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Abstract

Amelogenins are the major proteins involved in tooth enamel formation. In the present study we have
cloned and sequenced four novel amelogenins from three amphibian species in order to analyze
similarities and differences between mammalian and non-mammalian amelogenins. The newly
sequenced amphibian amelogenin sequences were from a Red-eyed tree frog (Litoria chloris) and a
Mexican axolotl (Ambystoma mexicanum). We identified two amelogenin isoforms in the Eastern
Red-backed Salamander (Plethodon cinereus). Sequence comparisons confirmed that non-
mammalian amelogenins are overall shorter than their mammalian counterparts, contain less proline
and less glutamine, and feature shorter polyproline tripeptide repeat stretches than mammalian
amelogenins. We propose that unique sequence parameters of mammalian amelogenins might be a
pre-requisite for complex mammalian enamel prism architecture.

Introduction

Amelogenin is the major protein component (90%) of the mammalian enamel protein matrix
(1-2). A series of genetic, antisense, knockout, and crystal growth studies of the recent decade
have established amelogenin’s pivotal role in the control of enamel crystal growth and enamel
formation (3-6). While amelogenins are not the only proteins in the developing enamel matrix,
they have nevertheless been attributed a major role in the growth of elongated enamel crystals
(3-6). In previous studies from our laboratory, we have characterized the structure of the
amelogenin-rich enamel protein matrix (4,7,8) and its functional changes related to enamel
crystal growth (4). Our studies have established a functional relevance for the structured
amelogenin matrix to control enamel crystal growth (4) and a close relationship between crystal
nucleation and changes in matrix configuration during initial crystal formation (8).

In the recent years, our knowledge of the enamel protein composition and function of non-
mammalian vertebrates has seen significant progress. Amelogenin sequences from reptilian
and amphibian teeth have been published (9-10), and biochemical and immunohistochemical
studies have enhanced our knowledge of enamel protein homologies between different
vertebrate species (12-16). Immunohistochemical findings have confirmed earlier reports on
a predominance of enamelins in shark enameloid, compared to a predominance of amelogenins
in reptilian and mammalian enamel (16). Based on molecular phylogenetic studies, the
amelogenin signal peptide in exon 2 has been linked to a similar region of the SPARC, and
suggesting that exon 2 was duplicated to amelogenin approximately 630 MY A (11). According
to homology analyses, intermediaries in the molecular evolution of amelogenins from SPARC
were SPARCL1, enamelin, and ameloblastin (17).
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In the present study we have generated sequence data for four novel amphibian amelogenins
to analyze and compare key parameters of mammalian and non-mammalian amelogenins. In
addition, we have documented prismatic mammalian enamel with non-prismatic reptilian and
amphibian microarchitecture.

Materials and Methods

Source and isolation of the genomic DNA

For the present analysis, three amphibian species were chosen, a Red-eyed tree frog, (Litoria
chloris); a Mexican axolotl (Ambystoma mexicanum) and an Eastern Red-backed Salamander
(Plethodon cinereus). Amphibians were euthanized according to approved guidelines by the
UIC animal care committee. The genomic DNA was isolated using GenElute™ Mammalian
Genomic DNA Miniprep (Sigma-Aldrich Co., St. Louis, Mo) following the manufacturer’s
instruction. The isolated genomic DNA was kept at —80°C for future use.

RNA isolation

RNA isolation was performed as previously reported (10). Briefly, amphibian jaws were
removed and immediately frozen in liquid nitrogen and homogenized. The homogenized teeth
tissue in TRI AGENT® reagent (Sigma) was mixed with 0.2 ml of chloroform and shaken
vigorously for 30 sec. The mixture was centrifuged at 12,000x g for 20 min at 4 °C after 10
min incubation at room temperature. The aqueous phase was mixed with equal volume of
isopropanol, and then centrifuged at 12,000x g for 20 min at 4 °C. The pellet was washed with
70% ethanol and dissolved in DEPC-treated H,O. The isolated RNA was kept at —80 °C for
future use.

cDNA synthesis, cloning and sequencing

The sequencing strategy was as described by Wang et al. (10,18). Briefly, primers were selected
based on sequence analysis of amelogenin genes from selected species with the aid of
Lasergene software (DNASTAR Inc., Madison, WI). The consensus sequences among
different species were chosen as primers for amplification of novel amelogenin genes. Reverse
transcriptase reaction was performed using SuperSript™ 11 Reverse Transcriptase (Invitrogen,
Carlsbad, CA). The PCR products were purified with QIAquick® Gel Extraction Kit (Qiagen
Inc., Valencia, CA), ligated to pGEM®-T Easy vector, and transformed into JM109 competent
cells (Promega, Madison, WI). Transformants were picked up, and cultivated in LB medium
containing ampicillin at a final concentration of 50ug/ml. Recombinant plasmids were isolated
with Wizard® Plus SV Minipreps DNA Purification System (Promega), identified by enzyme
digestion with EcoR I, and sequenced using the ABI 377 sequencer (Northwoods DNA Inc,
Becida, MN). Three colonies were selected and sequenced 2 times from both orientations with
either T7 or SP6 primers.

Sequence analysis

The four newly discovered amelogenin amino acid sequences were deduced from the
nucleotide sequence, and sequence analyses were performed to identify its features. Sequences
were manually aligned to represent optimum interspecies homology.

Scanning electron microscopy

For scanning electron microscopy, frog, squamate, and mammalian teeth from the du Brul
collection at the University of Illinois were longitudinally sectioned and etched using EDTA
(ethylenediaminetetraacetic acid). Etched enamel surfaces were then analyzed using a Joel
JSM-6320F at the UIC RRC laboratory.
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Results

Higher complexity of tooth enamel microstructure in mammals versus amphibians/reptilians

Scanning electron micrographs illustrated prismatic organization of enamel microstructure in
all mammals investigated (human, Homo sapiens; pig, Sus scrofa; steer, Bos Taurus; Virginia
opossum, Didelphis virginiana; and La Plata river dolphin, Pontoporia blainvillei), while there
was no prismatic enamel structure in most squamates and amphibians (e.g. Green lguana,
Iguana iguana; Leopard frog, Rana pipiens). The Spiny-tailed lizard (Uromastyx maliensis)
was unigue among squamates as its enamel is prismatic (Fig. 1).

Four novel amphibian amelogenin genes confirm conserved elements of tetrapod
amelogenins

For this study, RNA was isolated from the tooth-bearing elements of three amphibian species,
aRed-eyed tree frog, Litoria chloris; a Mexican axolotl Ambystoma mexicanum; and an Eastern
Red-backed Salamander Plethodon cinereus. Based on RNA extracts, four novel amphibian
amelogenin cDNAs were cloned, sequenced, and deposited in Genbank (Red-eyed tree frog,
Litoria chloris, accession number DQ069788; Mexican axolotl Ambystoma mexicanum,
accession number DQ069791; and two amelogenin isoforms from the Eastern Red-backed
Salamander Plethodon cinereus, accession numbers DQ069789 and DQ069789). Translated
amino acid sequences are listed an aligned in Fig. 2. In this alignment, sequence elements
encoded by exons 2, 3, and 5 were highly conserved, while portions of the exon 6 encoded
domain were highly variable among species (Fig. 2). Nevertheless, also in the exon 6 encoded
regions, unique polyproline tripeptide repeats were fairly conserved (Fig. 2).

Mammalian amelogenins are longer, contain more proline and glutamine, and have more
proline-tripeptide repeats that their amphibian/reptilian counterparts

In order to determine differences between mammalian and non-mammalian amelogenin
proteins, a number of key parameters such as length, amino acid composition, and the number
of proline repeats were analyzed based on amelogenin sequences presented in Fig. 2.
Comparing mammalian and non-mammalian amelogenins, the overall amelogenin length
increased by 9%, the proline content increased by 21.5%, the glutamine content increased by
31.3%, and the number of proline-tripeptide repeats increased by 72.8% (Fig. 3).

Discussion

Already studies by Bonass et al. pointed toward a functional significance of the amelogenin
center domain as an evolutionary “hotspot” by identifying seven tandem repeats of a section
of nucleotides with the consensus sequence CTGCAGCCC (19). Further support for the
importance of the central amelogenin domain for enamel crystal growth has been provided by
transgenic studies documenting that LRAP (a small amelogenin-derived peptide containing
most of the A- and B-domain) fails to rescue an amelogenin null phenotype (20). Recent studies
have linked the emergence of genes with new functions to gene duplication and alternative
splicing (21,22) providing theoretical support for a novel evolutionary mechanism by which
mammalian amelogenin may have evolved through tandem exon duplication and substitution
alternative splicing. According to evolutionary studies, the rapid evolution of the central
amelogenin domain is primarily accomplished by insertions of PXX or PXQ tripeptide motifs
(19), with both proline and glutamine causing structural rigidity of the newly added tripeptide
complexes (23). These studies suggest that amelogenin evolution is associated with significant
alterations in the physico-chemical properties of the amelogenin molecule.

Here we have confirmed that amphibian amelogenins are overall shorter than their mammalian
counterparts (9), contain less proline and less glutamine, and most significantly, feature shorter
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polyproline tripeptide repeat stretches than mammalian amelogenins. Moreover, there isample
evidence for a simple, prism-less enamel microarchitecture in most amphibians and reptilians,
while mammalian enamel is often organized into prisms that frequently form a plywood
structure (24). While direct evidence for a relationship between amelogenin gene structure and
enamel prism architecture has not yet been established, we suggest that the increased length
and changed composition of mammalian amelogenins provides a basis for an organized protein
matrix that might promote increased enamel crystal length and prismatic architecture.
Especially the presence of polyproline repeat motifs would provide a potential explanation for
the increased rigidity of mammalian amelogenin protein assemblies and thus a mechanism for
an orderly growth of long and parallel apatite crystals in complex prism patterns. In addition,
the dolphin with its thin and radial enamel and its short polyproline amelogenin repeat motifs
might provide one example of a “link” species, in which the lack of typical mammalian
amelogenin characteristics are associated with a reduction in mammalian enamel features.
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Figure 1. Enamel prisms and the non-mammalian/mammalian transition

Scanning electron micrographs resolve long and parallel enamel prisms in omnivores (human,
Homo sapiens, and pig, Sus scrofa). Note the pronounced plywood structure in ruminants
(steer, Bos taurus) and marsupials (Virginia opossum, Didelphis virginiana). The enamel layer
of dolphins (La Plata river dolphin, Pontoporia blainvillei) is fairly thin for eutherians and
consists mostly of radial enamel. The Spiny-tailed lizard (Uromastyx maliensis) is unique
among squamates as its enamel is prismatic. In most squamates (e.g. Green Iguana, Iguana
iguana) and amphibians (e.g. Leopard frog, Rana pipiens) the enamel is devoid of prisms.

Front Oral Biol. Author manuscript; available in PMC 2010 January 1.



1duasnuely Joyiny Vd-HIN 1duosnuey JoyIny vd-HIN

1duasnuely Joyiny vd-HIN

Diekwisch et al.

Majority GTWILFACLLGAAFAMP | IBBRPCHBGY (NF8¥E - ------—-----—-
Capra hircus THILFAC F

Hippopotamus amphibius [--=----- 8 ... i

Bos taurus (X) IGTWILFAC] F!

Bos taurus(Y)
Tursiops truncatus
Sus scrofa
Loxodonta africana
Equus caballus

Pan troglodytes (Y) GTWILFAC :

Homo sapiens (Y) IGTWILFACI b --
Otolemur garmettii GTHILFAC -KSYSQAINIDRTAL
Lemur catta GTHILFAC -NSHSQAISIYGTEL
Saimiri sciureus GTHILFAC! -NSHSQAINIDRTGL
Homo sapiens (X) GTWILFAC A -
Pan troglodytes (X) GTHILFAC NSHSQAINVDRTAL
Rattus norvegicus GTHILFAC -KSHSQAINTDRTAL
Mus musculus TWILFAC FAMP  [UPPHPGSBGY INISWE - -------------
Mesocricetus auratus ~— [Jk--ed---f----] -KSHSQAINTDRTAL
Cavia porcellus GTWILFACKLGTAFAM -KSHSNAINIDRTAL

Monodelphis domestica
Titoria chloris
Rana pipiens

Xenopus laevis

KSWIILTSHIGAAFCH
RPWLMLTAL GVAFS'

Ambystoma mexicanum GPWILLTCH cal
Plethodon cinereus MRTLILLTCH \TFA
Chalcides viridanus --F-+ ---mLsaTFA;

Paleosuchus palpebrosus
Elaphe quadrivirgata

Majority H-SMT- pTQ JHlG - PNL-BPe-200-PFQ
Capra hircus H-SMT-PTQ LP-A0Q-PFO

Hippopotamus amphibius  H-SMT-PTQ LP-AQQ-PFO-

Bos taurus(X) H-SMT- PTQ LP-AQQ-PFO-

Bos taurus(Y) H-SMT-PTQ LP-AQQ-SFO-

Tursiops truncatus H-SMT- PSQ VP-AQQ-P- - -

Sus scrofa H-SMT-PTQ LP-AQQ- PFO-

Loxodonta africana H-SMT-PTQ PP-I00-PYQ-

Equus caballus H-SMV-PTQ. PP-VQQ-PFH-

Pan troglodytes (Y) Q-SMT-PTQ LP-AQQ-PFQ-

Homo sapiens (Y) Q-SMT-PTQ LP-AQQ-PFQ-

Otolemur garnmettii H-SMT- PTQ PP-AQQ-PFO-

Lemur catta H-SMT- PTH PP-AQQ-PFQ-

Saimiri sciureus H-SMI-PTQ PP-AQQ-PFQ-

Homo sapiens (X) H-SMT- PIQ PP-AQQ-PYQ-

Pan troglodytes (X) H-SMT-PIQ PP-AQQ-PYQ-

Rattus norvegicus H-SMT- PTQ PS-AQQ-PFO-

Mus musculus H-SMT-PTQ PS-AQQ-PFO-

Mesocricetus auratus H-SMT- PTQ PS-AQQ-PFO-

Cavia porcellus H-SMT- PNQ PT-S0Q- PFQ- -QPFPTQ-PVQ

Monodelphis domestica  H-PMA-PTQ 0P -GOQ- PYQ- POP-AQQ -

Ttoria chloris H-8L----- BB-BEH-OIN- TLR-N--PES-

Rana pipiens PQ-ANP-S-N- -PT-YLT-N--PES-
Xenopus laevis LI-POH-THQ- LK~ - -PT-YLS-N- -PDG-
Ambystoma mexicanum L- - POH- QOL- LPQ- - PG~ HQP-MQ- PMI - -PQO- -
Plethodon cinereus M- - POH-QOP-LPL- - PG~ - -PML--POA--
Chalcides viridanus MT-GON-SLN- - PH- - FQ - PVH-AA- PAQH-PLA- -
Paleosuchus palpebrosus IP-Q0Q-PS--LQM- - PV-QEP-VQ-PQA- ~GEH- -,
Elaphe quadrivirgata LN-GHN- AL- - [PH- -YQ-H-P-FQ-PQA- ~GEH- -

Conserved: [100%) ;>90% PXX Repeats: il

FiEgEEiE &

SMIRPP
DSMLRPP
SMIRPP
SMIRPA
S-IRPP
S-IRPP
PSMIRQP
SMIRQP
SMIRQP
SMIRQP
SMMRHE
SMLKHQ
MDSMMKHQ
MOSMMTHO
DSMMROQ
WOSMMROQ
SLIGHQ
VOSLMRQP
M STIGHQ

FEssdfggsss

i)
158 o

EER

g5

-BiD- pvo-BHD -
- MO - PO -BMO - PTO-

-SLS

LHHQT 1

LHHQT T

LHOQT T

LHHOT T

LHHQT T

LRHQTT

LHHQT T

LHHQIT

LHHQT T

LHHQT T

LHHQI T

LHHQT T

LHHQT T

LHHQT

LHHQT T

LHHQT T

LHHQT TP

LHHQT T

LHHQT TP

1
[LHHOT
KNPV
LONPMT

A - P-PMMP- -

MBG - S - PMMP- -

PG - S - PMMP - -
$-G-PMLE- -}
----PMLPL

Page 7

HPPSHT- - - - - LQ----- PHHi1 - PVV-PAQQ-PVV-

1-PIM-AAQQ-PAl
~PLSHPHAIPKLP
-QLPHPHATPKLP
0-0Q- - -NAVPKLP
H-M- = -QPIPQMQ
H- LPHLHAVPQMQ
- -LPHQSTYQSLH- PMQTPLH
H-PPI- - - -QTL

H- PPHFHGVHA- - - - - - - THE - - PAL-HQKQPQOL-

I-PMV-PAQQ-PVV-
I-LMV-PAQQ-PVV-
I-PMV-PAQQ-PVV-
{1 - DMV - PAQQ - PVV - -
F - PMV- PAQQ-PVG- -
1-PMV-PAQQ-PGI- -
F-PMV - ARQQ-PVV-
I-PMV-SAQH-PVV--|
I-PVV-PAQQ-PRV--|
I-PVV-PAQQ-PRV--
1-PVV-PAQQ-PVV--
I-PVV-QAQQ-PVV-
1-PVV-PAQQ-PVV-
I-PVV-PAQQ-PVI-
1-PVV-PAQQ-PVI-
L- PVV-PAQQ-PVA- -
L- PVV-PAQQ-PVA- -
L- PVV-PAQQ-PVA- -
I-PVG-PAQQ-PVV--

Q- PMM - PVP-GQ

)0~ PMM - PVP-GQ
)0-PIM-LVP-GQ
)0-PMM - PVP-GQ
Q- PMM-BVP-GO
Q- TMM-PIP-GQ
Q- PMM - PLP-GQ
Q- PMM-PLP-GQ
Q- PMM - PLP-GQ
)Q-AMM - PVP-GQ
Q-ALM-PVP-GQ
)Q- PMM - PVP-GQ
)Q- PMM - PVP-GQ
Q- PMM-PVP-GQ
)Q- PMM - PVP-GQ
)0- PMM -PVP-GQ
Q- PMM-PVP-GH
)0-PMM - PVP-GH
)0-PMM - PVP-GH
)Q-PLM-PVP-GH
- PVM - PVP -G
P-PMV -SAH-GH
)0-PMI -PLS-PH
H-PLV-PVP-VH

N-PSM-QQP-AH
H-PLM-QMP-GP
N-PQL -QQP-GL

-BoR - PMO- BB - PoP -[Bilp - PiF - Blig - PL.P- - BME - PDL v
- PQP-BYE - P10 - BEE - POP - BRI - P1F - BMO - HLP- - BM - PDVLIEDN PATD! v
- PKE -PIO- BER - POP -BES - PMF - BMO - LL.P- - BME - P
- PoP ~PI0Q-BLE - POP - BLE - P1F - BMO - PLP - - BME - PDL D) v
- BOP -PIQ-REE-POP-BEP-PIF-BMO - PLP- - BUL - PDLPIEANPATD! v
== - POP- BLP - PIF - BMO - PLP- - BME - PDL ATD
-BOS. -PIQ- BEE - POP - BEP - PMF - SMO - ST.- - - 858 - PDL D) v
- PP ~PIQ-BER - POP-BEP - PVF - BMO - PLP- - BME - HDLPUEANPATD
- POP-BEE - P1Q- PEB - POP-BEP - PIF - BEQ - PLP- - BME - PDLPIEARPATDRIKREEV
- POP 1BV PvQ- BEE - POP - BEP- PMF - BMR - PLP- - BEE - PDL TDRTKQBEV
D-PMQ- BEE - POP - BEP - PMF - BER - PLP- - BIE - PDL ATDRTKQBEV
H- PMO - BEB - POP - BEP - PLF - BMO - PL.P- - BME - PDL AT
~PMQ- BEB - POP - HEP - PLF - BMO - PL.P- - BME - PDL T
H- PMQ - BEE - POP - BEP - PMF - BMQ - PL.P- - BME - PDL AT
~PMQ- BLE - POP - BLP- PMF - BMO - PLP- - BME - PDLT PSTD] v
- PMQ- BLE - POP - PP - PMF - BMO - PLP - - BME - PDL TDRIK
- P10~ PLA - POP - PLP- PLF - SMO - PLS - - BIL - PEL TDRTKREEV
~PMO- BEA - POP - - PLF - SMO - PLS - - BEE - PEL TDRTKREEV
-PMO- BLA - POP - BLP - PLF - SMO - PLS - - BEL - PEL TDRTKREEV
~PIQ- PEB - PO AP - PMF - SMO - PTA - - BEE - PDL TDRTKREEV
-AVR - BEB - PQP - PEP - PMF - BMO - PMS - - BME - PD - - PATDKTKREEV
Ee - B OR c ANE  DEE EHeN A IR )
-----PDI-LNK-BGO-PLF-PIQ - POP- - KLBEL
-----PD -NON-=GK-P 7 -PLO - PMP- - YAAGNTKQBEL
~----BHO - poH -0 -P1Y-BVO - 000P- BEE - INQEEQ
4 - - POC-BED-PMY - RS - POP - -| 8 QPVDKINGEEQ
- -PVQ-HOQ - PAD-BE0 - Py - BVE - OLP- - BMI - PDL KQBEV
- PGS -{PHP - PR - BOQ - PGT - BNP- P17 - BMO - PLP- - BLL - PMDKTKQBET
e -~PMN-BOO - PN -ANQ-PTY-| -PD! KEBEV

Mammalian/Non-mammalian Separation Line :

Figure 2. Conserved regions and evolutionary “hotspots” among tetrapod amelogenins
Note the highly conserved sequence elements in encoded by exons 2, 3, and 5 (marked in red

and green). In contrast, the region encoded by exon 6 reveals significant differences among

species. Conserved areas of polyproline tripeptide repeats are labeled in gray. This alignment
features four newly discovered amphibian amelogenins (Red-eyed tree frog, Litoria chloris,
accession number DQ069788; Mexican axolotl Ambystoma mexicanum, accession number
DQO069791; Eastern Red-backed Salamander Plethodon cinereus, accession numbers
DQO069789 and DQ069789). The Leopard frog (Rana pipiens) amelogenin sequence was
reported earlier by our group (#AY695795).
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Percent Increase of Amelogenin Amino Acid Sequence Parameters in
Mammalian versus Amphibians/Reptilians
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Figure 3. Differences between mammalian and non-mammalian amelogenin sequence parameters
A numerical comparison of key parameters of the translated amelogenin protein sequence
between mammalian and non-mammalian species revealed that the overall amelogenin length
was increased by 9%, the proline content increased by 21.5%, the glutamine content increased
by 31.3%, and the number of proline-tripeptide repeats increased by 72.8%.
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