriction
enzymes. Eventually we isolated and characterized
overlapping clones containing full-length cDNAs
from both chromosomes. Our results indicate that the
AMGY locus on the Y chromosome encodes a func-
tional protein, although its level of expression is only
10% of that of the AMGX locus on the X chromo-
some.

Material and Methods

General Procedures

The screening of a human genomic library, the prep-
aration of phage and plasmid DNA, and the gel elec-
trophoresis and Southern blotting of restriction frag-
ments were all carried out according to standard
procedures (Sambrook et al. 1989). DNA sequences
were determined using the dideoxy chain-termination
method using double-stranded DNA as template
(Chen and Seeburg 1985).

Isolation and Analysis of mRNA from Human
Fetal Tooth Buds

Incisive tooth buds from six human fetuses ranging
from 19 to 24 wk of gestation were collected during a
postmortem examination. Samples were immediately
frozen in liquid nitrogen, and RNA was extracted by
the guanidium isothiocyanate method (Sambrook et
al. 1989). One microgram of each RNA sample was

electrophoresed in formaldehyde containing agarose
and blotted onto a nylon membrane. Two samples,
corresponding to a male fetus and a female fetus,
showed best preservation of RNA and gave a strong
autoradiographic band after hybridization with a
mouse amelogenin cDNA probe. The male sample
was used to generate human amelogenin cDNA.

Cloning of the Human Amelogenin cDNA

The 5' and the 3' portions of the human amelogenin
transcripts were cloned separately using the method
developed by Frohman et al. (1988). To clone the 3'
portion of the human amelogenin cDNA, 5 ig of total
RNA from fetal tooth buds was reverse transcribed
using 0.5 pg of the dT17-adapter (5'-GACTCGAGTC-
GACATCGAT17) as primer. The reaction product
was diluted 1:250 with TE, and the amelogenin cDNA
was PCR amplified using primers Pram6 from the gene
and the adapter (5'-GACTCGAGTCGACATCGA-3'),
at 1 pmol/ gl each. After an initial denaturation step
at 950C fcr 5 min, annealing at 50°C for 2 min, and
extension at 720C for 40 min, 30 step-grade cycles
were performed in a Perkin Elmer-Cetus thermal cy-
cler set at 94°C for 40 s, at 570C for 2 min, and at
720C for 3 min, with a final extension at 720C for 15
min. The PCR product was electrophoresed in 1.5%
agarose and was blotted and hybridized with a mouse
amelogenin cDNA probe.
The PCR product was either blunted with the

Klenow fragment of DNA polymerase and ligated to
pUC-19 digested with SmaI or digested with PstI and
Sall and ligated to pUC-19 digested with PstI and Sall.
Ligation products were used to transform JM83 Esch-
erichia coli made competent by the calcium chloride
method (Sambrook et al. 1989). Recombinant colo-
nies were replated and screened with X- and Y-specific
oligonucleotide probes according to a method de-
scribed elsewhere (Wallace and Miyada 1987; Bulu-
wela et al. 1989). Several X- and Y-specific colonies
were amplified, and their plasmid DNA was purified
by the cesium chloride method. DNAs from X- and
Y-specific colonies were sequenced with Sequenase
(U.S. Biochemical).
To clone the 5' half of the human amelogenin

cDNA, 5 gg of total RNA were reverse transcribed by
priming with an internal primer (Pram7) according to
a method described elsewhere (Frohman et al. 1988).
Excess primers were removed with a Centricon 100
cartridge, and the product of reverse transcription was
tailed with terminal deoxynucleotide transferase and
dATP. Samples (1 pmol/ gl) of each internal primer
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(PramS) and adapter were used to amplify the tailed
DNA by PCR, as described. The PCR product was
electrophoresed in 1.5% agarose and was blotted onto
nylon and hybridized with a mouse amelogenin cDNA
probe. After the PCR product was blunted with
Klenow DNA polymerase, it was ligated to pUC19
digested with SmaI. The product of ligation was used
to transform competent E. coli strain JM83 cells. Re-
combinants were replated and screened with a mouse
amelogenin cDNA probe. Representative positive col-
onies were sequenced as described above.

Quantitation of the Amelogenin Y-specific Transcripts
To investigate the presence of Y-specific transcripts,

the PCR product of the 3' half of the amelogenin
cDNA obtained above was digested with two restric-
tion enzymes, EcoRII and HaeIII, that, compared with
the X, have an additional site in the Y genomic se-
quence. Digests were electrophoresed in 8% acryl-
amide and electroblotted on a nylon membrane. This
membrane was hybridized with an X-specific oligonu-
cleotide probe (Pram2l) at 570C according to a
method described elsewhere (Wallace and Miyada
1987). After the X-ray film was exposed for '\i h, the
probe was stripped, and the membrane was reprobed
with a Y-specific oligonucleotide probe (PramlO) at
61 OC.
To determine the relative abundance of X and Y

transcripts, the PCR amplification was performed in
the presence of 1 gl each of 32P-dCTP and 32P-TTP.
The PCR product was digested with either EcoRII or
HaeIII and electrophoresed in 8% acrylamide. The X-
and Y-specific fragments were cut and counted. The
linearity of the counting was established by repeating
the analysis with the PCR product spiked with one-
tenth the amount of 32P-dCTP and 32P-TTP.

Flourescence In Situ Hybridization

Metaphase spreads were prepared from a PHA-stim-
ulated, methotrexate-synchronized peripheral blood
culture according to a method described by Yunis
(1976). Slides had been stored in nitrogen bags at
- 200C for 6 mo. The DNA probe was biotinylated
by nick translation using a BioNickm labeling system
(BRL cat. 8247SA). Hybridization conditions were
according to published procedures (Pinkel et al.
1986), with some modifications. In brief, slides were
treated with pepsin (20 pg/ml in 0.1 N HCl) for 10
min at 370C before denaturation in 70% formamide,
2 x SSC for 5-10 min at 700C. Probes were hybrid-
ized at 4 ng/pl in a solution containing 50% for-

mamide, 2 x SSC, 10% dextran sulfate, pH 7.0, and
1 pg sonicated total human placental DNA ('v300
bp)/ pl and were denatured at 700C for 5 min and kept
in ice until applied to each denatured slide. Slides were
then incubated at 370C for rv17 h. Slides were washed
and stained according to published procedures (Trask
et al. 1991), with some modifications. In brief, slides
were washed in 50% formamide, 2 x SSC thrice and
0.1 x SSC once at 450C for 15 min each. Slides were
rinsed with 4 x SSC for 5 min and preblocked with
4 x SSC, 1% BSA for 5 min. Avidin-FITC (Vector;
cat. A-2011) was applied at 5 pg/ml in 4 x SSC, 1%
BSA for 30-45 min at room temperature. Slides were
sequentially washed in 4 x SSC, 4 x SSC, 0.1%
Tween 20, 4 x SSC, PN buffer (0.1 M NaH2PO4,
0.1 MNa2HPO4, 0.1% NP-40, pH 8) for 10 min each
at room temperature. Slides were preblocked with
PNM buffer (0.1 M NaH2PO4, 0.1 M Na2HPO4,
0.1% NP-40, pH 8, 5% nonfat dry milk) for 5 min
and were exposed to 5 pg biotinylated anti-avidin anti-
body (Vector, cat. BA-0300)/ml in PNM buffer for
30-45 min at room temperature. Slides were washed
in PN buffer thrice for 5 min each at room tempera-
ture, were preblocked with PNM buffer for 5 min,
and were applied with 5 pg Avidin-FITC/ml in PNM
buffer for 30-45 min at room temperature. Slides were
then washed in PN buffer thrice at room temperature
for 10 min each and were mounted with DAPI (0.4
pM) or PI (0.2 pg/ml) in antifade solution.
A Nikon microscope (Optiphot-2) equipped with

UFX-DX camera and four-filter adaptor (Technol-
ogy, Newark, NJ) was used for photography. Filter
combinations are EX 330-380 (excitation), DM400
(dichroic), and BA 450 (barrier) for DAPI and are
EX450-490, DM 510, and BA 520 for FITC. The
cells were exposed under these two filter combinations
sequentially without film advance, in order to locate
signals over chromosomes.

Results

Isolation of Human Amelogenin Genomic Sequences
A human genomic library (Clontech HL1006) was

screened with a probe pGEM17-2 containing 669
bases of the 3' portion of the mouse amelogenin
cDNA. Three positive clones (Ham 1, Ham 2, and
Ham 3) were isolated. On the basis of size ofthe EcoRI
fragments which hybridized to pGEM17-2, Ham 1
and Ham 3 are derived from the X chromosome, while
Ham 2 is derived from the Y chromosome. Restriction
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Figure I Structural organization of human amelogenin genes on X and Y chromosomes. Recombinant phages containing human
inserts from the AMGX and AMGY loci are shown above the respective restriction maps, and the locations of the exons are shown below.
B = BamHI; H = HindIII; K = KpnI; P = PstI; and R = EcoRI.

maps of these clones were constructed (fig. 1), and the
regions hybridizing with pGEM17-2 were sequenced.
Two exons, subsequently found to be exons 5 and 6,
were identified on both theX and theY clones. Primers
were designed from sequences shared by both chromo-
somes, to be used in the RT-PCR amplification of the
amelogenin transcripts. In addition, chromosome-
specific probes were made from a region (nucleotides
347-370) where the X chromosome and the Y chro-
mosome differ in 6 of 19 bases. Sequence analysis of
exon 6 revealed that the Y exon should contain addi-
tional EcoRII and HaeIII sites which are absent in the
X exon. These sites were used to differentiate the X
and Y RT-PCR products as described below. The lo-
cations of the PCR primers, the chromosome-specific
probes, and the sites for EcoRII and HaeIII are shown
in figure 2.

Expression of the Human Amelogenin mRNA
from both the X and the Y Chromosomes

Total cellular RNA was isolated from the incisive
tooth buds of a male fetus at 24 wk gestation. North-
ern hybridization of the RNA with pGEM17-2
showed a major transcript of 0.9 kb (data not shown).
The RNA was reverse transcribed into cDNA by using
a primer containing oligo dT linked to an adapter
sequence (Frohman et al. 1988). The 3' end of the
amelogenin cDNA was then amplified by PCR using
both a primer containing the adapter sequence and an

internal primer Pram6 containing sequence common

to both the X and the Y chromosomes (fig. 2). Gel
electrophoresis of the PCR products showed a main
fragment of550 bp which hybridized with pGEM17-2
(data not shown). Restriction enzymes EcoRII and

Figure 2 Nucleotide and deduced amino acid sequences of human amelogenin cDNAs from AMGX and AMGY loci. A, DNA and
protein sequences of major species of amelogenin. The X sequences are shown with the Y sequences indicated below whereever they are

different from the X sequences. The various PCR primers and chromosomal specific probes, as well as EcoRII and HaeIII sites used to

differentiate the X and Y transcripts, are indicated. The amino acid residues are numbered from the methionine residue found at the N
terminus of the mature protein. The signal peptide is indicated by single solid underlining. The region (exon 3) that is deleted in 16% of
the AMGX 5' cDNA clones is enclosed by a box, and the polyadenylation signal is indicated by a double solid line. The triangles indicate
the places where the introns interrupt the gene. The sites for N-linked glycosylation, serine phosphorylation, and threonine phosphorylation
are indicated by an asterisk (*), a number symbol (#), and a circumflex (^), respectively. B, Nucleotide and deduced peptide sequences of
exon 4. This exon was inserted after nucleotide 170 in the above sequence found in one of the AMGX 5' cDNA clones.

x

Y

306



Human Amelogenin Genes

A
Pram 20 MetGtyThrTrplleLeuPhe

1 AAAGGATCAAGCATCCCTGAGTTTCAAACAGAAACTTGCACTGAATACATTCAA CCATCAAGAAATGGGGACCTGGATTTTATTT
1 G C C T AG C A G T T T T G

Pram 19

1.e . . . * . Q
-9 A(aCysLeuLeuGlyAlaAlaPheAlaMetPr euProProHisProGlyHisProGlyTyr ILeAsnPheSerTyrGl alLeuThr
90 GCCTGCCTCCTGGGAGCAGCTTTTGCCATGCC ,lTACCACCTCATCCTGGGCACCCTGGTTATATCAACTTCAGCTATGA TGCTTACC
90 TG C

Vat

* * * . 7 . .

22 ProLeuLysTrpTyrGlnSer.. .IleArgProPro TyrProSerTyrGLyTyrGluProMetGtyGlyTrpLeuHisHisGlnIteILe
180 CCTTTGAAGTGGTACCAGAGC... ATAAGGCCACC TACCCTTCCTATGGTTACGAGCCCATGGGTGGATGGCTGCACCACCAMTCATC
180 ATG A A T Pram6

Met Ser

EcoRII(Y)
51 ProVaLLeuSerGLnGtnHisProProThrHisThrLeuGlnProHisHisHisILeProVaLVaLProAlaGLnGLnProvVaIIePro
267 CCCGTGCTGTCCCAACAGCACCCCCCGACTCACACCCTGCAGCCTCATCACCACATCCCAGTGGTGCCAGCTCAGCAGCCC9TGATCCCC
270 G T T Pram 5 Pram 21 AG G G
52 Vat Leu Ser Pram 10 ArgValArg

HaeIII
EcoRII I

81 GlnGlnProMetMetProValProGlyGlnHisSerMetThrProIleGlnHisHisGlnProAsnLeuProProProAlaGlnGlnPro
357 CAGCAACCAATGATGCCCGTTCCTGGCCAACACTCCATGACTCCAATCCAACACCACCAGCCAAACCTCCCTCCGCCCGCCCAGCAGCCC
360 G C T G A T T T
82 AlaLeu Gln Thr Leu

111 TyrGlnProGlnProValGtnProGLnProHisGtnProMetGlnProGlnProProVaLHisProMetGlnProLeuProProGlnPro
447 TACCAGCCCCAGCCTGTTCAGCCACAGCCTCACCAGCCCATGCAGCCCCAGCCACCTGTGCACCCCATGCAGCCCCTGCCGCCACAGCCA
450 T Pram 7 A T
112 Phe Gln Leu

HaeLII(Y) . . . HaeIII
141 ProLeuProProMetPheProMetGLnProLeuProProMetLeuProAspLeuThrLeuGl uAlaTrpvroSerThrAspLysThrLys
537 CCTCTGCCTCCGATGTTCCCCATGCAGCCCCTGCCTCCCATGCTTCCTGATCTGACTCTGGAAGCTTGGCCATCAACAGACAAGACCAAG
540 A C G C A CA G
142 LeuArg Ile His Ala

171 ArgGtuGLuVat sp
627 CGGGAGGAAGT GATTAAAAGATCAGAAGATGAGAGGGGAA...... TGAATACTTCAGATGCTTTCAGGAGTGACACAAGAACACAATG
630 A C T CA CTGAAG A C T T GA C
172 Gin

711 ATTTTTGCTTATAATCACTTTACTTAGCAAATTCTGTAACTAAAAAAGTACCATTAGCAGACAATAAAATGCATTAAAAATCA 793
720 C A T A T TT 802

B
AsnSerHisSerGlnAta l eAsnVatAspArgThrAtaLeu
AACTCACATTCTCAGGCTATCAATGTTGACAGGACTGCATTA

T T
I le
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Quantitation of X and Y Amelogenin Transcripts

DNA Fragment8
(chromosomal origin) cpm cpm/bp Y/(Y+ X)

E134 (X) ............... 21,706 161.9
7.6%

E102 (Y) ............... 1,360 13.3

H223 (X) ............... 54,230 243.1
' ~~~~9.5%

H183 (Y) ............... 4,700 25.6

H137 (X+Y) ............. 31,317 228.6 11.2%

a Restriction fragment of RT-PCR products of 3' portion of ame-
logenin transcripts. The letter denotes the restriction enzyme (E =
EcoRII; H = HaeIII), and the number is the size in base pairs.
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y

Figure 3 Expression of amelogenin transcripts from both X
and Y chromosomes. A, Differentiation of AMGX and AMGY
transcripts with restriction enzymes. The 3' portion of the amelo-
genin transcripts in male tooth buds was RT-PCR amplified with
primers (Pram6 and the adapter sequence) denoted by unblackened
boxes. The locations of EcoRII (E) and HaeIII (H) sites as well as

the predicted fragment sizes (in bp) are shown. Sites that are unique
to theY transcripts are labeled with an asterisk (*). Blackened boxes
indicate the locations of the chromosome-specific oligonucleotide
probes used. B, Gel electrophoresis and Southern analyses of 3'
portion of amelogenin transcripts in male tooth buds. The central
panel shows an ethidium bromide-stained 8% polyacrylamide gel
of the RT-PCR products. U = undigested PCR products; E =

EcoRII-digested products; and H = HaeIII-digested products. The
sizes (in bp) of the fragments are indicated on the left. Arrows on

the right point to some of the Y-specific fragments. The gel was

blotted with either an X-specific oligonucleotide probe Pram2l (left
panel) or a Y-specific probe PramlO (right panel). See the text for
details.

HaeIII were used to differentiate the X- and Y-derived
PCR products, and the predicted fragments are indi-
cated in figure 3A. The chromosomal origin of some
of the fragments was confirmed by their hybridization
with the X- or Y-specific oligonucleotides Pram2l and
PramlO, respectively. As shown in figure 3B, EcoRII
digestion of the PCR products gave a 41 6-bp common
fragment, a 134-bp fragment hybridizing only with
the X-specific probe, a faint 102-bp Y fragment, and
a 32-bp fragment which hybridized only with the

Y-specific probe. The presence of Y-specific tran-
scripts was further confirmed by the HaeIII digestion,
which gave the predicted 183-bp Y-specific fragment.
Our results indicate that the amelogenin sequence on
the Y chromosome is transcribed, although at a level
much lower than that of its X homologue. To quanti-
tate the relative abundance of theX and Y amelogenin
transcripts, 32P-labeled PCR products were prepared,
and the X- and Y-specific restriction fragments were
excised from the gel and counted. As shown in table
1, the Y transcripts amount to "10% of the total
amelogenin transcripts, whether the comparison was
made between the EcoRII fragments or between the
HaeIII fragments.

Cloning Human Amelogenin cDNAs

The presence ofAMGY transcripts does not prove
that the AMGY locus encodes a functional protein.
We therefore proceeded to isolate full-length amelo-
genin cDNAs from the X and the Y chromosomes.
The 5' and 3' halves of the human amelogenin cDNA
were cloned separately using the method developed by
Frohman-et al. (1988). The RT-PCR products con-
taining the 3' half of the cDNA obtained above were
cloned into pUC19. Recombinant clones were
screened with the X- and Y-specific probes Pram2l
and PramlO, respectively. Forty-three X clones and
four Y clones were identified, consistent with the rela-
tive abundance of the X and Y transcripts as deter-
mined above. DNA from representative clones was
isolated and sequenced.
To clone the 5' half of human amelogenin cDNA,

male tooth-bud RNA was reverse transcribed using
primer Pram7 containing common sequences from the
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3' portion of the gene (fig. 2). The cDNA was tailed
with oligo dA and wasPCR amplified using an internal
primer PramS and the oligo dT-adapter primer. The
PCR products were cloned in pUC19, and trans-
formants hybridizing with pGEM17-2 were identi-
fied. Thirty clones were analyzed byDNA sequencing,
and 28 of them contained X-specific sequences while
two contained ligated X and Y sequences. The major-
ity of the X clones began from the same nucleotide at
their 5' ends, suggesting that they contain the cap site
of the transcripts. Three different species of AMGX
cDNA clones which are the results of alternative splic-
ing have been isolated.

Since neither of the 5' Y sequences obtained above
extended to the 5' end of the mRNA, the PCR amplifi-
cation of the 5' half of the amelogenin transcripts was
repeated using a Y-specific primer PramiO instead of
the common primer Pram7. Twenty clones were iso-
lated, and, of the nine clones sequenced, four con-
tained Y sequences starting from the cap site.

Comparison of the Amelogenin cDNAs and Derived Proteins
from the X and the Y Chromosomes
The nucleotide sequences of the major species of

amelogenin cDNAs from both theAMGX andAMGY
loci, along with their derived protein sequences, are
shown in figure 2. Compared with the AMGY gene,
the AMGX gene contains two small deletions; one is
an ATG codon for methionine at nucleotide 201, and
the other is a 6-bp deletion in the 3' untranslated re-
gion. The full-length transcripts from theAMGX and
AGMY loci are 793 bp and 802 bp in size, respec-
tively, not including the poly A tail. The first in-frame
ATG codon occurs at nucleotide 69 on both chromo-
somes, although the published protein sequences of
mature human amelogenin start from methionine en-
coded by the ATG codon at nucleotide 117 (Fincham
et al. 1990). Neither of these ATG codons is flanked
by the translational start consensus sequence CANC
(Kozak 1984; Cavener 1987). However, the peptide
sequence following the first methionine is characteris-
tic of a signal peptide, and it is highly homologous to
the signal peptide predicted from the bovine amelo-
genin cDNA (fig. 4; Shimokawa et al. 1987a). In addi-
tion, a hydrophobic region, the hallmark of signal
sequences (Gierasch 1989), is present upstream from
the ATG codon at nucleotide 117. It is therefore very
likely that amelogenins are synthesized as precursors
with signal peptides of 16 residues which are cleaved
offwhen the proteins are secreted into the extracellular
matrix. The mature amelogenin from the X chromo-

some is predicted to be a protein of 19.8 kD with 175
amino acid residues, while the Y isoform is a 20-kD
protein with 176 amino acids. The predicted molecu-
lar weights of amelogenins agree with the observed
molecular weights of25-30 kD, when the posttransla-
tional glycosylation and phosphorylation of the pro-
tein are taken in account. The 3' untranslated regions
of the X and Y transcripts are 189 and 195 bp, respec-
tively, and there is an AATAAA polyadenylation sig-
nal 15 bp upstream of the poly A tail. In addition,
there is a diffuse GT-rich sequence which represents
the second element of the mammalian poly A signal
downstream from the 3' end of the mRNA (Proudfoot
1991).
Three different species of AMGX 5' cDNA clones

have been identified among the 28 X clones character-
ized. Twenty clones contain the sequence shown in
figure 2A. Five clones have a deletion of 48 bp from
nucleotides 123-170 within the coding region, re-
sulting in a "truncated" protein missing residues 3-18.
One clone has an insertion of 42 bp after nucleotide
170, resulting in the addition of 14 amino acid residues
shown in figure 2B. Only one species ofAMGYcDNA
was isolated initially. However, from the RT-PCR
amplification of the 5' portion of the amelogenin tran-
scripts described below, it can be inferred that the
AMGY transcripts are also alternatively spliced.
The amelogenin protein contains several structural

domains: a signal peptide consisting of 16 residues,
a highly conserved amino terminus domain, a core
domain rich in Gln-Pro residues, and a hydrophilic
C-terminus consisting of 12 residues which is rapidly
removed after the protein is secreted into the extracel-
lular matrix (Takaki et al. 1984). Although the overall
sequence similarity between the AMGX and AMGY
cDNAs is 91 %, it varies significantly between the cod-
ing and noncoding regions, as shown in table 2. While
the protein coding regions (exons 2-6) are highly con-
served, with a similarity index between 93% and
100%, the 5' and 3' untranslated regions (exons 1 and
7) are much less conserved.

Figure 4 shows a comparison ofthe amelogenin pro-
tein sequences from human, mouse (Snead et al.
1985), cattle (Shimokawa et al. 1987a) and pig (Fu-
kae and Shimizu 1983). The first 28 amino acids at
the N terminus are identical. The methionine at resi-
due 29 of the human Y amelogenin is conserved in
other mammalian amelogenins but is absent from the
predicted human X amelogenin, because of a 3-bp
deletion in the human X amelogenin gene. Both a con-
served consensus sequence (NFS) for N-linked glyco-
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Table 2

Exon-Intron Organizations of Human Amelogenin Genes

SEQUENCE OF EXON-INTRON JUNCTIONS SIMILARITY BETWEEN
EXON SIZE INTRON SIZE X AND Y

No. (base) (kb) 5' Boundary Intron 3' Boundary (exon/intron)

1 .... 56 1.5 T(C/T)A AAG (56) gtatgtgg ...... cattcag AAC CAT 76.7/76.0
2 .... 66 1.8/2.7 ATG CCT (122) gtgagtaa ...... t(g/a)taaaag CTA CCA 95.4/83.4

Pro (2) Leu (3)
3 .... 48 1.3/1.1 TAT GAG (170) gtaatttt ...... t(t/c)ttgtag AAC TCA 100/93.3

Glu (18) Asn
4 .... 42 .091 GC(A/T) TTA gtgagtct ...... ctcttaag GTG CT(T/C) 95.2/91.1

Leu Val (19)
5 .... 42/45 .27 CCA CC(G/A) (212/215) gtatgtag.. ...... ctcaccag TAC (C/T)CT 95.1/94.0

Pro (32/33) Tyr (33/34)
6 .... 426 1.7/2.2 GAA GTG (638/641) gtgagta(t/c) ...... ttttcag GAT TAA 93.2/87.7

Val (174/175) Asp (175/176)
7.. 160 88.4/.

a Nucleotide sequences of exons are in capital letters, while those of introns are in lowercase letters. The numbers following the nucleotides
refer to the cDNA nucleotide positions where introns interrupt the amelogenin mRNA. The corresponding amino acids, with their positions
in parentheses, are shown below the nucleotide sequences. When the nucleotides or positions are different for the X and Y genes, they are
separated by a slash (i.e., X/Y). Sequence homology between the X and Y genes was studied using the BESTFIT program of UWGCG,
and the similarity index between corresponding X and Y exons is separated from that between corresponding X and Y introns by a slash
(i.e., exon/intron).

sylation at residue 14 and a conserved consensus se-
quence (SYE) for serine protein phosphorylation at
residue 16 are present in all the amelogenins. An addi-
tional threonine phosphorylation site (TLE) is present
in the predicted sequence of human X amelogenin.
Within the central domain of the protein, the presence
of 15 Gln-Pro repeats in the X amelogenin and of
13 Gln-Pro repeats in the Y amelogenin is noted. A
12-amino-acid hydrophilic domain that constitutes
the carboxy terminus of the amelogenin is also con-
served. This domain includes a dibasic motif (KR) at
residue 171 in the predicted sequence of human X
amelogenin, a motif which is absent from the human
Y amelogenin.

Sequence Organization of the Human Amelogenin Genes

The human amelogenin cDNA clones isolated as
described above were used to determine the exon/
intron organization of the AMGX and AMGY genes.
Both genes contain seven exons spanning >9 kb. The
gene structures are depicted in figure 1, and character-
istics of the exons and introns are listed in table 2. The
structural organization of theAMGX andAMGY loci
are very similar, with the introns interrupting the
genes at the same locations. However, some of the
introns are of different sizes. As mentioned above,
three different species ofcDNA clones from the X gene

have been identified which are generated by alternative
splicing. Exon 4 is present in only one of 28 AMGX
cDNA clones studied. The majority of the cDNA
clones contain the remaining six exons, while 16% of
the cDNA clones lack exon 3. Although the only spe-
cies ofAMGY cDNA isolated lacks exon 4 sequences,
a putative exon 4 with intact splice sites is present in
the Y locus, and experiments described below show
that exon 4 is present in some of the AMGY tran-
scripts. It is noted that all the exons end with codon
triplets, so that the alternative splicing does not change
any amino acid residues.

Sequence similarities between the X and Y exons
and introns are shown in table 2. When the introns
are large, only \v300 bp flanking the exons were se-
quenced. There is no significant difference between the
exons and introns in the X/Y comparison.

Figure 5 shows the 5' promoter regions of the amelo-
genin genes. The transcription initiation site is indi-
cated by an asterisk. There is a putative TATA box at
position - 25 and a reversed CCAAT box at - 51 on
both chromosomes. Such a reversed CCAAT box has
been found at the 5' promoter region of another extra-
cellular matrix protein, the aI(IV) collagen (Killen et
al. 1988). The X and Y genes share 80% similarity in
the 5' upstream regions.
Nakahori et al. (1991a) have recently isolated hu-
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1
..4MGTWILF ACLLGAAFAM

MP W CLWJAA
. ...................... M

.......... ............ ~

PLPPHPGHPG
PLPPHPGHPG
PLPPHPGHPG
PLPPHPGHPG
PLPPHPGHPG

YINFSYEVLT
YINFSYEVLT
YINFSYEVLT
YINFS)BVLT
YINFSYEVLT

31
PLKWYQL.IR
PLKWYQSMIR
PLKWYQSMIR
PLKWYQSMIR
PLKWYQSMIR

81
Human X PYPSYGYEP MGGWLHHQII PVgQQH HTLQPHHHIP VPAQQPV

Human Y MPYISYGYEP MGGWLHHQII PVVSQQH T HTLHHHIP VVPAQQ yR

Bovine HPYPSYGYEP MGGWLHHQII PVVSQ N HfWLQPHHHIP MVPAQQP
Porcine HPYPSYGYfqP MGGWLHHQII PVVSQd P S I|LQPHHHIP MVPAQQ IP

Murine HPYPSYGYGQg MGGWLHHQII HPPS HTLQPHH VVPAQQP

131
Human X QQPMMPVPGQ HSMT _QHHQ PNL wAQQP PQP .

Human Y Q4 IPVPGQ &MTPTQHHQ PNLPLPAQQP FQPQ QPQP .........

Bovine QQPMMPVPGQ HSMTPTQHHQ PNLPLPAQQP FQPQ PQP HQPLQ QPL
Porcine QQPMM GQ HSMTPTQHHQ PNLPLPAQbJ FQPQSVQPGP HQPLQ ...

Murine QQPMMPVPGQ HSMTPTQHHQ P f LPAQQP FQ. .. AI.

181
Human X .......... OID PMQPQPP VHPMQPLPPQ PPLPPMFPMQ PLP

Human Y .........'De PMQPQPP VUMQPLIJQ PPLPPMFPg PLPPILPD

Bovine QLfQ LPQ PLQ PPQPP LQPLPPQ PPLPPIfFPMQ PLPI PDL_
Porcine .. QPS I Q PLQ L 0.... ... . .....
Murine PMQPQP P PLP

197
Human X LEAW DKT KREEVD

Human Y LEAWPATDKT K&EVD
Bovine LEAWPATDKT KREEVD
Porcine .......... 0.....

Murine WPATDKT KREEVD

Figure 4 Comparison of protein sequences of amelogenins from human, cattle, pig, and mouse. The methionine residue found at
the N-terminus of secreted amelogenins is labeled 1. No information is available on the signal peptide sequences of porcine and murine
amelogenins. Sequences of the entire porcine amelogenin and of the N-terminal portion of the mouse amelogenin were determined solely
by protein sequencing, while the rest were derived from cDNA sequences partially supplemented with protein sequencing. Sequences were
aligned using the BESTFIT program from the UWGCG package, and identical residues are boxed.

man genomic clones containing amelogenin sequences
and have identified exons 3, 5, and 6 in the 2.8 kb
of DNA sequences they determined. Their sequences
agree with ours, except that in their sequences 15 extra
nucleotides are included as the 3' end of exon 6.

The AMGX and AMGY Transcripts Are Differentially Spliced

The isolation of three species of AMGX 5' cDNA
clones suggests that theAMGX transcripts are alterna-
tively spliced. Although only one species ofAMGY 5'
cDNA was isolated initially, the close resemblance of
the AMGY gene to the AMGX gene suggests that
AMGY transcripts may also be alternatively spliced.

We therefore studied the splicing of amelogenin tran-
scripts in detail by using the technique of RT-PCR.
The 3' portion of the amelogenin genes does not seem
to be involved in alternative splicing, since RT-PCR
amplification of the 3' portion of the amelogenin tran-
scripts reveals only one product (fig. 3B). In addition,
only one species of 3' cDNA has been isolated. To
study alternative splicing ofthe 5' portion of the genes,
we have designed two pairs of chromosome-specific
primers, one pair of which contains sequences from
exon 1 and one pair ofwhich contains sequences from
exon 6 (fig. 2). Primers PramlO-Praml9 amplify the
5' portion of the AMGY transcripts, while primers

Human X
Human Y
Bovine
Porcine
Murine r--- -- - - - --
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TGACTTCAAAAATAGCGTGATGAAACTC..TTTGCCTGTTAAACCTATTA -187
III 111111 111 11111 11 Ill111111111 11111
TGAGCTTAAAAACAGTGCAATGAAGTTCCTTTTGCCTGTTAAACATATTA -188

TTGCCCATAATGAAAGATTCCATATGCACTAATCACAACATACAGCCTTA -137
III I 11111111 I I ill 11111111IIlIIlii 11111
TTGACTATAATGAAGAACT..ATATGGACTAATCACAATATACTACCTTA -140

TGTCTGATCATAGCTTCTAAAAA... ATCATGATACAGGGATTTTTAGTT
l I III I IIII 11 1111111111 111111111
TATTTAGCCATGGTTGCAAAAAAATTATGATGATACAGGAATTTTTAGTC

ATACTCAACACATTTTTCCTTTAGAAACTGGiTTGGrTGTTACAGATGCC
III IIIII11 1111 111 IIIIIIIIII MI111111
ATATTCAACACATTTTTTCTTCACAAATCTGaTTGgrTGTTGTAGATACC

ATGAATGATAAA rGAGCTTATAGTTGGAAGAAATCTAAAGGATCAAG
I111IIIIIIIIIIIII111111111 1 1111111 MIii MIii

TTGAAGG GAGCTCATAGTTAAAGAAAATCTAGAGGACCAAu

-90

-90

-40

-40

+11

+11

Figure 5 Sequence comparison of 5' upstream regions of AMGX and AMGY genes. The transcription initiation site is indicated by
an asterisk (*) Bars between the sequences indicate identical bases. A putative TATA box at position -25 and a reversed CCAAT box
at - 51, which are present in both the X and Y genes, are enclosed in boxes.

Pram20-Pram21 amplify that of the AMGX tran-
scripts. The chromosome specificity of the primers
was verified using cDNA clones pX4 and pY4 con-
taining the AMGX and AMGY sequences, respec-
tively. The X-specific primers amplified only pX4 (but
not pY4) sequences, while the Y-specific primers am-
plified only pY4 sequences (fig. 6). Total tooth-bud
RNAs isolated from a male and a female fetus were
reverse transcribed using Pram7 as primer and were
PCR amplified using the X- or Y-specific primer pair.
Gel electrophoresis analysis revealed several species of
PCR products (fig. 6), and all of them hybridized with
anAMGX 5' cDNA clone (data not shown). The male
and female RNAs gave the same PCR products when
the X-specific primers were used. The major fragment
(band 5) is of the same size as are the PCR products
of pY4 and pX4, which lack exon 4. Band 3 corre-
sponds to the PCR product of pX3, which contains
exon 4. Band 5 very likely represents transcripts miss-
ing exons 3 and 4, as we have found in five of the
AMGXcDNA clones. The relative intensities ofbands
3-5 appear to agree with the number of the various
AMGX 5' cDNA clones we isolated. Band 1 and band
2 are likely to be PCR artifacts due to heteroduplex
formation (Nagamine et al. 1989), because further
amplification of isolated bands 1 and 2 with the

X-specific primers gave the same PCR products as did
the starting tooth-bud mRNA. PCR amplification of
the male mRNA by using the Y-specific primers pro-
duced a fragment (band 6) which was absent when
X-specific primers were used. In addition, there is a
faint band slightly larger than band 5. Cloning and
sequencing of band 6 showed that it lacks exons 3-
5. The faint band above band 5 therefore very likely
represents transcripts missing exons 4 and 5. It is noted
that exon 3 and exon 5 are 48 and 42 bp, respectively.
Our studies using chromosome-specific primers to am-
plify the 5' portion of the amelogenin transcripts there-
fore showed that the AMGX and AMGY transcripts
are differentially spliced.

In situ Localization of the AMGY Locus

The amelogenin sequence on the human Y chromo-
some has been tentatively mapped to the proximal
long arm in the Yql 1 region, on the basis of the reten-
tion of the AMGY locus in a fibroblast cell line
GM-1709 which was derived from a phenotypic fe-
male with an intact X chromosome and an isochromo-
some for the long arm of the Y chromosome (Lau et
al. 1989). However, the aberrant Y chromosome in
GM-1709 has been redefined recently as dicentric with
a breakpoint in the pll.2 region (NIGMS Human
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bp

1078 -
872 -

603 -

310 -
271 -

234 -

194 -

Primers
cDNA

y x x
y

Y X X X
pY4 pY4 pX4 pX3

Missing
Exons

-4
-4,5

- 3,4,5

Figure 6 Alternative splicing ofAMGX and AMGY transcripts. Male (a) and female (9) tooth-bud cDNAs, as well as amelogenin
cDNA clones containing the Y (pY4) or X (pX4 and pX3) sequences, were PCR amplified using either Y-specific primers (Y) or X-specific
primers (X) containing sequences from exons 1 and 6 of the genes. The PCR products were separated on a 5% acrylamide gel and were
stained with ethidium bromide. DNA length markers are shown on the far left, and exons missing in the various PCR fragments are indicated
on the right. Band 6 is present only when the Y-specific primers are used, indicating that theAMGX andAMGY transcripts are differentially
spliced. See the text for details.

Genetic Mutant Cell Repository 1990/1991 catalog
of cell lines), thus raising the possibility that the
AMGY locus may be on the short arm of the Y chro-
mosome. We therefore mapped the AMGY locus by
fluorescent in situ hybridization using the AMGY ge-
nomic clone Ham 2 as a probe. Twenty-one meta-
phase Y chromosomes with hybridization signals have
been examined and the AMGY locus is clearly on the
short arm of the Y chromosome in the p11.2 region
(fig. 7).

Discussion

In the present study we have demonstrated that the
AMGY locus on the Y chromosome is transcription-
ally active in developing human tooth buds. By using
a RT-PCR-based procedure (Frohman et al. 1988), we
have cloned bothAMGX andAMGYcDNAs, starting
from minute amounts of human tooth-bud RNA. We
estimated that in male tooth buds, the AMGX tran-
scripts are 10 times more abundant than the AMGY
ones and that both transcripts code for functional pro-

teins. The ratio ofAMGX to AMGY 3' cDNA clones
isolated was consistent with this estimate. Since we
have studied only one male fetus at 24 wk gestation,
we do not know whether this ratio stays the same
during the development of the tooth or whether this
ratio is consistent among different individuals. In the
mouse, amelogenin expression has been shown to fol-
low a spatially and temporally restricted pattern dur-
ing development of the teeth (Snead et al. 1988), and
thus the relative amounts of X- and Y-derived tran-
scripts which we observed may reflect the single point
in fetal life that we were able to sample. The difference
in the transcription activities of the AMGX and
AMGY loci very likely resides in their promoter re-
gions, which share only 80% sequence similarity.
Both promoters contain identical TATA and CCAAT
boxes. However, other cis-acting elements which may
control the transcriptional level of the amelogenin
genes have not been identified. Studies on the amelo-
genin promoters may require a cell line derived from
ameloblasts, which are the only cell type known to
express amelogenin genes.
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Figure 7 Mapping AMGY locus to Ypl 1.2 by fluorescent in situ hybridization. A, Human metaphase hybridized with biotinylated
Ham2 DNA. B, Distribution of Ham2 DNA over Y chromosomes from 21 cells.

Although there is no direct evidence for X inactiva-
tion of the AMGX locus, this is suggested by the mo-
saic pattern of normal and abnormal enamel forma-
tion in female carriers of X-linked Al (Witkop 1967).
On the other hand, individuals with one extra X chro-
mosome-e.g., individuals such as 47,XXX females
and 47,XXY males-were found to have thicker
enamel than do normal males and females, suggesting
that the extra X chromosome may be active in amelo-
genesis (Alvesalo and Portin 1980; Alvesalo et al.
1987). It is also possible that on the X chromosome
there are genes other than the AMGX gene which are

involved in amelogenesis. Alternatively, larger tooth
sizes may reflect higher levels of amelogenin gene ex-

pression, since amelogenins are thought to regulate
the formation of enamel crystallites. A final formal
possibility is that the AMGX locus escapes X inactiva-
tion but that the transcriptional activity of theAMGX
gene on an inactive X chromosome is significantly re-

duced. In a female carrier of X-linked Al, such reduced
level of amelogenin in the enamel matrix may be in-
sufficient to sustain normal growth ofenamel and may
explain the mosaic pattern reported. Reduced tran-
scriptional activity from an inactive X chromosome
has been demonstrated in the human steroid sulfatase
gene (Migeon et al. 1982).
The existence of aY gene controlling tooth size (i.e.,

the TSY locus) has been suggested on the basis oftooth

measurements in XX males, XY females, and normal
controls (Alvesalo and de la Chapelle 1979; Alvesalo
and Varrela 1980). It is tempting to suggest that the
TSY and the AMGY loci are identical. Using in situ
hybridization, we have mapped the AMGY locus to
the short arm of the Y chromosome, in the p11.2
region, consistent with the mapping assignment given
by Nakahori et al. (199lb) using structurally abnor-
mal Y chromosomes. However, Alvesalo and de la
Chapelle (1981) have mapped the TSY gene to Yq11
on the basis of a single case in which a male with a

deletion of the long arm of the Y chromosome was

found to have smaller teeth. Further work is needed to

map the TSY gene unambiguously, and the possibility
remains that the TSY and the AGMY loci are the same.
The human X and Y chromosomes share significant

sequence similarity, likely because of their evolution-
ary origin from a common ancestral homologous
chromosome pair. To date, in addition to the amelo-
genins, four classes of gene products have been identi-
fied which are expressed from both the X and Y chro-
mosomes; these classes include two pseudoautosomal
genes-the granulocyte macrophage-colony-stimu-
lating factor receptor (CSF2R) gene (Gough et al.
1990) and the MIC2 gene encoding a cell surface anti-
gen (Goodfellow et al. 1986)-the ZFX/ZFY genes
encoding zinc-finger proteins probably involved in the
formation of germ cells (Schneider-Gadicke et al.

A
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1989), and the RPS4X/RPS4Y genes encoding two
isoforms of ribosomal proteins (Fisher et al. 1990).
The MIC2 locus on the X chromosome, the ZFX,
and the RPS4X loci have all been shown to escape X
inactivation. The CSF2R locus on the X has not been
shown to escape X inactivation; however, it is likely
to do so, given its pseudoautosomal location. Thus
the AMGX/AMGY genes are functionally unique in
that they may represent the only X/Y gene pair in
which X inactivation may act on the X locus so that
males potentially have more gene product than fe-
males. The transcriptional products of the X and Y
loci are both qualitatively and quantitatively different.

Biochemical characterization of amelogenins has
been hampered by the heterogeneity of these proteins.
Chromatographic analysis of bovine enamel matrix
proteins has revealed a major amelogenin form of 25-
30 kD, as well as smaller fragments that seem to origi-
nate from postsecretory proteolytic processing of the
precursor amelogenin molecule (Termine et al. 1980).
These proteins were separated into >100 species by
two-dimensional gel electrophoresis (Shimokawa et
al. 1987b). It has been shown both in cattle and in
mouse that there is only one amelogenin gene (Shimo-
kawa et al. 1987b; Lau et al. 1989). Although post-
translational modifications such as glycosylation and
phosphorylation may account for some of the varia-
tions in the proteins (Deutsch 1989), the heterogeneity
is generated to some degree by alternative splicing of
the amelogenin transcripts. In vitro translation of
ameloblast mRNA from human (Farge et al. 1987),
cow (Shimokawa et al. 1987b), and mouse (Slavkin et
al. 1982) has revealed multiple proteins recognized by
anti-amelogenin antibodies. Since the in vitro transla-
tion system minimizes posttranslational modification,
multiple proteins are most likely to be generated from
multiple mRNA species. Although only a single spe-
cies of amelogenin mRNA has been detected in mouse
(Snead and Lau 1987), two major species of bovine
amelogenin mRNA have been identified (Young et al.
1987), and bovine cDNA clones with different amelo-
genin sequences have been isolated (Shimokawa et al.
1987a, 1987b). In humans the situation is compli-
cated by the presence of two amelogenin genes on the
sex chromosomes. We have isolated three classes of
cDNA clones corresponding to alternatively spliced
products of the AMGX gene. Although initially we
had isolated only one kind of cDNA from the AMGY
locus, PCR amplification of the male tooth-bud
mRNA by using Y-specific primers indicated that the
AMGY transcripts are also alternatively spliced. In
addition, there is a transcript unique to the Y gene,

suggesting that theAMGX andAMGY transcripts are
differentially spliced.
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