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«A un certain moment, il se forma par accident
une molécule particulierement remarquable.
Nous l'appellerons le Réplicateur. [...] lls ont

parcouru un long chemin, ces réplicateurs. On

les appelle maintenant " genes ", et nous
sommes leurs machines de survie.»

Richard Dawkins - Le Géne égoiste (1976)
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Avant propos

L'HDR ne représente pas seulement un rite de passage vers de nouvelles responsabilités,
c’est aussi le moment de faire le bilan de son parcours professionnel et personnel. C'est
l'occasion de réfléchir aux travaux qui ont déja été accomplis et a ceux qui devront I'étre
dans le futur. C’est un exercice parfois difficile tant la carriére d’'un enseignant-chercheur est

riche. Comment organiser de maniére logique sur le papier tout ce qui a déja été accompli?

Pour commencer, ma passion pour la génétique de I'évolution est née d’une rencontre avec
un professeur de génétique de I'Université d’Orsay : Pierre-Henri Gouyon. J'ai tout de suite
eu un engouement pour ses cours qui ne ressemblaient a aucun autre, évoquant des notions
rarement vues ailleurs comme la mort, la reproduction, 'eugénisme... Sa fagon de présenter
les travaux de SJ Gould en évoquant la coupole de la cathédrale St Marc, ou la théorie du
gene égoiste de Dawkins a travers les multiples conflits dans le génome, avait de quoi
soulever I'enthousiasme. Cela rappelait en moi les mémes émotions que, lorsque petit
garcon, je lisais des livres sur les dinosaures ou sur le monde « sauvage ». C’est ainsi que je
me suis retrouvé, quelques années plus tard, a étudier les génes responsables de la mise en
place des tissus minéralisés. Sujet d’'une grande richesse mais qui, historiquement, a suivi
un long chemin sinueux. Le laboratoire dans lequel jai commencé a travailler cherchait a
l'origine @ comprendre I'origine des tissus minéralisés présents dans les écailles de certains
vertébrés terrestres et aquatiques. D’ou l'idée d’introduire dans cet ancien laboratoire
« d’Anatomie Comparée » la biologie moléculaire afin d’étudier les genes et les protéines
présents dans ces tissus. C’est de cette maniére que finalement, on m’a proposé de
travailler sur I'évolution d’une protéine de I'émail, 'amélogénine a 'occasion d’une thése de

Doctorat.

Depuis cette époque, « de I'eau est passée sous les ponts ». Les connaissances sur les
protéines de minéralisation ont permis de découvrir une grande famille de génes de
minéralisation dont on ne soupgonnait pas l'existence. Les techniques de biologie
moléculaires ont également beaucoup changé, permettant de connaitre les génes et leur
organisation beaucoup plus rapidement que par le passé, parfois d’'un simple clic sur un
ordinateur. De nouvelles questions sont apparues, de nouvelles problématiques aussi. La
maniére de faire la recherche est différente mais, la curiosité et la volonté de trouver
demeurent intactes en moi. Elles me poussent a continuer plus avant, a trouver de nouveaux
outils, de nouveaux moyens pour tenter de répondre a ces questions passionnantes

concernant I'évolution des vertébrés.
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1. Curriculum vitae

Nom, Prénoms: DELGADO Christophe, Sidney

Date et lieu de naissance: 04 mai 1971 a Versailles (078)

Situation Familiale: Marié, 2 enfants

Adresse professionnelle: UMR 7138 SAE- Batiment A, 2éme étage, Boite
courrier 5, 7 quai Saint Bernard, 75005, PARIS

E-mail: sidney.delgado@upmoc.fr

www: http://sites.google.com/site/delgadosidney

2. Titres Universitaires

2003

1998-2002

1998

1997

1995

1994

3. Parcours

2007-2010
2006-2007

2006

2005

2003-2004

1998 -2002

Qualification aux fonctions de maitre de conférences en section 64 et
68 (“Biologie des organismes* et “Biochimie, biologie moléculaire®)

Doctorat de Biodiversité : Génétique, histoire et mécanismes de
I'évolution - Université Paris VII - Denis Diderot - « L’Amélogénine,
protéine majeure de I'émail dentaire. Origine, analyses évolutive et
phylogénétique chez les Amniotes et recherche de son expression lors
de la formation des dents de Chalcides viridanus (Squamate,
Scincidé) ».

D.E.A. Biodiversité : Génétique, histoire et mécanismes de I'évolution
Université Paris Xl - Orsay

Maitrise de Génétique Moléculaire - Mention : Biologie Moléculaire et
Génétique du Développement - Université Paris XI - Orsay

Licence de Biochimie, Génétique Fondamentale, Biologie Moléculaire
et Biologie Animale - Université Paris Xl - Orsay

DEUG B de Biologie - Université Paris XI - Orsay

Maitre de conférences titulaire - Section 68 - Université Paris 6
Maitre de conférences stagiaire - section 68 - Université Paris 6

Post doctorant - UMR 7138- Université Paris 6 - Bourse de recherche
attribuée par “I'Institut Frangais pour la Recherche Odontologique*

Post doctorant : "Vertebrate Morphology and Developmental Biology
laboratory”, Ghent University - Bourse de la “Fondation pour la
Recherche Médicale”

Post doctorant - Université Paris 6 - laboratoire FRE 2696
Bourse de recherche attribuée par “lInstitut Frangais pour la
Recherche Odontologique® (IFRO)

Doctorant - Université Paris 7 — UMR 8570
Financement : "Collége de France"



4. Activités d'enseignements

4.1. Enseignement :

- Licence 1ere année - Parcours BCPG (cycle d'intégration)
LV 102 - Diversité du vivant

- Licence 2éme année — Mention : Sciences de la Vie
LV 201 - Organisation des métazoaires

- Licence 3eme année — Mention : Sciences de la Vie et Sciences de la Terre
LV 301 - Biologie comparée et évolution des animaux
LT 310 - Vie passée, Vie actuelle
LT 324 - Méthodes d'analyse de la Paléontologie

- Master 1¢¢ : MSUE4207 — Biominéralisations

- Master 2eme année : UE: SEP 27- spécialité SEP - Tissus squelettiques des

Vertébrés
4.2. Responsabilités:
Je suis également coresponsable de [I'Unité d'Enseignement LV102

"Diversité du Vivant" constituée de 600 étudiants environ chaque année. Dans le
cadre de ces responsabilités, je m'occupe des taches suivantes :

. Gestion des plannings et réservations d’amphis et de salles de TP et de
TD

. Gestion du site internet (plate-forme universitaire SAKAI)

o Participation a la mise en place de la charte des CME et aux sélections
des CME

. Mise en place d’'un tutorat en 2011

. Organisation des examens, consultations de copies et délibérations

5. Activités liées a ’administration

- (2009-2010) Président du comité de Thése de David Marjanovic (Directeur
de thése M. Laurin, ED n° 392)

- (1999 - 2001) Membre élu du conseil scientifique de I'UFR de biologie de
I'Université Paris VII - Denis Diderot : Représentant des étudiants de 3éme



cycle.

6. Activités liées a la recherche

1. Attribution de la Prime d’Investissement a la Recherche (campagne 2010).

2. Participation a une demande de financement ANR (2012). « Vers les origines
de la minéralisation chez les vertébrés: apport du séquengage de
transcriptomes a grande échelle » en Collaboration avec Fréderic DELSUC
((Institut des Sciences de I'Evolution - Université Montpellier 2).

3. Editorial boards :
1. Dataset Papers in Bioinformatics
2. Journal of Applied Ichthyology
3. Frontiers in Evolutionary and Population Genetics

4. Organisation de colloques :

Comité d’organisation des 13émes Journées Francaises de Biologie des
Tissus Minéralisés, Paris 25-27 mai 2011 (UPMC-MNHN).

5. Membre du groupement de recherche sur les biominéralisations et les tissus
minéralisés. Ce réseau mis en place par le Professeur J Cubo (UPMC)
rassemble tous les laboratoires travaillant sur les phénoménes de
biominéralisation en lle-De-France.

6. ACMO (Agent Chargé de la Mise en Oeuvre des régles d'hygiéne et sécurité).
Affecté au service de I'équipe "Evolution et Développement du Squelette".

7. Responsable du pole “Biologie Moléculaire® de I'équipe "Evolution et
Développement du squelette" dans 'TUMR 7138.
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7. Encadrements

Encadrements de Master 2

- BELHEOUANE Myriem (2011) — « Etude de I'évolution des protéines de I'émail chez
les Tétrapodes ». (encadrement. 100 %)

Poster:

Belheouane M, Sire JY & Delgado S (2011). « Les génes de minéralisation de I'émail
chez les reptiles: Evolution et comparaison avec les Mammiféres ». 73émes
Journées Francgaises de Biologie des Tissus Minéralisés, Paris 25-27 mai 2011.

- ASSARAF-WEILL Nathalie (2009) — « Approche eévolutive du fonctionnement de
'améloblaste. Etude chez 'amphibien caudate, Pleurodeles waltl » (Co-encadrement: 10 %)

Poster:

Assaraf-Weill N, Al-Hashimi N, Bardet C, Delgado S, Sire JY et Davit-Béal T (2009).
Caractérisation du géne de I'amélogénine chez Pleurodeles waltl, (Lissamphibia,
Caudata) et son expression lors de I'odontogenése. 17émes Journées Frangaises de
Biologie des Tissus Minéralisés, Nice, 19, 20, 21 Mars 2009.

- FROMENTIN Delphine (2004) - « Impact des modifications de la structure primaire de
I'amélogénine sur la structure de I'émail dentaire des Mammiféres». (Co-encadrement: 40 %)

Article :

Sire JY, Delgado S, Fromentin D & Girondot M (2005). Amelogenin: Lessons from
Evolution. Archives of Oral Biology 50:205-212.

Encadrements de Thése

- SILVENT Jérémie (2012) - « Morphologie, minéralisation et expression génique
d'ostéoblastes primaires humains sur matrice dense de collagéne ». (Co-encadrement: 10
%)

Article soumis:
Silvent J, Sire JY & Delgado S (2012). The dentin matrix acidic phosphoprotein 1

(DMP1) in the light of mammalian evolution.

- AI-HASHIMI Nawfal (2010) — « L’énaméline, la plus grande protéine de I'émail dentaire.
Analyse évolutive chez les Amniotes ». (Co-encadrement: 70 %)

Articles:
Al-Hashimi N, Lafont AG, Delgado S, Kawasaki K & Sire JY (2010). The enamelin

genes in lizard, crocodile and frog, and the pseudogene in the chicken provide new
insights on enamelin evolution in tetrapods. Mol Biol Evol. 2010 Sep;27(9):2078-94.
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Al-Hashimi N, Sire JY & Delgado S (2009). Evolutionary Analysis of Mammalian
Enamelin, the Largest Enamel Protein, Supports a Crucial Role for the 32 kDa

Peptide and Reveals Selective Adaptation in Rodents and Primates. J Mol Evol. 2009
Dec;69(6):635-56.

- Claire BARDET (2009) — « La Phosphoglycoprotéine de la Matrice Extracellulaire, MEPE.
Origine, fonction et évolution » (Co-encadrement: 10 %)

Article:

Bardet C, Delgado S & Sire JY (2009). MEPE Evolution in Mammals Reveals
Regions and Residues of Prime Functional Importance. Cell Mol Life Sci. 2010
Jan;67(2):305-20.

- DAVIT-BEAL Tiphaine (2006) — « Odontogenése chez I'amphibien Caudate, Pleurodeles
waltl » - (Co-encadrement. 20 %)

Articles:

Davit-Béal T, Chisaka H, Delgado S & Sire JY (2007). Amphibian teeth: current
knowledge, unanswered questions, and some directions for future research.
Biological Reviews 2007 Feb;82(1):49-81.

Sire JY, Davit-Béal T, Delgado S, Van Der Heyden C & Huysseune A (2002). First-

generation teeth in non-mammalian lineages: Evidence for a conserved ancestral
character ? Microscopy Research and Technique 59 (5): 408-34.

Encadrement de stage post-doctoral

- LAFONT Anne-Gaélle (2009-2010) - (Co-encadrement: 10 %)

Article:

Al-Hashimi N, Lafont AG, Delgado S, Kawasaki & Sire JY (2010). The enamelin
genes in lizard, crocodile and frog, and the pseudogene in the chicken provide new

insights on enamelin evolution in tetrapods. Molecular Biology and Evolution 2010
Sep;27(9):2078-94.

- CHISAKA Ideki (2002-2003)- (Co-encadrement: 20 %)

Article:

Davit-Beal T, Chisaka H, Delgado S & Sire JY (2007). Amphibian teeth: current
knowledge, unanswered questions, and some directions for future research.
Biological Reviews 2007 Feb;82(1):49-81.
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8. Publications

8.1. Articles dans des revues internationales avec comité de lecture

21. Le Roy N, Marie B, Gaume B, Guichard N, Delgado S, Zanella-Cléon |, Becchi M,
Auzoux-Bordenave S, Sire JY & Marin F (2012,). Identification of two carbonic anhydrases
in the mantle of the European abalone Haliotis tuberculata (Gastropoda, Haliotidae):
phylogenetic implications. J Exp Zool B Mol Dev Evol. 2012 Jul;318(5):353-67. Impact
Factor: 2,373

20. Sire JY, Huang WL, Delgado S, Goldberg M and Den Besten P (2012). Evolutionary
story of mammalian-specific amelogenin exons 4, "4b", 8 and 9. Journal of Dental
Research 2012 Jan;91(1):84-9. Epub 2011 Sep 26. Impact Factor: 3,496

19. Al-Hashimi N, Lafont AG, Delgado S, Kawasaki K, Sire JY (2010). The enamelin
genes in lizard, crocodile and frog, and the pseudogene in the chicken provide new insights
on enamelin evolution in tetrapods. Mol Biol Evol. 2010 Sep;27(9):2078-94. Epub 2010 Apr
19. Impact Factor: 7,28

18. Al-Hashimi N, Sire JY, Delgado S (2009). Evolutionary Analysis of Mammalian
Enamelin, the Largest Enamel Protein, Supports a Crucial Role for the 32 kDa Peptide and
Reveals Selective Adaptation in Rodents and Primates. J Mol Evol. 2009 Dec;69(6):635-
56. Impact Factor: 3,234

17. Bardet C, Delgado S, Sire JY (2009). MEPE Evolution in Mammals Reveals Regions
and Residues of Prime Functional Importance. Cell Mol Life Sci. 2010 Jan;67(2):305-20.
Impact Factor: 5.511

16. Sire JY, Delgado S, Girondot M (2008). Hen's teeth with enamel cap: from dream to
impossibility. BMC Evolutionary Biology: 8: 246. Impact Factor: 4,091

15. Delgado S, Vidal N, Veron G, Sire JY (2008). Amelogenin, the major protein of tooth
enamel:a new phylogenetic marker for ordinal mammal relationships. Mol phyl Evol 2008
Feb 2. Impact Factor: 3,994

14. Richard B, Delgado S, Gorry P, Sire JY (2007). A study of polymorphism in human
AMELX. Arch Oral Biol 2007 Jul 21. Impact Factor: 1,554.

13. Sire JY, Davit-Béal T, Delgado S, Gu X (2007). The origine and evolution of enamel
mineralization genes. Cells Tissues Organs 186(1):25-48. Impact Factor: 1,776

12. Delgado S, Ishiyama M & Sire JY (2007). Validation of Amelogenesis Imperfecta
Inferred from Amelogenin Evolution. J Dent Res 86(4):326-330. Impact Factor: 3,496

11. Davit-Béal T, Chisaka H, Delgado S, Sire JY (2007). Amphibian teeth: current
knowledge, unanswered questions, and some directions for future research. Biological
Reviews 2007 Feb,;82(1):49-81. Impact Factor: 8,833

10. Sire JY, Delgado S & Girondot M (2006). The amelogenin story: Origin and evolution.
European Joumal of Oral Sciences 2006 May;114 Suppl 1:64-77; discussion 93-5, 379-80.
Impact Factor: 2,071
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9. Delgado S, Couble ML, Magloire H & Sire JY (2006). Cloning, Sequencing and
Expression of the Amelogenin Gene in two Scincid Lizards. J Dent Res 85(2):138-143.
Impact Factor: 3,496

8. Huysseune A, Delgado S & Eckhard Witten P (2005). How to Replace a Tooth:
Fish(ing) for Answers. Oral Biosciences and Medicine Vol 2 (Issue 2/3): 75-81. (This
Journal has ceased publication)

7. Delgado S, Girondot M & Sire JY (2005). Molecular evolution of amelogenin gene in
mammals. J Mol Evol. 60:12-30. Impact Factor: 3,234

6. Delgado S, Davit-Béal T, Allizard F & Sire JY (2005). Tooth development in a scincid
lizard, Chalcides viridanus, (Squamata), with particular attention paid on enamel formation.
Cell and Tissue Research 319: 71-89. Impact Factor: 2,613

5. Sire JY, Delgado S, Fromentin D & Girondot M (2005). Amelogenin: Lessons from
Evolution. Archives of Oral Biology 50:205-212. Impact Factor: 1,554

4. Delgado S, Davit-Béal T & Sire J-Y (2003). The dentition and tooth replacement
pattern in Chalcides (Squamata; Scincidae). Journal of Morphology 256(2):146-59. Impact
Factor: 1,621

3. Sire JY, Davit-Béal T, Delgado S, Van Der Heyden C & Huysseune A (2002). First-
generation teeth in non-mammalian lineages: Evidence for a conserved ancestral
character? Microscopy Research and Technique 59 (5): 408-34. Impact Factor: 1,644

2. Delgado S, Casane D, Bonnaud L, Laurin M, Sire JY & Girondot M (2001). Molecular
Evidence for Precambrian origin of amelogenin, the major protein of vertebrate enamel.
Molecular Biology and Evolution 18:2146-2153. Impact Factor: 6,438

1. Girondot M, Delgado S & Laurin M (1998). Evolutionary analysis of "hagfish
amelogenin". Anatomical Records 252:608-611. Impact Factor: 1,801

8.2. Articles dans des revues nationales avec comité de lecture

Delgado S, Davit-Béal T, Al Hashimi N & Sire J-Y (2007). Analyse évolutive de 'énaméline
chez les Tétrapodes : mise en évidence de régions fonctionnelles et aide a la validation de
mutations conduisant a I'amélogenése imparfaite de type 2. Les Cahiers de 'ADF 22-
23(vol. 10):33-42.

Delgado S, Davit-Béal T & Sire J-Y (2005). L’analyse évolutive moléculaire: un outil pour le

diagnostic des pathologies génétiques héréditaires liées aux protéines dentaires. Les
Cahiers de 'ADF 18-19(vol. 8):34-42.

8.3. Articles résumés de conférences internationales avec comité de lecture

Delgado S, Al-Hashimi N & Sire J-Y (2007). Evolutionary analysis of DMP1. European
Cells and Materials Vol. 14. Suppl. 2, 2007 (page 10)

Delgado S, Ishiyama M, Mikami M, Imai A, Shimomura H & Sire JY (2001). Evolutionnary

and phylogenetic analyses of amelogenin genes in amniotes. Connect Tissue Res Vol 43,
Number 2-3
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Delgado S, Sire JY & Girondot M (1998). Evolutionnary Analysis of Non-mammalian
Amelogenin Genes. Chemistry and Biology of Mineralized Tissues - American Academy of
Orthopaedic Surgeons (1998 - Page 402).

8.4. Communications orales dans des conférences nationales & internationales

Le Roy N, Gaume B, Marie B, Guichard N, Delgado S, Zanella-Cleon |, Becchi M, Auzoux-
Bordenave S, Sire JY. & Marin F (2011). Identification de deux anhydrases carboniques
dans le manteau de l'ormeau européen Haliotis tuberculata (Gastropoda, Haliotidae):
Implications phylogénétiques. 13émes Journées Frangaises de Biologie des Tissus
Minéralisés, Paris 25-27 mai 2011

Delgado S, Al-Hashimi N, Lafont AG, Kawasaki K & Sire JY (2010). Evolutionary analysis
of enamelin in mammals, sauropsids and amphibians provides new insights on its function.
10th International Conference on Tooth Morphogenesis and Differentiation — Berlin,
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8.6. Séquences d'ADN publiées dans Genbank

NM_001098513 : Macaca mulatta amelogenin (AMELX), mRNA
gi|148612850|ref|[NM_001098513.1|[148612850]

EF537873 : Tarsius syrichta amelogenin (AMELX) gene, partial cds
gi[147743852|gb|EF537873.1|[147743852]

EF537872 : Callithrix jacchus amelogenin (AMELX) gene, complete cds
gi|147743850|gb|EF537872.1|[147743850]

EF537871 : Macaca mulatta amelogenin (AMELX) gene, complete cds
gi|147743848|gb|EF537871.1|[147743848]

EF537870 : Pongo pygmaeus amelogenin (AMELX) gene, partial cds
gi[147743846|gb|EF537870.1|[147743846]

EF537869 : Pan troglodytes amelogenin (AMELX) gene, complete cds
gi|147743844|gb|EF537869.1|[147743844]

AY788990 : Loxodonta africana amelogenin (AMEL) gene, exon 6 and partial cds
gi|55709878|gb]AY788990.1|[55709878]

AY787744 : Tursiops truncatus amelogenin (AMEL) gene, exon 6 and partial cds
gi|55501314|gb|AY787744.1|AY787743S2[55501314]

AY787743 : Tursiops truncatus amelogenin (AMEL) gene, exon 5
gi|55501313|gb|AY787743.1|AY787743S1[55501313]

AHO014446 : Tursiops truncatus amelogenin (AMEL) gene, exons 5, 6 and partial cds
gi|55501312|gb|AH014446.1|SEG_AY787743S[55501312]

AY787742 : Hexaprotodon liberiensis amelogenin (AMEL) gene, exon 6 and partial cds
gi|55501293|gb|AY787742.1|[55501293]

DQ364453 : Chalcides sexlineatus amelogenin (AMEL) mRNA, partial cds.
gi|86450315|gb|DQ364453.1|[86450315]

DQ364454 : Chalcides viridanus amelogenin (AMEL) mRNA, partial cds
gi|86450317|gb|DQ364454.1|[86450317]
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II- Activités de recherche
Synthése des travaux et description des principaux résultats

Origine et évolution des protéines minéralisantes

Introduction

L'invention des tissus minéralisés représente un moment important dans 1'évolution des
vertébrés; en effet, ces tissus furent a l'origine d'importantes adaptations phénotypiques
comme l'armure corporelle pour la protection, les dents pour la prédation ou encore le

squelette pour la locomotion.

[ Vertebres sans machoires I | Vertébrés avec machoires I
| Reptiles |
Actinoptérygiens Lézards Mammiféres
Lamproies Amphibiens  Crocodiles Oiseaux
re Chondrichtyens
Le
Amniotes
g {  Conodontes L 1 ] ] \
= Tétrapodes Email, perte
S de I'émailloide
z s | | Ostracodermes ‘
<€— Dents: émail, émailloide

<€— Ecailles et dents:
émail, émailloide

Squelette dermique:
émail et émailloide,
dentine et os

<«

Appareils conodontes:
émail et dentine

Fig. 1. Evolution des tissus minéralisés des vertébrés (d’aprés Al-Hashimi, 2010)

L'origine des tissus minéralisés a longtemps été au cceur d'un débat. Les premiers
¢léments minéralisés apparentés aux dents qui apparaissent dans le registre fossile se trouvent
chez des vertébrés primitifs sans machoires, les Conodontes. Ils possédaient un alignement
complexe d'éléments dentaires qu'on appelle "appareil conodonte" et qui occupait une

position interne (bucco pharyngienne). Ces éléments sont visibles a partir du Cambrien
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moyen (500 millions d'années, Ma) jusqu’a la fin du trias et sont composés de cristaux de
phosphate de calcium, un composé chimique qui n'est pas tres répandu chez les étres vivants.

Il compose notamment l'os et les dents des vertébrés.

Quatre types différents de conodontes (MEB). (Source : Mark Purnell, University of Leicester).

Cet "animal conodonte" est un peu devenu un symbole de la paléontologie : un
organisme dont on connaissait 1'existence (puisqu'on connaissait les appareils conodontes),
mais sans 'avoir jamais trouvé. Du fait de ce questionnement et de leur importance, la nature
des conodontes fut longtemps I'un des plus grands mysteéres de la paléontologie. 1l a fallu

attendre...1983 pour que ce Saint Graal soit découvert au fond de la collection d'un musée !

Reconstitution d’un conodonte (a droite) et appareil conodonte (a gauche) (© Philippe Janvier, 1997)

Aujourd’hui, la majorité des spécialistes les considérent comme des chordés. Cependant,
leur position phylogénétique au sein des chordés est toujours objet de débats car ils ne
possédaient pas certaines caractéristiques des vertébrés, comme un squelette minéralisé ou des

nageoires paires (Donoghue et Sansom, 2002). De plus, 1'os semble absent de "l'appareil
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conodonte" (Donoghue et al., 2006). Cependant, de plus en plus d’auteurs les considérent
comme des vertébrés (Janvier, 2006, 2007, 2008; Aldridge & Briggs 2009), et méme comme
des Gnathostomes (Donoghue et al. 2000, 2008).

D’aprés des travaux récents (Jones et al. 2012) on a pu établir grace a I’usure et a la forme des
différentes dents, qu'elles fonctionnaient par paires, I’'une en face de 1’autre, exercant des
mouvements de rotation pour broyer la nourriture. C’est grace a ces mouvements que cette
espece aurait treés bien pu se passer de machoires. Les éléments dentaires des Conodontes sont
maintenant considérés comme étant composés de dentine et d'émail, comme les dents des
vertébrés actuels.

Les fossiles de vertébrés qui montrent les premieres traces d'os cellulaire sont les
Ostracodermes (des vertébrés fossiles sans machoires, ou agnathes). Ce tissu est présent
simultanément dans le dermosquelette et le neurocrane (Donoghue et al., 2006) de nombreux
fossiles. Email et émailloide (un tissu semblable a de I'émail par sa localisation et sa
minéralisation mais contenant du collagéne) sont également observés dans le squelette de ces
premiers vertébrés sans machoires et plus généralement dans le groupe de Ptéraspidomorphes
(qui comprend les Ostracodermes) (Donoghue et al., 2006). Email et émailloide sont
considérés généralement comme deux types de tissus hyperminéralisés qui ont évolué

indépendamment (Donoghue et Sansom, 2002).

(Dessins de plusieurs Ostracodermes : Tauraspis, Hoelaspis, Tremataspis, Zenaspis; © 1997 Philippe Janvier)

Chez les vertébrés a machoires, les chondrichtyens (requins et raies) actuels et fossiles
présentent un dermosquelette composé de denticules dermiques microscopiques, identiques a
des dents et qui se développent a partir d'une papille dentaire. Chaque denticule est composé
de dentine et d'os cellulaire ainsi que d'émail ou d'émailloide selon les taxons (Donoghue et

Sansom, 2002). Enfin, chez les Actinoptérygiens on peut trouver a la fois de I'émail "vrai" et
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de 1'émailloide (Smith, 1992) et seulement de I'émail "vrai" chez les Sarcoptérygiens,

recouvrant les dents et les écailles (Smith, 1989, 1992).

Au niveau des génes...

La recherche des geénes impliqués dans la formation des tissus dentaires et osseux a
permis la découverte d'une famille de geénes résultant de duplications génétiques successives
et qui, malgré des divergences importantes, ont conservé des aspects fonctionnels et
séquentiels similaires. Cette famille a été appelée SCPPs (pour Secretory Calcium-binding
PhosphoProtein) suite aux travaux de Kawasaki et Weiss (2003). Les SCPPs (plus d'une
vingtaine de membres chez l'homme) et qui représentent plus de 90% des protéines
"minéralisantes", ont été créées par duplications successives a partir d'un ancétre commun; les
plus anciennes d'entre elles étaient probablement déja présentes lors de l'apparition des
structures minéralisées (os, dentine et émail) chez les tout premiers vertébrés, il y a au moins
450 millions d'années (voir introduction). Cependant, dés 2001 nous avons découvert que les
génes de minéralisation étaient probablement apparentés en montrant que I’amélogénine, le
géne majeur de la mise en place de I’émail dentaire, était apparenté au gene SPARC (Secreted
Protein, Acidic Cystein Rich; aussi appelée ostéonectine), qui joue un rdle vital dans la

minéralisation de 1‘os (Delgado et al., 2001).

C’est donc sur cet axe de recherche que j’ai travaillé depuis plusieurs années dans le but
de tenter de retracer I'histoire de ces protéines impliquées dans la minéralisation des tissus du
squelette et des dents (dentine et émail) SCPPs.

Pour chacune de ces cibles, il s’agissait pour moi (1) d'identifier ses patrons évolutifs et
de définir a quelle époque les caractéristiques propres ont été sélectionnées, (2) de mettre en
évidence ses régions fonctionnellement trés importantes (conservation de séquences), et (3) de
définir ses liens de parenté avec les autres membres de la famille des SCPPs et son origine
¢volutive. Ces analyses évolutives ont permis, grace a l'identification de résidus conservés
pendant des centaines de millions d'années, de prédire certaines maladies génétiques associées

a des mutations et de valider des mutations identifiées chez des patients.

Dans la suite de ce manuscrit, j’ai choisi de présenter les connaissances actuelles sur

cette famille génique en incluant les résultats de mes travaux de recherche.
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1. Caractéristiques générales des genes des SCPPs

Comme je 1'ai déja expliqué plus haut, des séries de duplications de génes ont donné
naissance a la famille des génes des SCPPs. Méme si les protéines de cette famille, avec
quelques exceptions cependant, n'ont pratiquement pas d'homologie de séquences en dehors

de leur peptide signal, les indices suivants montrent leur origine commune (voir Tableau 1).

Une caractéristique biochimique commune a tous les SCPPs : le peptide signal

Tous les SCPPs ont un peptide signal (PS) et sont donc des protéines sécrétées. Le
peptide signal est une séquence essentielle permettant, entre autres, aux protéines destinées a
étre secrétées a se retrouver dans une vésicule de sécrétion. Avant d’entrer dans la vésicule, le
peptide signal est coupé et ne se retrouve pas a I’extérieur de la cellule, il ne joue donc aucun
role direct dans la minéralisation. Par ailleurs, On observe une trés bonne conservation des
séquences des peptides signaux des SCPPs. C’est grace a cette caractéristique que le peptide
signal des SCPPs a été le principal outil utilisé par la recherche afin d'identifier de nouveaux

genes appartenant a ce groupe.

SPARC
SPARCLA
DSPP
DrP1
IBSP
MEPE
SPP1
CSM151
FOCSP
EMN&M MLYMLRCRLGTSFRELODHLYFEGEME | LLYFLGLLGK
AMBN 0 M EIPLFEMEDLILILCLLEF
OD& M
&MELx.
& MTH MRSTILLFCLLGS

STATH MEFLYFAF ILALHYSH I GR=———
HTHN1 MEFFYFALYLALK I SM 1 SH
PROL1 S J
MUCT

Peptides signaux des SCPPs et de SPARC et SPARCLI chez I'homme (D apreés la thése de Doctorat de
Al-Hashimi, 2010).
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Histoire de la découverte d’un peptide signal inhabituel...

Tous les membres de la famille des SCPPs (22 chez I'homme) possedent un peptide
signal (PS) allant de 17 a 26 acides aminés, excepté ENAM, dans lequel le PS est
exceptionnellement grand (39 résidus chez 'homme : Hu et al. 2000; 38 aa chez le porc : Hu
et al. 1997). Un peptide signal aussi grand est rare chez les Eucaryotes; 1'analyse comparative
d'un grand nombre de PS d’Eucaryotes montre une longueur de 20-25 acides aminés en
moyenne (von Heijne 1985; Martoglio et Dobberstein 1998). Ce grand PS est codé par I'exon
3 (dans lequel est situé le site d’initiation de la traduction (TIS) qui est bien conservé chez les
Mammifgres), et I'exon 4 qui code les résidus bien conservés (région riche en leucines)
composant la région hydrophobe du peptide (région-h) exigée pour 1’adressage des protéines
et leur insertion dans les membranes (von Heijne 1985). Par contre, la grande région n (de
fonction inconnue) codée par I'exon 3 (la région N-ter de ce PS) n'est pas soumise a des
pressions sélectives fortes, bien que présente dans tous les ENAM des Mammiféres. En
comparant ce grand PS avec ceux des autres SCPPs, on constate que la région-h est

homologue aux PS des autres SCPPs, alors que la région n est propre 8 ENAM.

1 1= — 1 w—
\1 Feas _1 e 1
| | | |
0.8 . I i 0.8 | |
— n-region I
5 | | I
- h-region I | \
0.6 = = = c-region ; | 0.6
L
S}
Q
%)
0.4 0.4 I
\ | | | |
0.2 ' - 0.2 ! '
[ | | l
| =\ | I-\
) = N — VAR —_ O ——————r VAR — —ir
| 10 20 30 éll() | 10 20
MLVLRCRLGTSFPKLDNLVPKGKMKILLVFLGLLGNSVAMPMH MKILLVFLGLLGNSVAMPMH
A 4 B i

Prédiction des peptides signaux (PS) de ENAM chez [’homme, codés soit par l’exon 3 et 4 (A) soit par
I’exon 4 seul (B). Le site de coupure du peptide signal est indiqué par une fleche. Les deux PS de
[’homme ont des scores élevés (0.973 et 1.000, respectivement) indiquant une probabilité identique
d’utilisation.
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Le peptide signal d’ENAM possede donc deux peptides signaux, un grand et un court,
ce dernier étant inclus dans le premier. En conséquence, la région signal de ENAM possede
¢galement 2 sites d’initiation de la traduction (TIS), 1‘un codé¢ par I’exon 3, I’autre codé¢ par
I’exon 4. Il est probable que le premier TIS, codé par I’exon 3 se soit rajouté au cours de
I’évolution probablement par le phénomeéne « d’exon shuffling» (Patthy, 1999). Cet
événement s'est produit chez un ancétre commun aux Mammifeéres car les reptiles ne
possedent pas de grand PS. La conservation de ce nouvel exon codant, dans le géne de
ENAM, signifie que la présence d'un grand PS (avec une grande région-n) a été sélectionnée
positivement. L’utilisation de ’un ou I’autre des PS par ENAM se fait probablement par
¢épissage alternatif impliquant I’apparition d’au moins deux isoformes de la protéine, 1’un
possédant le PS court (homologue a celui d'autres SCPPs) et ’autre le PS long. La présence
de deux PS dans ENAM n'est pas unique et l'utilisation d’un PS alternatif est un dispositif
commun a plusieurs protéines (Davis et al., 2006). Par exemple, ’interleukin-15 présente un
PS court et un long indiquant qu’il existe des voies complexes pour le trafic intracellulaire de
cette protéine (Kurys et al., 2000). En effet, généralement les propriétés du peptide signal sont
en rapport avec 1’adressage cellulaire qui est multiple : sécrétion de protéine a I’extérieur de la
cellule, localisation dans le cytoplasme, adressage vers la mitochondrie, protéine
transmembranaire (Hiss et al. 2008; Davis et al. 2006).

Malheureusement, les études sur les différents types de peptides signaux manquent pour
déterminer le role exact des PS de ENAM a partir de la seule connaissance des acides aminés.
Cependant, de la structure de ces deux PS nous pouvons tout de méme conclure qu’ils sont
employés uniquement pour la sécrétion de protéine dans la matrice extracellulaire et pas pour
d'autres voies cellulaires. Par contre on peut supposer que les deux peptides signaux ont une
efficacité¢ d’exportation différente comme cela a déja été montré pour le PS de la protéine
Shrew-1 (Hiss et al. 2008). En effet, l'efficacité d'exportation semble étre corrélée avec
l'existence et l'intégrité de la zone séparant les régions -n et -c. Cette région appelée la « zone
de transition » existe dans beaucoup de longs peptides signaux et elle est caractérisée par 4-7
acides aminés comprenant une glycine (G). Les auteurs cités ci-dessus ont montré que des
mutations controlées, a ’intérieur de cette région, diminuent la quantité de protéine secrétée.
Ainsi, I’utilisation alternative du PS court et du PS long chez ENAM pourrait moduler de
manicre trés précise la quantité de protéines sécrétées par la cellule, ce phénoméne se
rajoutant aux contrdles habituels de 1’expression des génes. Ce systéme assez souple pourrait
permettre un contrdle trés précis de la minéralisation a travers la quantité de protéines versées

dans la matrice. En effet, la diminution de la quantit¢ de ENAM dans la matrice
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extracellulaire durant les phases de transition et de maturation de I’émail pourrait faciliter le
remplacement ordonné de la partie organique par les cristaux d’émail (Lu et al. 2008).

Le grand peptide signal de ENAM possede également une zone de transition au début de
I’exon 4, et ce qui est tres intéressant, c’est que cette région est variable chez les Mammiferes
sauf la glycine en position 22 qui est essentielle. Ceci suggere une régulation trés complexe de
la sécrétion de ENAM, sécrétion qui differe en fonction des groupes de Mammiferes. Chaque
lignée de mammifere semble donc posséder ses propres caractéristiques de sécrétion. C’est en
observant ces différences entre les PS de ENAM des Mammiféeres que nous avons remarqué
une anomalie intéressante: le calcul de la probabilité du grand peptide signal du dauphin est
tres faible. Par conséquent, ou ce grand PS n'est pas fonctionnel ou il pourrait jouer une autre
fonction. Nous pouvons également nous demander si cette différence comparée aux autres
ENAMs des Mammiferes pourrait étre liée a la dentition homodonte (dents identiques) des

cétacés odontocetes.

Autres caractéristiques communes...

Les SCCPs de la dentine et de 1'os (= SIBLINGs) sont riches en acides aminés acides
(Glu et Asp) tandis que les autres (SCPPs du lait, de la salive et de 1'émail) sont riches en Pro
et Gln mais pauvres en cystéines. Chez les Téléostéens, les SCPPs responsables de la
formation de I'émailloide sont riches en Pro et GIn. Cela confirmerait aussi I'hypothése de la
dérive phylogénétique de deux lignées différentes de SCPPs (chez les Actinoptérygiens et les

Sarcoptérygiens).

La plupart des SCPPs ont des motifs Ser-Xaa-Glu (SXE) dans lesquels Ser est
phosphorylée (Xaa représente n'importe quel acide aminé et I'asparagine ou la phosphosérine

peut remplacer 'acide glutamique).

Bien que SPARC soit une protéine qui se lie au calcium, elle ne dispose pas de motif
SXE alors que SPARCL1 (SPARC-likel) présente 11 a 14 de ces motifs (Tableau 1). Il
semble que le motif SXE soit initialement développé chez SPARCLI puis ait été transmis aux
SCPPs au fur et a mesure de leur apparition (Kawasaki et al., 2004). Par ailleurs, le motif

SXE des SCPPs semble se situer majoritairement dans la partie 3' de 1'exon 3.

26



Enfin, ces protéines ainsi que leurs supposés ancétres SPARC et SPARCLI se lient aux
ions de calcium via leurs acides aminés ayant un caractére acide et leurs motifs SXE. Pour

cette raison, ces protéines sont appelées « phosphoprotéines secrétées se liant au calcium ».

Structure génétique similaire

Une deuxiéme caractéristique commune concerne la structure génique des SCPPs.

Premicrement, les introns sont exclusivement en phase-0 ce qui signifie qu'ils sont situés
entre deux codons adjacents au lieu d'altérer un codon (Kawasaki et Weiss, 2006). Cette
distribution non arbitraire de phase d'introns est principalement due au phénoméne de

duplication d'exons (« exon suffling »).
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Roscoff 6-8 sept 2010).

. Régions codantes

Deuxiémement, la totalité¢ de I'exon 1 et I'extrémité 5' de I'exon 2 constituent la région 5'
non traduite (5'UTR), cette caractéristique est commune a tous les SCPPs et a SPARC et

SPARCLI.
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l6aa 2aa
Peptide signal

- Protéine

Points communs de SCPPs au niveau des exons.

(Adapté de Sire et al., Colloque sur les Biominéralisations, Roscoff 6-8 sept 2010).

Chez I'homme tous les génes des SCPPS sont situés sur le chromosome 4 et regroupés
en deux régions, l'une pour les génes des SCPPs de la dentine et de l'os et l'autre pour les
genes des SCPPS de 1'émail, de la salive et du lait. La seule exception est AMEL qui est situé

sur les chromosomes sexuels chez les Mammiferes placentaires.

SPARCLI est situé sur le chromosome 4 ce qui soutient I'hypothése que les geénes des

SCPPs sont des duplications en tandem a partir de SPARCLI.

Caractéristiques fonctionnelles similaires

Toutes les SCPPs sont impliquées dans des processus de minéralisation soit dans I'os et
la dentine, soit dans I'émail et I'émailloide (SCPPs des T¢l¢€ostéens), excepté les SCPPs de la
salive et du lait qui conservent toutefois la fonction principale de se lier au calcium (Ca-
binding) mais restent fortement impliquées dans la régulation du calcium au niveau de la
salive et du lait. Quelques éléments de ce groupe ont complétement changé de fonction

comme |’histatine (HTN3) qui agit comme agent antibactérien.
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Tableau 1- caractéristiques générales des SCCPs. (1) chez I'homme, le géne SPARC est situé sur le chromosome 5; (2) chez I'homme, le géne de l'amélogénine

est situé sur les chromosomes sexuels X et Y. (D apres la these de Al-Hashimi, 2010).



2. Origine et évolution de la famille des SCPPs

Il y a deux hypothéses concernant 1'origine des SCPPs qui différent sur la date exacte du premier
événement de duplication (Fig. 2). Selon nos travaux antérieurs (Delgado et al. 2001), et d’apres
I’observation d’une homologie de séquence nucléotidique entre l'exon 2 d'AMEL, de SPARC
(ostéonectine) et SPARCLI, AMEL dériverait de SPARC/SPARC-L1 et leur date de divergence se
situerait il y a environ 600 Ma. Ces travaux ont été complétés par la suite (Sire et al., 2007) et il a été
montré qu'en fait AMEL (et AMBN) avaient été créées par duplication a partir d'un géne ancestral,

apparenté a ENAM.

Kawasaki et Weiss (2003) ont proposé¢ une autre hypothése selon laquelle le tout premier
événement, la duplication de SPARC en SPARCLI, est estimé a environ 531 Ma, soit bien apres la date de
600 Ma estimée par nous (Delgado et al., 2001; Sire et al., 2007).

SPARC est probablement 'une des premicres protéines impliquées dans la minéralisation car elle
contient un large domaine acide (Kawasaki et al., 2006). Cette hypothése est en accord avec I'observation

de l'expression de SPARC dans les os et écailles de poissons Téléostéens.

Chez 1'homme, le géne SPARC est situé sur le chromosome 5q31.3-q32 tandis que SPARCLI est
localisé sur le chromosome 4q22.1. Chez les autres Mammiferes, les oiseaux et les Téléostéens, ces deux
geénes sont également situés sur deux chromosomes différents (Kawasaki et Weiss, 2006). Les protéines
de SPARC et SPARCLI1 se composent d'un peptide signal et de trois modules fonctionnels appelés
domaine-I (acide), domaine-II ("follistatin like"), domaine-III (extracellulaire se liant au calcium). Le

domaine 1 posséde la structure caractéristique des génes de la famille des SCPPs.

SPARC et SPARCLI ont divergé apres une duplication d'une grande région du génome (WGD ou
Wide Genome Duplication) qui a eu lieu chez I'un des tous premiers vertébrés a machoires. On pense que
SPARCLI a surtout conservé la région codant le domaine 1 de SPARC (Fig. 2) qui est devenu plus long et
plus acide. L'apparition de SPARCLI coincide avec celle du squelette minéralisé (Kawasaki et al., 2007).

Le domaine I est radicalement différent entre SPARC et SPARCLI1. Chez I'homme, celui de
SPARC est constitué de 52 acides aminés tandis que celui de SPARCLI contient 414 acides aminés
parmi lesquels 339 résidus codés par un grand exon présent seulement chez SPARCLI. De plus, il est
important de souligner que le domaine 1 de SPARC contient 18 acides aminés acides mais aucun acide
aminé basique alors que celui de SPARCLI1 possede 104 acides aminés acides et 55 acides aminés
basiques. On retrouve ces différences dans SPARC et SPARCLI de tous les Téléostéens et les Tétrapodes
¢tudiés jusqu'a aujourd'hui. La conservation phylogénétique de ces caracteéres biochimiques suggere que
le taux des acides aminés acides et basiques et le regroupement des résidus acides, plutdt que la s€quence

primaire, sont importants pour la cristallisation de I’hydroxyapatite (Kawasaki et al., 2004). Un autre
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point qui doit étre souligné dans ce contexte est que le domaine I n'est pas incorporé dans une structure
globulaire rigide et ne contient pas de cystéine comme c'est le cas dans la plupart des SCPPs qui
contiennent peu voire aucune cystéine et ne peuvent donc pas stabiliser des structures globulaires fixes a

travers un ou plusieurs ponts disulfures intramoléculaires.

Le deuxieme événement dans I’évolution des SCPPs est l'apparition des premiers geénes des SCPPs
a la suite de duplications en tandem a partir de SPARCLI, avant la divergence des Actinoptérygiens et des
Sarcoptérygiens. Ces nouveaux génes n'ont pas conservé les exons codant les domaines II et III qu'on

retrouve chez SPARC et SPARCLI1 (Fig. 1).

2.1 Dérive phénogénétique : un point crucial dans I'évolution des SCPPs

Le troisieme événement dans I'évolution des SCPPs est caractérisé par une dérive phénogénétique
qui peut étre définie comme une modification du génotype alors que durant cette période, le phénotype (la
minéralisation des dents) est resté stable (Kawasaki et al., 2005). En effet, les génes des premieres SCPPs
ont subi une duplication indépendante et paralléle dans les deux grandes lignées d'Ostéichtyens. Elle a
donné naissance a deux lignées spécifiques de genes des SCPP, alors que I'ancétre commun du géne a été

supprimé du génome.

Ces processus de naissance et de mort, ainsi que 1'évolution du nombre d'exons et de la taille des
SCPPs ont engendré des SCPPs qui ont évolué¢ indépendamment chez les Actinoptérygiens et les
Sarcoptérygiens (Fig. 2). On peut encore retrouver le géne SPP1 dans ces deux lignées alors qu'il a été,

semble t-il, perdu chez les amphibiens et le fugu (Kawasaki et Weiss, 2008).

Néanmoins, les SCPPs impliquées dans le développement des dents démontrent 1'existence d'aspects
biochimiques similaires entre les protéines de fonctions correspondantes. A titre d'exemple, 1'émail des
Tétrapodes est un tissu dur et spécialis¢ a caractére unique formé a partir de SCPPs distinctes sécrétées
par les améloblastes, alors que 1'émailloide des Téléostéens se développe a partir du collagéne 1 sécrété a

la fois par les améloblastes et les odontoblastes.

2.2 Les SCPPs des Actinoptérygiens

Bien que je n’aie jamais eu encore I’occasion de travailler sur les génes des SCPPs dans cette lignée
de vertébrés, il était important de mentionner leur existence.

Les genes des SCPPS sont connus uniquement chez quelques Téléostéens. Ils constituent un groupe
indépendant des SCPPs des Tétrapodes mais ils ont cependant des traits communs avec ceux-ci. Dans ce
groupe, on trouve huit génes de SCPPs chez le fugu (SPP1, SCPP1, SCPP2, SCPP3A, SCPP3B, SCPP3C,
SCPP4, SCPP5) et quatre chez le poisson-zébre (SPP1, SCPP1, SCPP2, SCPP5) (Kawasaki et al., 2008).
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Alors que ces SCPPs ont évolué indépendamment de ceux des Tétrapodes et qu'il n'y a aucune homologie

de séquences entre eux, ils partagent néanmoins quelques caractéristiques communes a tous les génes des

SCPPs (5' UTR similaires, introns en phase 0, motifs SXE et région riche en proline et glutamine).

Certaines SCPPs des Té¢léostéens sont impliquées dans la formation de 1'émailloide comme le sont

les protéines de 1'émail des Tétrapodes dans la formation de 1'émail.
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Figure 1. Evolution des SCPPs. A partir de SPARC, des evénements de duplications de genes ou de
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2.3 Les SCPPs des Sarcoptérygiens

Il n'a pas été trouvé, a ce jour, de SCPPs chez les deux lignées basales des Sarcoptérygiens, les
ccelacanthes ou les dipneustes. Les connaissances se limitent donc aux Tétrapodes et encore, surtout chez
les Mammiferes grace au grand nombre de génomes séquencés dans cette lignée. Chez les Mammiféres

justement, on peut identifier trois sous-groupes principaux de SCPPs:

1) les SCPPs impliquées dans la minéralisation de la dentine et de 1'os, encore appelées SIBLINGs

(pour Small Integrin-Binding Ligand N-linked Glycoproteins).
2) les SCPPs impliquées dans la minéralisation de I'émail, ou EMPs (pour Enamel Matrix Proteins).

3) les SCPPs constituant les protéines du lait et de la salive. On retrouve les deux premiers sous-

groupes chez les Sauropsides et les Amphibiens.

2.4 Evolution des SCPPs

On estime que les SCPPs impliquées dans la minéralisation de la dentine et de l'os constituent le
groupe qui s'est formé le premier au cours de 1'évolution, avant celui des EMPs et des protéines du lait et
de la salive. Cette hypothese est consolidée par la présence du gene de la SPP1 (Bone sialoprotein-1)
aussi bien dans le génome des Téléostéens que dans celui des Tétrapodes, alors que 1'on n'a pas retrouvé
de géne d’EMPs chez les Té¢léostéens. Pourtant, les travaux menés chez le Fugu (Kawasaki et al., 2008),
ont permis d’analyser tous les génes exprimés au niveau des dents mais ceux-ci sont les génes SCPPs

décrits au chapitre 1.2 qui n’ont aucune homologie avec les génes des EMPs des Tétrapodes.

L’apparition des protéines du lait et de la salive constituent une innovation majeure chez les
Mammiféres rendue possible grace a la création d'un nouveau groupe de SCPPs ayant de nouvelles
fonctions. Les caséines du lait fournissent du phosphate de calcium pour les nouveaux-nés des
Mammiféres, ce qui aide le développement de leurs os et de leurs dents. Les protéines de la salive
protégent les dents en régulant la précipitation des sels de phosphate de calcium a la surface de I'émail. Ce
nouveau groupe de SCPPs du lait et de la salive a probablement évolué a partir de genes de SCPPs, et
I’hypothése la plus récente désigne ODAM comme le gene le plus proche de ce groupe de SCPPs
(Kawasaki et al., 2011). Si les caséines sont connues chez tous les Mammiferes, les protéines de la salive
n'ont ét¢ identifiées que chez quelques Mammiferes. Par exemple, un pseudogene de stathérine (STATH)
mais pas d'histatine (HTN) a ét¢ identifié dans le génome de la souris. L'arbre phylogénétique basé sur les
séquences du dernier exon de ces geénes montre que STATH et HTN proviennent des caséines CSN1S2
(Kawasaki et al., 2003). Le géne STATH aurait été¢ créé a partir de CSNIS2 avant la divergence des
rongeurs, il y a 96 millions d'années (Kawasaki et al., 2003). La duplication de HTN1-HTN3 a eu lieu
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entre 15 a 30 millions d'années d'apres l'analyse des taux de substitution (Fig. 2). Tous ces éléments

suggerent une origine récente des protéines salivaires.
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Finalement, le bilan des données disponibles sur la famille des SCPPs, permet de reconstituer le

scénario suivant : actuellement, nous pensons que les SCPPs se sont séparées rapidement en deux groupes

distincts a partir d’un géne ancestral des SCPPs, donnant le groupe des protéines de 1’os et de la salive

(Siblings), d’une part et le groupe des protéines de 1’émail (EMPs) d’autre part. C’est a partir d’un géne

de I’émail identifi¢ comme ODAM que sont apparues les protéines du lait et de la salive. Ce scénario

reste a préciser. En effet, bien que les relations au sein des EMPs soient connues aujourd’hui suite a nos

travaux (voir partie suivante), les relations au sein des Siblings sont largement méconnues. De plus, de

nouveaux genes appartenant a cette famille continuent d’étre découverts, comme SCPPPQ1 et FDCSP par

exemple. On suppose qu’ils pourraient provenir de duplications de ODAM, ce qui pourrait encore

modifier nos phylogénies.
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Fig. 2. Relations de parenté des SCPPs. D'apres Sire et al., 2007.

3. Recherches sur les protéines de I’émail

3.1. AMEL

Parmi les SCPPs, un groupe de protéines m’a particuliérement intéressé: les protéines de I'émail, en
partie a cause de leur intérét médical. La premicre a avoir été étudiée est 1'amélogénine (AMEL), la
protéine majeure de ce tissu. Son abondance dans la matrice amélaire (plus de 90 % des protéines) en
faisait le sujet d'étude le plus intéressant. Toutefois, peu de choses étaient connues sur le role d AMEL et,
de maniere plus générale, sur les SCPPs, en particulier leur interaction avec les cristaux de minéral et leur
role dans l'orientation et le développement des cristaux en formation. Pour cette raison, différentes études
ont vu le jour dans 1'équipe Evolution et Développement du Squelette (EDS) dont la ligne directrice
majeure était de pouvoir comparer les séquences protéiques des SCPPs obtenues dans de nombreuses
lignées animales afin de mieux identifier les régions fonctionnelles. Les premiers travaux que j'ai menés a
partir de ma thése de doctorat sur I'amélogénine, ont été tres fructueux (Delgado et al., 2001, 2005, 2006,
2007; Sire et al., 2005, 2006) et l'idée d'étendre les connaissances de cette protéine aux reptiles a permis
d'apprécier les variations de la séquence de cette protéine au cours de 1'évolution des Amniotes, sur une
période de plus de 300 Ma. L’une des retombées médicales de ces travaux a été d’établir une carte des
acides aminés susceptibles de conduire a une amélogenese imparfaite (AIH1) en cas de mutation
(Delgado et al., 2005). Ce résultat a ét¢ obtenu grace a un grand nombre de séquences d’AMEL

représentatives des lignées de Mammiferes et de reptiles; cette base de données nous a permis, entre
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autres, d’identifier les résidus conservés pendant 300 millions d’années en raison d’une importante
pression sélective, preuve du role majeur que jouent certainement ces acides aminés dans la fonction de la
protéine. La relation entre pression sélective et fonction cruciale de certains résidus est d’ailleurs bien
confortée d’une part, par une étude montrant que 95% des substitutions d’acides aminés conduisant a une
maladie génétique ont lieu sur des résidus conservés durant 100 million d’années d’évolution
(Subramanian et Kumar, 2006) et d’autre part, par les quelques cas connus d’AIH1 concernant nos génes
dans lesquels les acides aminés substitués impliqués dans cette maladie font effectivement partie des
résidus conservés au cours de 1’évolution. Cette étude évolutive sur I’amélogénine (Delgado et al., 2005)
a montré que plus de 30 acides aminés €taient de bons candidats pour conduire a une AIH1 s’ils étaient
mutés.

Ce qui m’a encouragé a continuer dans cette voie est que toutes les mutations conduisant a une
amélogenése imparfaite découvertes par la médecine dentaire depuis ces recherches en 2005 sont situées

dans les régions mises en évidence dans cet article.

En dehors du role de AMEL dans la minéralisation, j’ai découvert au cours de mes recherches que
AMEL est un marqueur phylogénétique intéressant pour reconstituer les relations de parenté chez les
Mammiféres (Delgado et al., 2007). Cette découverte inattendue m’a permis de revenir, le temps d’un

article, a ma spécialité de Master de génétique de I’évolution : la phylogénie moléculaire.

Je suis ensuite pass¢ a d’autres sujets d’étude, d’autres geénes de minéralisation, cependant
récemment, j’ai eu I’occasion de revenir a mes « premieres amours ». En effet, il restait certaines
questions en suspens a la fin de ma thése auxquelles j’ai toujours souhaité répondre. Parmi celles-ci, la
présence d’un exon 4 chez certains Mammiferes seulement et la présence de 2 exons terminaux (exon 8§ et
9) offrant une terminaison alternative aux ARNm de ’homme et de la souris étaient assez intriguant.
Grace a une étude menée conjointement avec des collegues de I’Université de Californie a San Francisco,
et du Laboratoire « Différenciation de Cellules Souches et Prions », de I’Université Paris Descartes (Sire
et al., 2012), il a été possible de découvrir I’origine de ces exons, de montrer par exemple qu’il y a eu une

duplication des exons 4 et 5 pour donner un exon 4b et I’exon 8 (voir figure ci-dessous).

(14 7
Exon1 2 3 [45 6 7 48 9
— -

(Sire et al., 2012)
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De plus, notre étude a permis de reconstituer le scénario de I’apparition de ces différents exons
chez les Mammiferes. Ainsi, ¢’est la genése de nouvelles régions codantes, le phénomene de naissance et
de mort des exons, qui est visible a travers 1’étude de 1’évolution des exons d’AMEL. Reste a connaitre
plus précisément le role de ces exons supplémentaires chez les Mammiféres qui les ont gardés
fonctionnels. Ces exons font partie de transcrits minoritaires ce qui a rendu la connaissance de leur
existence tardive. Cependant, ils ont trouvé leur place au sein du processus de minéralisation de 1’émail, il

convient donc de savoir a quel moment et pourquoi ils sont exprimés.

Frog [ 1} [ 6]

Lizard [ 1] 6 ]

Platypus [ 1} [ 6 ]

361 Ma Marsupials 1N
Afrotherians [l [ 6]
V4 Dog, bats,... [l 9
324Ma g Cow, pig,... 1N
20M2 o Mouse, rat,... [l 4 B
oM o @, Squirrel [ 1] 9

04Ma A ]

Primates [ 1 ] 9

97 Ma /(

91 Ma 50 Ma

Evolution des exons 4, 8 et 9 chez les Mammifeéres. Les exons en noir sont codants, ceux en blanc sont des
pseudo-exons et les exons en gris sont supposés codants. (Sire et al., 2012)

3.2. ENAM

La découverte des relations de parenté entre I'amélogénine et les autres protéines de 1'émail (Enamel
Matrix Proteins: EMPs), améloblastine (AMBN) et énaméline (ENAM), m'a amené a considérer que la
seule étude d'AMEL n'était pas suffisante pour comprendre la biologie de I'émail et les interactions

possibles de cette protéine avec les autres EMPs et, également, d'autres SCPPs (Sire et al., 2007).

Je me suis alors intéress¢ a ENAM car cette protéine est la plus ancienne des EMPs. Plus
exactement, les trois EMPs connues a ce jour, AMEL, AMBN et ENAM, proviennent de la duplication
du géne ancestral de dENAM (Sire et al., 2005, 2006, 2007). Comme je ’ai expliqué dans le chapitre

précédent, nos travaux ont suggéré que l'ancétre des EMPs pourrait étre apparu a la suite de la duplication
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de SPARC (anciennement connue sous le nom d'ostéonectine), il y a plus de 600 Ma (Delgado et al.,

2001; Sire et al., 2007).
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Relations phylogénétiques entre les genes des protéines de [’émail ; D apres Sire et al., 2007.

Cette place particuliere dENAM a l'origine des EMPs des vertébrés amenait plusieurs questions et
la recherche des réponses a débouché sur une thése de doctorat que j'ai co-encadrée et qui s’est terminée
en 2010 (Al-Hashimi, 2010). Cette theése a apporté de nombreuses connaissances sur ce géne crucial dans
la minéralisation des dents. Quand nous avons commencé a é¢tudier ENAM les données bibliographiques
indiquaient que son role était incertain.

L’étude comparative des séquences d’ENAM de 36 Mammiferes dont les génomes sont disponibles
dans les banques de données a permis de mesurer les pressions de sélection au niveau des acides aminés
et de détecter les régions conservées.

La découverte la plus importante résultant de cette analyse est la mise en évidence du rdle central
joué par le fragment de 32 kDa d’ENAM. En effet, comme toutes les protéines de la matrice de 1’émail,
ENAM subit des coupures protéolytiques, au court de son cycle, qui générent des polypeptides de
différentes tailles. Ainsi, la littérature décrit pour ENAM des peptides de 155, 142, 89, 34, 32 et 25-kDa
(Fukae and Tanabe 1985, 1987, Uchida et al. 1991; Tanabe et al. 1994; Fukae et al. 1996).
Malheureusement, il est toujours difficile de connaitre le réle exact de ces polypeptides. D’autant que

parfois, ces fragments ne sont que des résidus de coupure qui n’ont en réalité pas de rdles actifs dans la
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minéralisation. Notre travail a permis de montrer que le fragment de 32 kDa d’ENAM dont I’existence est
connue depuis longtemps, mais dont le role était encore incertain, est la "clef de voulte" dans la
minéralisation de 1'émail. Sans le fragment de 32 kDa, il n’y a pas d’initiation de la minéralisation, donc
pas d’émail du tout. A partir de cette derniére découverte et en compilant nos résultats avec les données
de la littérature, nous avons pu proposer un nouveau modele de distribution des protéines au cours de la

minéralisation de la matrice amélaire.
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Séquence humaine de ENAM. Elle est composée de 1142 résidus incluant
le peptide signal supposé code par les exons 3 et 4. La fleche indique le site
de clivage du peptide signal. Les positions conservées, i.e., sujettes a la
sélection purifiante chez les Mammiferes (durant 160 million d’années
d’évolution), sont indiquées en noir et gris foncé (plus forte sélection) et en
gris clair (sélection plus faible). (D aprés Al-Hashimi et al., 2009).

Juste aprés, nous avons étendu cette étude aux reptiles et aux amphibiens (Al-Hashimi et al., 2010)
ce qui a permis de montrer que le peptide signal original de ENAM découvert précédemment est bien une
innovation apparue chez les Mammiferes. Ce travail a aussi permis de montrer que le poulet posséde les

traces encore visibles dans son génome de la présence du géne de 1’émail ENAM mais sous forme d’un
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pseudogene désormais non fonctionnel. Cette découverte, n’était pas trés surprenante puisque nous avions
déja découvert le pseudogene de 1’amélogénine (autre géne majeur de 1’émail) il y a quelques années
(Sire et al., 2008). Ces travaux avaient fait suite a certaines expériences ambigiies qui avait permis de
faire développer des dents ou des bourgeons de dents chez le poulet sans prouver formellement la
présence d’émail (Kollar et Fisher, 1980; Chen et al., 2000; Mitsiadis et al., 2003). Certains auteurs, se
demandaient alors si les oiseaux n’auraient pas gardé potentiellement les outils génétiques pour fabriquer

des dents. L’invalidation des génes dentaires prouve ainsi le contraire.

4. Recherches sur les protéines de la dentine et de I’os

4.1. DMP1

Ce travail fait partie d’une des dernicres theses en date dans notre laboratoire, réalisée par Jérémie
Silvent. Cet encadrement a abouti a 1I’écriture d’un article qui vient d’étre soumis a une revue, sous le titre
« The dentin matrix acidic phosphoprotein 1 (DMP1) in the light of mammalian évolution » (par Jérémie
Silvent, Jean-Yves Sire et Sidney Delgado).

DMP1 m’a donné I’occasion de travailler pour la premicre fois sur une des protéines de la dentine et
de I’os (Siblings). Parmi toutes les Siblings, DMP1 semblait une cible d’étude trés intéressante pour
plusieurs raisons. En premier lieu a cause de son importance dans la minéralisation de la dentine et de
I’0s. Cette importance a ¢été mise en évidence par I’existence de certaines maladies génétiques chez
I’homme et par des expériences d’invalidation du géne chez la souris. Les expériences de Knockout chez
la souris montrent des défauts de minéralisation de 1’os et de la dentine (Ye et al. 2005; Ye 2004). Chez
I’homme, des mutations de DMP1 ont été associées avec divers syndromes comme une forme autosomale
récessive de rachitisme hypophosphatémique (ARHR) (Feng et al. 2006; Lorenz-Depiereux et al. 2006;
Mikitie et al. 2010; Turan et al. 2010), de 1’ostéomalacie (Feng et al. 2006), ou encore des défauts de
maturation de la dentine (Ye 2004). Une autre raison de s’intéresser a DMP1 est la diversité de ses
fonctions. En plus de son réle dans la nucléation et la régulation de la minéralisation au niveau de la
matrice de collagéne, DMP1 peut agir dans I’ostéogenese comme facteur de transcription en activant
certains genes spécifiques des cellules osseuses (ostéoblastes) comme par exemple |’ostéocalcine
(Narayanan et al. 2003) ou DSPP (Lu et al. 2007; Ye 2004). Cette fonction est possible grace a la
présence d’un motif (NLS) permettant I’importation de DMP1 dans le noyau. Récemment il a aussi été
suggéré que DMP1 pourrait jouer un role dans I’angiogenése (Pirotte et al. 2011) ou agir dans le turnover
des protéines de la matrice extracellulaire endommagées par oxydation en formant un complexe avec
MMP-9 (Ogbureke and Fisher 2006; Ogbureke and Fisher 2005; Ogbureke and Fisher 2004). Une telle
palette d’action soulevait les questions suivantes : Ou se localisaient ces différentes fonctions sur la

protéine ? Et comment les motifs potentiellement associés a ces fonctions ont-ils évolué ?
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Nous avons donc étudié 1’évolution de DMP1 chez les Mammiféres dans le but 1) d’identifier des
acides aminés ou des régions qui pourraient jouer un role important pour la fonction de DMP1, 2) de
définir de manicre plus précise les régions fonctionnelles précédemment décrites et 3) d’établir
I’emplacement potentiel de mutations associées a des maladies génétiques humaines.

En plus des sites déja décrits dans la littérature et qui sont, comme prédit, conservés durant 200 Ma
d’évolution (voir les deux figures ci-dessous), nous avons effectivement découvert des motifs inconnus
dont la fonction reste a définir, ce qui n’est guére surprenant étant donné la gamme étendue d’actions de
DMPI. Le plus frappant dans cette étude est d’avoir pu constater que les limites de ces motifs protéiques
précédemment décrites dans la littérature ont été redéfinies par nos calculs de conservation. Lorsque 1’on
¢tudie de plus pres les articles précédents concernant DMP1, on constate que les limites des motifs sont
parfois définies par des techniques consistant a couper la protéine en de nombreux morceaux pour ensuite
trier les peptides en fonction de leur rdle. Dans ces conditions, les limites des motifs sont confondues avec
celles des peptides qui les portent. Parfois, certains motifs sont définis par homologie avec des motifs
identifiés sur d’autres protéines, les limites en sont donc putatives. Les comparaisons de séquences que
nous avons réalisées ont donc redéfini les contours des régions fonctionnelles de DMP1 parfois de

manicre importante, par exemple pour le motif de régulation de DSPP.
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Analyse évolutive de DMPI1 a partir de 41 séquences de Mammiferes. « Sliding Window »
(fenétre de 15 pb et déplacement de 5 pb). Logarithme du taux de substitution par site (b) Taux de
substitution non synonyme (dN) le long de DMP1. Les fortes contraintes sélectives correspondant aux
faibles taux de substitution. Les zones connues pour avoir un role fonctionnel sont indiquées en
abscisse (RGD, liaison au collagéne, ASARM, NLS (motif d’adressage dans le noyau)).
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Séquence en acides aminés de DMPI1 de ’homme sur laquelle est indiquée le résultat de
["analyse évolutive des conservations de séquences. La couleur la plus sombre représente le niveau
de conservation le plus élevé. Les régions déja connues pour leur réle dans DMPI sont indiquées
ainsi : signal peptide (souligné); motif RGD (carré); site SG (ovale); Liaison collagene (carré
contours grisés), peptide ASARM souligné deux fois; Site de localisation nucléaire (carré avec
ligne pointillée); liaison DSPP (carré gris¢). Pointe de fleche : 4 sites de clivage connus chez le
rat. Etoiles : résidus sélectionnés positivement. (*) : Résidus phosphorylés;, (#) : Résidus N-
glycosylés. Ovales contours grisés : sites inconnus supposés avec une fonction importante pour
DMP1.

4.1. MEPE

Dans le cadre d’une thése de Doctorat effectuée dans notre laboratoire et consacrée a MEPE
(Bardet, 2009) j’ai eu I’occasion de travailler sur une autre protéine importante dans la minéralisation de
I’0os et de la dentine. Avec la doctorante chargée de ce sujet, nous avons essay¢é de mettre a jour les
patrons d’évolution de cette protéine chez les Mammiféres. Ma contribution a ces travaux étant plus
modeste que dans les chapitres précédents, je n’entrerai donc pas dans les détails de cet article, mais je
souhaiterai insister sur le fait que cette fois encore, les résultats se sont avérés intéressants dans la
compréhension du fonctionnement de MEPE. Cette protéine est non seulement connue pour étre
impliquée dans la minéralisation de I’os et de la dentine mais également dans la minéralisation de la
coquille d’ceuf chez les oiseaux. Ainsi on suppose que la fonction primordiale de MEPE serait la
minéralisation de 1’os, ensuite se serait ajoutée la minéralisation de la coquille d’ceuf chez les Tétrapodes
ovipares. Puis cette fonction se serait perdue secondairement chez les Mammiféres placentaires. Il n’a
malheureusement pas été possible de découvrir le géne MEPE chez I’ornithorynque qui est un mammifere

ovipare. La comparaison avec les autres Mammiféres aurait été intéressante.
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Avant cette étude, la littérature décrivait la région « dentonine » de MEPE avec ses deux motifs de
liaison a la matrice (RGD et SGDG) comme ¢étant une caractéristique ancienne des Sibling (Fisher et
Fedarko, 2003). Or nous avons pu montrer qu’au contraire, ces deux motifs sont une particularité apparue

chez MEPE dans la lignée placentaire.
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III - Projets de recherches

Plusieurs voies possibles de recherches se sont dégagées a partir des études que j’ai menées ces

derniéres années.

Premicérement, je souhaite m’intéresser a ce groupe de protéines, les Siblings dont j’ai eu
I’occasion d’exposer les caractéristiques dans le chapitre précédent. Ce groupe de protéines est tres
intéressant car assez diversifié, elles sont principalement impliquées dans la minéralisation de tissus
comme 1’0s ou la dentine, mais aussi dans la minéralisation de la coquille d’ceuf chez les oiseaux. De
plus, des mutations dans ces génes semblent avoir un large spectre d’effets phénotypiques : par exemple,
des mutations dans le géne DMP1 sont impliquées dans certaines formes de rachitisme. L’étude
individuelle de ces geénes permettra donc de mieux comprendre leurs roles et leurs fonctions.

Par ailleurs, les relations de parenté au sein de cette famille de génes sont mal connues alors que
tous possédent un ancétre commun. Le but des recherches que je souhaite entreprendre est de comprendre
I’histoire évolutive de cette famille afin d’imaginer un scénario évolutif concernant I’apparition des tissus
qu’ils forment. Plusieurs questions se posent auxquelles je souhaite apporter une réponse : les Siblings
¢taient-elles toutes présentes chez l'ancétre commun des Sarcoptérygiens ou bien certaines ont-elles été
recrutées plus tardivement? Comment ont €t€ acquises la structure des geénes ainsi que les caractéristiques
propres a chaque protéine ? Celles-ci différent-elles dans les différentes lignées? Quelles sont les relations
de parenté entre les protéines de la dentine et de I'os.

Le gene MEPE est connu pour intervenir dans la minéralisation de 1’os et de la dentine mais
¢galement dans la minéralisation de la coquille de I’eau des oiseaux. Comment ce géne s’est adapté a ces
différentes fonctions au cours de I’évolution ? Quels ont été les changements de structure de la protéine
au cours de la transition vers les amniotes et ensuite vers les placentaires ?

Pour cela il serait nécessaire de compléter les données sur ces protéines en étendant les
connaissances aux reptiles, aux amphibiens et Sarcoptérygiens aquatiques (ccelacanthe et dipneuste), afin
d’avoir une idée de I’évolution des génes concernés sur une période au moins 450 Ma.

Deuxiemement, je souhaite développer un axe de recherche consacré a une autre famille de genes :
les EMP (Enamel Matrix Proteins) qui participent a la formation de 1’émail. Nous travaillons sur les
EMPs depuis plusieurs années dans notre équipe (voir chapitre précédent). Cependant, comme pour les
Siblings, les données sur ces geénes sont faibles dés que 1’on cherche hors du groupe des Mammiferes,
excepté les celles issues de nos précédents travaux (delgado et al., 2003 ; Bardet et al., 2010). Il n’existe
aucune donnée sur I’expression de ces geénes dans les deux lignées de Tétrapodes autres que les
Mammiferes : les reptiles et les amphibiens. Enfin, étonnamment, on a montré un lien de parenté entre les

genes de I’émail et les protéines de la salive et du lait (Kawasaki et al., 2011) qui ne sont pourtant pas
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impliqués dans des processus de minéralisation. Il sera nécessaire d’inclure ces génes dans des analyses
phylogénétiques afin de comprendre I’histoire évolutive de cette grande famille. En ce qui concerne le
protéines du lait et de la salive, on peut supposer qu'un tel changement de fonction au cours de
I’évolution s’est traduit par des changements important des pressions de sélection qu’il serait intéressant
d’analyser.

De plus, plusieurs genes de la famille des EMPs (ODAM, AMTN, SCPP-PQ1) ont été découverts
trés récemment et on connait peu ou pas de choses sur leurs fonctions. Interviennent-ils exclusivement
dans la minéralisation ? Quand ont-ils été crées ? Quel est leur role spécifique dans la minéralisation ? Ils
représentent donc un nouveau champ d’étude a explorer.

Plusieurs geénes de EMPs seront donc mes prochaines cibles de recherche, car il existe de

nombreuses « zones d’ombre » les concernant ;

1. L’Améloblastine (AMBN)

L’améloblastine a ét¢ découverte simultanément par trois groupes, deux travaillant sur les incisives
du rat (Cerny et al., 1996; Fong et al., 1996; Krebsbach et al., 1996) et I’autre sur les dents du porc (Hu et
al., 1997a). L’expression d’AMBN est restreinte a I’améloblaste, comme pour 1’amélogénine, mais cette
expression diminue durant la maturation de I’émail (Cerny et al., 1996; Fong et al., 1996; Krebsbach et
al., 1996; Uchida et al., 1997, 1998; Fukumoto et al., 2004). Seules de petites quantités d AMBN ont été
détectées, représentant moins de 5% des protéines totales de la matrice de 1’émail (Krebsbach et al.,
1996). AMBN est, comme AMEL, une protéine spécifique des dents. Elle est exprimée par toutes les
cellules de la couche basale de 1'organe de 1’émail (gaine épithéliale d’Hertwig, améloblastes en pré-
sécrétion, en sécrétion et en maturation) et, de fagon transitoire, au niveau des odontoblastes. De plus, les
régions C-ter et N-ter montrent des localisations différentes au cours du développement de la matrice de
I’émail. En effet, contrairement a ce qui a été observé pour la région N-ter dans les expériences
d’immuno-marquage d’Uchida et al. (1991) et de Fukae et al. (1993) (voir plus haut), la région C-ter est
fortement concentrée a I’intérieur des 2 um des fibres de Tomes. On la retrouve ensuite de moins en
moins concentrée sur une profondeur de 50 um avec un patron d’immuno-marquage en forme de “ruche

d’abeille” inversée. Elle ne montre aucun marquage dans I’émail plus profond.

Le role d'AMBN reste pour ’instant mal connu, mais certains auteurs ont suggéré que la protéine
pourrait jouer un role important dans le contrdle de la croissance des cristaux d'émail et dans la
détermination de la structure prismatique (Robinson et al., 1998). Hu et al. (1997) pensent quUAMBN
prévient la croissance des cristallites dans le manteau de 1'émail durant la phase de sécrétion et maintient
ouvert un chemin par lequel les protéines de 1'émail profond peuvent s'échapper durant la phase de

maturation.
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Et puis, il reste un fait intriguant : bien que les études citées ci-dessus ont démontré que I’améloblastine
joue un role important dans I’amélogenése, c’est le seul géne de I’émail pour lequel aucune mutation

ponctuelle provoquant une maladie génétique (Amélogenese Imparfaite) n’a encore été découverte.

2. L’Amélotine (AMTN)

Une ¢étudiante en these travaille actuellement sur ce sujet et une collaboration avec elle devrait

probablement voir le jour trés bientdt.

L'amélotine s'est ajoutée récemment a la famille des EMPs; elle a été initialement identifiée au
niveau des améloblastes d'incisives de souris par la technique de DD-PCR (Differential Display
Polymerase Chain Reaction) (Iwasaki et al., 2005). Le clonage des ADNc d’AMTN du rat a donné trois
différents produits de transcription, le plus long contenant 1032 nucléotides avec 9 exons (Moffatt et al.,
2006). Les deux autres produits de transcription représentent des variantes d'épissage : le produit de
transcription 2 ne contient pas 1'exon 7 alors que le produit de transcription 3 ne contient pas les exons 3 a
7. Les sept premiers exons codants sont en phase 0. L'amélotine est une protéine sécrétée caractérisée par
une abondance égale de proline, leucine, glutamine et thréonine et par l'absence de cystéine. Des
modifications post-traductionnelles ont révélé la présence de motifs SXE trés conservés chez sept
Mammiféres (humains, rats, souris, chimpanzés, macaques, chiens et opossums) ainsi que de nombreux
sites potentiels d'O-glycosylation. Etonnamment, les produits de transcription 2 et 3 ne possédent pas de
motifs SXE, ce qui peut révéler des différences fondamentales dans les fonctions des différentes
isoformes de I'AMTN (Moffatt et al., 2006). L'expression d'AMTN est restreinte au stade de maturation
des améloblastes des molaires et des incisives de souris en développement (Iwasaki et al., 2005). Cette
découverte est confirmée par Northern Blot (Moffatt et al., 2006) qui révele une expression importante
d'AMTN dans les stades de maturation de 1'organe de 1'émail. Cependant, cette expression d'AMTN dans
les stades de maturation est différente de celles d'AMBN et d'ENAM qui sont principalement exprimés
dans les stades de sécrétion de l'améloblaste (Smith, 1998). Il convient aussi de noter qu'AMTN est
exprimée a de faibles niveaux dans d'autres tissus comme les ligaments parodontaux, les poumons, la
gencive et le thymus. La localisation immuno-histochimique d'AMTN a révélé une localisation unique a
l'interface entre I'extrémité apicale des améloblastes et la surface de 1'émail au cours de la maturation dans
la lame basale. Cette localisation cellulaire particuliere suggére un role dans l'adhésion des cellules.
Néanmoins, aucun motif RGD connu pour se lier aux intégrines de la membrane cellulaire n'est présent
dans 'AMTN (Moffatt et al., 2006). Iwasaki et al. (2005) ont aussi indiqué qu'il est peu probable que les
améloblastes sécrétent des quantités importantes d'’AMTN dans un environnement fortement

protéolytique, a moins que la protéine elle-méme ne soit une protéase.
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3. Odontogenic, ameloblast-associated protein (ODAM)

Cette protéine a été initialement identifiée par Solomon et al. (2003) dans des dépots d'amyloide

d'échantillons de tumeurs odontogénétiques humaines; ils 1'ont appelée Apin.

Une recherche intensive des génes de protéines exprimées par les améloblastes a partir de banques
d'ADNc provenant d'incisives de rat a récemment permis l'identification d'ODAM en méme temps
qu'AMTN. Ces deux genes sont en effet exprimés par les améloblastes durant le stade de maturation de
I'émail (Moffatt et al., 2006). Cependant, Park et al. (2007) ont aussi détecté¢ une faible expression
d'ODAM par les améloblastes au stade de sécrétion. Etant donné la localisation d'ODAM sur le
chromosome 4 chez les humains et son architecture, le géne a été inclus dans la famille des SCPPs
(Kawasaki et Weiss, 2003). ODAM contient un peptide signal riche en glutamine et proline (Moffatt et
al., 2006), aussi faut-il souligner quODAM a quelques autres caractéristiques des SCPPs, par exemple des
introns en phase 0 et la présence d'un motif SXE codé par 1'extrémité de I'exon 3. Chez 'homme, ODAM
semble avoir une variante d’épissage qui ne dispose pas de l'exon 2, mais on ne retrouve pas cette
caractéristique chez les rongeurs (Moffatt et al., 2006). ODAM est surexprimée dans certaines cellules
cancéreuses (cancer du col de l'utérus: Rosty et al., 2005 ; quelques cancers gastriques: Aung et al., 2006).

L'expression excessive d'ODAM dans plusieurs formes de cancers reste encore un phénomene incompris.

Comme AMTN, ODAM est détecté au début du stade de la maturation dans la région de Golgi et
dans la région apicale des améloblastes (Moffatt et al., 2008). Le marquage immunologique dans le Golgi
pour ODAM persiste tout au long du stade de maturation, alors que celui d AMTN devient faible juste
apres la progression des améloblastes dans les stades de maturation. Une autre différence réside dans
l'observation d'une coloration plus diffuse dODAM le long de la surface apicale de I'améloblastes alors
que celle d'AMTN est localisée précisément au niveau de la région de la lame basale faisant la connexion
entre 'organe de I'émail et la surface de 1'émail (Moffatt et al., 2006). L'autre site d'expression dODAM et
d'AMTN est 1'épithélium de jonction qui entoure les dents en éruption (Park et al., 2007; Moffatt et al.,
2008).

La localisation d'ODAM et d'AMTN indique que ces deux protéines jouent peut-étre un role
favorisant 'adhésion de 1'épithélium a la surface des dents et cela suggére aussi une interaction possible

entre les deux protéines qui est nécessaire a I’accomplissement de cette fonction.

Cependant, Park et al. (2007) ont suggéré qu'ODAM pourrait aussi étre impliquée dans la
minéralisation et la maturation de 1'émail, mais probablement de facon indirecte en régulant 1'expression

de la métalloprotéinase MMP 20 et de la tufteline.
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1l n’y a pas que les SCPPs dans la vie ...

MMP20 et KLK4

La minéralisation de 1’émail est sous le controle des EMPs. Cependant, cela fait longtemps que
I’on soupgonne un réle prédominant des protéases dans la mise en place correcte de 1’émail. En effet,
I’émail est un tissu unique dans le monde animal car il est hyperminéralisé ce qui empéche la présence de
protéines comme le collagéne qui servent habituellement de soutien, de trame de minéralisation dans les
tissus comme 1’0s. Les EMPs, et particulierement 1’amélogénine, jouent ce role clef de trame de
minéralisation mais avec une contrainte de taille : cette trame doit étre 6tée de la matrice durant la phase
de minéralisation afin d’obtenir un tissu minéralis¢ a plus de 98%. C’est ici qu’interviennent les
protéases.

La protéase prédominante dans la matrice de 1'émail au cours de 1'étape de sécrétion est
I'énamélysine (MMP20) (Li et al., 1999 ; Ryu et al., 1999). MMP20 est supposée €tre une protéase qui
clive rapidement AMBN et ENAM, ainsi qu'AMEL, juste aprés leur sécrétion par les améloblastes et
qu'elle dégrade ensuite sélectivement certains de leurs produits de clivage, alors que d'autres au contraire
s'accumulent, faute d'étre protéolysés, comme le fragment d'ENAM de 32 kDa (Yamakoshi et al., 2006).

L'inactivation de MMP20 chez la souris par la technique du "knock-out” entraine de profonds
défauts de 1'émail, ce qui confirme son importance majeure dans la formation de I'émail (Caterina et al.,
2002). Cependant, Yamakoshi et al. (2006) ont montré que MMP20 ne peut pas cliver le fragment de 32
kDa d’ENAM in vitro car les glycosylations protégent ce peptide des dégradations. En revanche, il a été
démontré que KLK4 (kallikrein 4), une protéase plus petite que MMP20 (Scully et al., 1998) est capable
de dégrader le fragment de 32 kDa (Yamakoshi et al., 2006). Cinq sites majeurs de clivage par la KLK4
ont été identifiés chez ENAM. Il a également été montré que MMP20 et KLK4 clivent les protéines de
I'émail de maniere différente, suggérant qu'elles jouent un role complémentaire dans I'amélogenese
(Yamakoshi et al., 2006).

Ces protéases ont donc probablement évolué conjointement avec les EMPs pour assurer la
minéralisation de I’émail. L’émail a dii étre un tissu qui est devenu de plus en plus minéralisé au cours de
I’histoire des vertébrés et cette évolution s’est réalisée a la fois par la spécialisation de protéines de
minéralisation comme les EMPs et aussi par le recrutement de protéases assurant a I’arrivée la
construction d’un tissu presque entiérement minéral. C’est pourquoi, I’étude de 1’évolution de 1’émail doit

passer par 1’étude de I’évolution des protéases de la matrice amélaire.
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miR-1304

Des travaux récents (Lopez-Valenzuela et al., 2012) ont montré qu'un MicroARNs (miR-1304)
régule les génes responsables de la formation de 1’émail comme ENAM et AMTN. Une version
ancestrale de ce MicroARN présente chez Neandertal est responsable d’une réduction de 50% de
I’expression de ces genes. Il existe des différences évidentes de morphologie de 1’émail entre I’Homme
moderne, comme par exemple une plus grande finesse de 1’émail chez ce dernier. Les auteurs concluent
que ces différences sont le résultat d’une mutation sur miR-1304 survenue sur la lignée d’Homo sapiens.

Il serait intéressant d’étudier I’évolution de la séquence de ce MicroARN ou de sa région de
liaison située dans les partie 3’-UTR de ENAM et AMTN, surtout chez les Mammiféres qui montrent

une diversité de morphologie de 1’émail trés importante.
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Perspectives

A ce jour nous ne savons pas quels membres des SCPPs étaient présents lors de la minéralisation
des tissus squelettiques des premiers vertébrés. Tout au plus, les études d'évolution moléculaire menées
dans notre équipe ont indiqué que les génes de 1'émail étaient présents a cette époque (Delgado et al.,
2001 ; Sire et al., 2007). De par leur nature non structurée (Tompa 2002), les SCPPs possedent des
régions variables qui limitent beaucoup l'identification de leurs geénes par les méthodes de PCR
classiques, surtout chez des espéces phylogénétiquement ¢éloignées. Pour cette raison, les connaissances
sont trés dépendantes du séquengage de génomes et elles ont beaucoup plus progressé chez les
Mammiféres (45 génomes disponibles) que dans les autres lignées sarcoptérygiennes ou elles sont
limitées a quelques especes de Tétrapodes non mammaliens (3 génomes d'oiseaux, 1 génome de 1ézard, 1
génome d'amphibien) chez lesquelles les SCPPs sont assez bien connues. L’étude de I'origine, des liens
de parenté, des patrons évolutifs des SCPPs et des régions fonctionnelles se heurte donc aujourd’hui a ces
données fragmentaires chez les Sauropsides et les amphibiens, et a leur totale absence chez les

représentants actuels des lignées basales des Sarcoptérygiens, dipneustes et coelacanthes.

J’ai donc commencé par accueillir une étudiante sur un sujet de Master 2 et bien qu’elle n’ait pu
poursuivre nos recherches en These de Doctorat, son travail a permis d’obtenir les premieres données sur
les EMPs chez les reptiles. D’un point de vue personnel, cette expérience d’encadrement en Master a
¢galement été trés enrichissante, mais le fait de devoir s’arréter aprés quelques mois fructueux m’a paru
assez frustrant et m’a incité a aller plus loin, vers la thése de doctorat. Pour poursuivre ces projets, j’ai
donc écrit un sujet de thése pour atteindre un double objectif : tout d'abord, acquérir de nouvelles données
sur ces genes chez les reptiles archosauriens (crocodiliens), chez les amphibiens (pleurodéle et
gymnophiones), chez les dipneustes et les ccelacanthes, afin de faire I'analyse évolutive des SCPPs chez
les Sarcoptérygiens.

La séquence d’un géne ou d’une protéine apporte évidemment énormément d’informations sur un
phénomene biologique comme la biominéralisation, mais elle ne doit jamais étre déconnectée de I’aspect
fonctionnel et physiologique. Aussi, le deuxiéme objectif d’une thése sous ma direction serait d'étudier
I’expression des SCPPs chez le pleurodéle (en élevage au laboratoire) et chez un gymnophione (facile a
obtenir dans le commerce spécialis€¢) au cours du développement des dents et des os (machoire) et
permettrait de comprendre comment les fonctions de ces protéines ont été acquises dans les différentes
lignées sarcoptérygiennes. Une étude faisant appel a I’hybridation in sifu aiderait certainement a répondre
aux question suivantes : 1’expression de ces genes est-elle semblable ou différente dans le temps et
l'espace chez ces diverses especes? Est-elle étendue a d'autres tissus, y compris non minéralisés, ou au
contraire la spécificité de ces protéines était-elle déja bien établie chez l'ancétre des Sarcoptérygiens, il y a

environ 450 Ma?
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Comme je viens de 1’exposer, il manque des données moléculaires cruciales que je me propose
d’obtenir dans les années a venir. Pour combler ces manques, je peux également m’appuyer sur certains
génomes incomplets en cours de réalisation. Celui du ccelacanthe est le plus prometteur et permettra de
compenser la rareté de son ADN ! Cependant, afin de ne pas dépendre de I’avancée aléatoire d’autres
recherches, nous nous sommes lancés récemment dans le séquencage de transcriptomes de machoires sur
les modeles qui nous intéressent. Ainsi, nous avons réalisé le séquencage de transcriptomes de machoires
d'un crocodile et d'un dipneuste. Malgré cela, a ce jour ces nouvelles données n’ont pu étre exploitées

faute d’un étudiant en thése.

De plus, nous prévoyons dans le futur d'obtenir d’autres transcriptomes comme ceux d'un
gymnophione et d’un pleurodele. Ces projets dépendent évidemment de financements car le séquencage a
grande échelle reste une technique onéreuse. C’est dans ce cadre que nous avons fait une demande de

financement ANR en 2012.
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ABSTRACT

Amelogenm gene organization varies from 6 exons
(1.2,3,5,6,7) 1 amplabians and sauropsads 1o 10
rodents. The addimional exons are exons 4, 8, 9,
and “4b", the latter bemg as yet umdentfied mn
AMELX transenpts. To leam more about the evo-
lutionary onigin of these exons, we used an in
sifico approach to find them m 39 tetrapod
genomes. AMEL organization with 6 exons was
the ancestral condition. Exon 4 was created m an
ancestral thenan (marsupials + placentals), then
exon 9 m an ancestral placental, and finally exons
“4b" and ¥ in rodemts, after divergence of the
squirrel lineage. These exons were either mnact-
vated in some lineages or remamed functional:
Exon 4 15 functional from artedactyls onward,
exon 9 13 known, 1o date, only i rodents, but could
be coding 1in vanous mammals; and exon “4b™ was
probably coding in some rodents. We performed
PCR of ¢DNA solated from mouse and human
tooth buds 10 idennfy the presence of these tran-
seripls. A sequence analogous to exon “4b™, and to
exon Y, could not be amplified from the respective
woth cDNA, indicating that even though sequences
sumilar to these exons are present, they are not
transcribed mn these species.

KEY WORDS: amelogenin, small exons, evolu-

tonary ongm, PCR, enamel, tetrapods.

DOL 1077002205451 1423399

Recerved July 5, 20110 Last revision Awgest 19, 2011;
Accepted August 23, 2011

A supplemental appendix to this amxcle 1s published ehec-
tronscally oaly at hitp:/jdr. sagepab com'supplemental.

© Imermational & Amercam Associations foc Dental Research

84

Evolutionary Story of
Mammalian-specific Amelogenin
Exons 4, “4b”, 8, and 9

INTRODUCTION

A:nclogcmn, the major protemn of formmg enamel, mainly plays a role in
rystal growth (Robinson er al., 1996, Bemash er al., 2005). Its encoding
gene (AMELX <« AMEL in non-mammalian spectes) 15 composed of 7 exons
in mammals, except in rats and mace, in which 2 addinonal exons (8 and 9)
have been found (R Lt ev al., 1995, W L1 er al., 1998). These exons and exon
4 are not present i non-mammalian AMEL. AMELX 15 subjected to alterna-
tve splicing, giving nise to several transcrpts and vanous 1soforms. Some
of them might possess signaling capabilities. [n the mouse, 17 AMELY tran-
scripts have been dentified, among whach 7 lack exon 7 and end with exons
Sand 9 (R Lieral, 1995, W Li e al, 1998, Bartlett et af_, 2006). In 2006,
when analyzmg the genomic region contamning AMELY exon 8, Bartlent and
colleagues revealed that this exon was homologous to exon 5. In additen,
they found that a small sequence located immediately upstream of exon 8 was
identical to the exon 4 sequence, and they referred to this as a putative exon
4b. Exons 4b and 8 were, therefore, generated from the duplication of a gDNA
segment containmg exons 4 and 5, which was translocated downstream of
exon 7. Surpnismgly. exon 4 was never found in AMELY wranscnpts wdentified
in rodent cDNA, and hence hereafter are marked “4b"

Using in silico mvestigations, we traced the ongin of mammalian-specific
AMELY exons 4, 40", 8, and 9 through tetrapod evolution. Our analyses provade
nfoemation ca the birth of these exors and led us to wonder whether AMELY
exon “db™ 15 coding m the mowse, and whether exon 9 15 present m buman
AMELX and AMELY manscripts. We addressed these questions using PCR.

MATERIALS & METHODS
In silico Searches

In total, 39 sequenced tetrapod genomes [37 mammals, a hzard (Anolis caro-
linensix), and a frog (Xenopus tropicalis)] were explored for AMEL exons 4,
“4b”, 8, and 9. Published sequences were used as a template for localization
of the sequences in the genomes by BLAST. The regons potentially housing
AMEL exon 4, 1.5 kb between exons 3 and S, and AMEL exons “4b", &, and
9, 20 kb downstream of exon 7. were extracted from each genome (Fig. 1)
These regions were screened with UmDPlot (Girondot and Sare, 2010), with
human and rodent sequences of the targeted exons as a template. The
sequences were valdated by means of alignment with human and munne
sequences with Se-Al 2.0 (Rambaut, 1996)
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References of the studsed genomes and AMEL sequences are
listed 1n Appendix 1.

Selective Pressure Analysis by the Hyphy Method

Hyphy software (http/hyphy org. Pond er al., 2005) was used
i the search for selective pressures that acted on exon 4 duning
evolution (Appendix 2).

PCR

Primsers were designed with Primer Premer 5.0 software
(PREMIER Biosoft International, Palo Alto, CA, USA) (Appendix
3). PCRs were performed on mouse genomse DNA (gDNA) with
prumer pasr M1, 10 oblain an accurate sequence of the non-coding
genomic regron located between exons 7 and 8. This ammed
check whether AMELY exon “4b™ sequence was really present in
the mouse genome or was an artifact resulting from an incorrect
computer-predicted sequence sssembly. PCRs were also done on
a mouse toth bud ¢cDNA library with primer pairs M2, M3, and
M4, o find ranseripls possessing the putative exen “4b". In
humans, utilizmg prmer pais H1 and H2, we performed PCR on
¢DNAs for putative transcenpts endmg with exon 9 (including a
human fetal woth cDNA library and ¢cDNA samples freshly pre-
pared from fetal human tooth buds, collected under the gurdelmes
of the Unaversity of Califorma Commuattee on Human Research),
by using the RNeasy Mim Kit and SuperScript 1l Reverse
Transcriptase Kit. Both in humans and mice, the pnmers designed
for PCRs on ¢DNA were used to amplify gDNA, to demonstrate
the effectiveness of the primer sets.

RESULTS
AMELX Exon 4

Exon 4 was found m all mammalan genomes, except in the
monotreme platypus (Fig. 2). Exon 4 8 absent in hizard and frog
gDNA. In several mammals [a pnmate (marmoset) out of 11
species studied, 7 laurasiatherians out of 11, the 2 xenarthrans,
the 3 afrotherans, and the 2 marsupials), our analysis indicated
that the putative exon 4 was mactivated (see Fig 2). [n contrast,
it is possibly coding in prumates, the tree shrew. rodents, artio-
dactyls (cow. alpaca. and pig), the cat, and i human AMELY, m
which it possesses correct intronic splice sites and no deleterious
mutation {Fig. 2). Selective pressure analysis wlenufied the sec-
ond residue encoded by exon 4 as being negatively selected (1e.,
conserved) and resadues 3, 7, 8, and 13, and the introne splicing
stle as being positively selected (see Appendix 2).

AMELX Exon “4b"

In the mouse, sequencing the 2.0-kb genomic region separating
exons 7 and 8 provided a sequence identical (not shown) to that
available in databases, which means that the gDNA sequence
contaming exon “4b", and identical to the sequence around exon
4, 15 a vahd sequence and not an artifact generated duning
computer-aided assembly of this region.

A search for exon “d4b" downstream of AMEL exon 7 in all
genomic sequences revealed that a homoelogous sequence 1s

Mammalian-specific Amelogenin Exons 85
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Figure 1. AMELX crgonization in the mouse genome showing the 10
exons: exons | 1o 9 and the pulotive exon db. Exon db and exon 8
were crealed ofter the DNA region containing exon 4 and exon 5 was
duplicated ond ramlocated dowmlreom of exon 7 |orrow). The
ragions that were explored in various genomes for exons 4, db, 8, and

9 (groy blocks) are indicoted with brackets

present in munds (mouse, rat, and the 2 related species) and in
cavisds (gumnea prg), while 1t 1s absent i sciunds (squirrel) (Fig.
3A) It could be coding i the guinea prg, rat, deer mouse, and
mouse, while not coding in the kangaroo rat, in which the splice
acceptor site 15 mutated. The inactivating mutation of exon “4b”
i thas species could have favored the accumulaton of numerous
substitutions, as observed in 118 sequence.

However, we failed 1o PCR amplify exon “4b" from a mouse
toth bud cDNA library.

AMELX Exon 8

Genome exploration downstream of AMEL exon 7 revealed that
exon § 18 present, m additon 1o the mouse and rat, i only 3
other rodent AMELX (Fig. 3B). It was not found in the squirrel
and 1n all non-rodent spectes, even as pseudogense. Sequence
analysis pomnted to several substitutions when compared wath
the sequences of exon S, from which it 15 denved. However,
with the mtrone splice sites bemg correct and no deleterious
mutatton being observed, there 18 no reason to think that
AMELX exon 8 was not coding m the deer mouse, kangaroo rat,
and gumea pig (Fig. 3B).

AMELX Exon 9

Screenmng the region downstream AMEL exon 8 in all genomes
not only revealed the presence of exon 9 in all rodent sequences
possessmg exon 8, but also demonstrated the presence of a
sequence with a high percentage of nucleotide identity in all
placental AMELX, mcluding human AMELY and AMELY. No
sequence sumtlarity was found in marsupral, monotreme, and
non-mammalan gDNA.

Alignment of all putative exon 9 agarst murine seguences
showed that most sequences, mcluding human AMELY and
AMELY exon 9, pessessed a correct intron splice deaor site at
their §' side, along with a stop codon (Fig. 3C). In a few sequences
only (eg., kangaroo rat), the putative intron splice site 18 mutated,
which mdicates either that exon 9 15 not coding (e, indepen-
dently inactivated m a few species) or that another putative intrea
splice site 15 Jocated upstream but s hard 1o define. The sequence
length of exon 9 15 variable {eg., 15 bp m gumea pag, 27 m
mouse, 60 in human AMELX but 27 in AMELY, 69 1n shrew), but
the nucleotnde dentity in homologous regrons indicates that this
exon 15 probably coding. A putative polyadenylation signal 15 also
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Figure 2. Alignment of 37 nuclectide sequences of esther functional |i.e., found i cDNA, species indicated in bald), or putatively functional |bee
no cDNA data), or inoctwvated [see below) AMELX exon 4 recavered i the genome of representofive species of mammalion lineages. Human
AMELY excn 4 was incloded in this alignment; it exhibits only 2 nucleotide substtutions [underlined) and backs functicnal. The impartont nuclecades
aof the danor |left] and occeptor jrighd intran splices ore mdicated on bath sides of the alignment. Excn 4 is assumed 1o be functional in all primates
except in the marmozet, i the tree shrew, in rodents, and in a few lourasiatherions. In contrast, exon 4 is inoctwvated (# = pseudogenic) in
numeraus kneoges; it shows either sphce-sitemutated (in groy background| or deleterious mesations (reading frame shift or stop codon, underkined).
Selective pressure andlysis |Hyphy method, see Appendix Z) identified 1 negatively |) and 5 positively (+) selected s#es. Latin nomes of species
and accession numbers of sequences are indicated in Appendix 1. Afr = ofratherians; Mar = marsupials; Xen = xenortheans

at the correct location &8 compared with rodent sequences {not
shown). Grven the similanty between AMELY exon Y sequence m
representatives of most placental mammal lineages, i.e, coverning
a pertod of 104 million years (Ma) of eveluten (Fig. 4), we
believe that exon 9 15 coding. otherwise, mutations would have
accumulated at random.

However, we have not been able to PCR amplify exon 9 from
human fetal tooth cDNA

DISCUSSION

AMELX Exons 4, “4b", 8, and 9 are

Mammalian Innovations

The exploration of 39 tetrapod genomes allowed us 10 trace the
ongin of AMEL exons 4, “4b", 8, and 9 1n tetrapod evolution and

10 demonstrate that they are mammalan-specific AMELY exons.
Indeed, these exons are not present in hzard and frog gDNA,
confirming previous published AMEL wanscrpl sequences m
reptiles (Ishiyama er al., 1998; Delgado er al., 2006, Wang er al.,
2006) and amphibians (Toyosawa er al., 1998; Dickwasch et al.,
2009). None of these exons was found in the platypus genome,
confimming previously sequenced AMEL wansenpts { Toyosawa
er al, 1998). This means that AMELY was composed of 6 func-
tonal exons (1-3, 5-7) in the last common ancestor of therian
mammal (placentals + marsupials), i.e., circa 176 Ma ago.
Exon 4 appeared in an ancestral thenian, ie., between 220
and 176 Ma ago, but was not functional, confirming previous
¢DNA sequencing i the opossum (Hu er al, 1996). It was
retained as a functional exon only later in placental evolution
(thus, 7 exons for AMELX). Then, exon 9 was recruted in an
ancestral placental, but was not retamed in several hneages.
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Figure 3. Alig of omelogenin exons 4 and 4b, exons 5 ond 8, and excn 9. A] Alignment of AMELX exon 4 with the putative excn “4b*

sequence found in 5 rodent genomes. In 4 species, exon “4b” is putatively functional: correct donar [left| and acceptor (right] intron splices ond
sequence either identical or close to thot of exon 4. In the kongaroo rat, exon “4b” is not coding, as indicated by the mutation of the acceptor
mntron sphce fgray bockground|; note that this exon “4b” sequence shows more nudeotide substtutions than in, e.g., mouse ond rot sequences.
Nuclectde differences between excn 4 and excn “4b” ore underdined. Lotin names of species are indicated in Appendix 1. |B} Alignmens of

AMELX excn 5 with exon 8 sequences

found in 5 rcdent genomes. Mouse and rat sequences ore functional. The 3 ather excns B are putatively

functional: correct donor (left) ond acceptor [right) intron splices, no deleterious mutations, and sequence dase to that of mouse exon 8. Nucleatide

differences between exon 5 and exon

8 ore underlined. latin nomes of species are indicated in Appendix 1. [C) Alignment of functiond |i.e.,

found in mouse and rat AMELX transcripts, in bold), pusatively functicnal |but no <DNA data), or non<oding (i.e., putative intron splice muated,
gray background) AMELX excn 9 (nuckectide and pratein sequences) of species representative of vorious mammalian lineages. Several sequences
are putatively functicnal: comrect danor intron splice (shown on the lef) and beginning of the sequence similar to thot of mouse ond rot exan 9.
Ncte the remarkable conservation of the sequence from elephant 1o mice, and the differences between human AMELX and AMELY zequences.
* = stop codon. Latin names of species are indicated in Appendix 1.
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Figure 4. A swummary of the story of AMELX small exony during
mammalion evalution. On the left: pulatve location of the recruilment
|numbered gray cirdes) then fixation [rumbered block circles] or
naclivation [numbered white cirdes) of AMELX exons 4, “4b", 8, ond
9 during evolution AMELX exon 4 was recruited first, in on ancestral
therian, then exon 9 in an ancestral placental mammal Exon “4b" and
exon B wars recruited in the linsage leading to murid rodents, around
50 million ywars [Ma) ago. Once created, these 4 small, mammalion-
specific AMELX exons wees consseved as sither fnclional (fixed) or
not (prevdogenic) in oll whbiequant lian lineages. On the right
For wach linsage, AMELX crgonization is shown with funchional exans
as black blocks, prsudc-exons as white blocks, and putatively coding
exons o3 gray blocks. Estimated imes of divergence: tetrapods from
Hedges [2009], omnictes from Shedlock and Edwards [2009),
mammals from Madsen (2009, placental mommals from Murphy ond
Eizirik (2009), ond redents from Adking ef o) |2001) and Huchon
al al |2002)

Eventually, exons “4b™ and 8 were created i an ancesiral
rodent.

Coding or Not Coding Mammalian-specific Exons

In additson to providing infoemation ca the tming of the recruit-
ment of these small exens dunng evolution, our analyses indscated
whether these exons are putatively coding in representatives of the
mammalian lmeages Indeed, current data concernng AMELY
transenpt sequences are avaslable in a lmited specwes only.

Exon 4

Exon 4 was identified in the first published human, mouse, rat,
cow, and pig AMELY cDNAs (Gibson ef al, 1991, Salido e al.,
1992; Summer, 1995). However, this exon 1s not encoded in the
major AMELX 1soform (known as A-4) (Veis, 2003). In rodents,
the soform contamning the region encoded by exon 4 (called
A+d) could have a different function compared with A-4, as
suggested by bead implantation i the exposed pulp of rat
molars. A4 induced closure of the reot canal, formatwon of a
reparative dentinal bridge, and diffuse muneralization in the
mesial part of the pulp chamber. The reaction was weaker after
A4 implantation (Six ef al, 2004, Jegat et al., 2007). The
positive selection of § resrdues dunng mammalian evolution
means that these residues were fixed (no longer subjected to
substitution) during mammalian evolution, suggesting that they
have acquired a function impoctant for this regron of the protein.

J Dent Res 91(1) 2012

Our results support the following scenano:

(1) Exen 4 appeared in an ancestral therian after a DNA regron
containing a similarly sized coding exon was duplcated. AMELY
exan 5 15 the most probable candidate, beang close to exon 4 and
having the same swe. Addinonal exons are mostly recourted
through the duplication of a DNA regron withan the same gene, as,
ey, for the creation of exons “4b™ and 8 m rodent AMELY (see
below). A vast majority of such tandem duplications are likely 10
be mvolved in mutually exclusive altemative sphicing events
(Kondrashov and Koonn, 2001; Letunic ef af., 2002). Such an
alternative splicing 15 known foe exon 4.

(2) Once created from exon S, the peptide encoded by exon
4 did not improve protein function (as redundant peptide), and
it accumulated numerous substitutions until a functional copy
was retamned by natural selection mn, e g., munds, primates, and
artiodactyls; this process 18 expected after exon duplication, and
could explain why sequence homology with exon 5 is no longer
recognzable in all species possessing AMELX exon 4.

(3) Addional mutations occurred imdependently in thenan
lneages. Mutations affected the splice donor site, resulting in
exon 4 inactivation in marsupials, afrothenans, xenarthrans, and
some laurassatherians. Given the short evolutionary penod since
exon 4 was inactivated, the sequence 8 sull easily recognizable
a5 pseudogenic.

(4) In some placental mammal lineages, exon 4 mutation
resulted in a protemn sequence somewhat useful for protein func-
ton (eg.. useful when meluded in some particular transenpts),
and these changes were fixed after positive selection, which
occurred in an ancestor of primates, rodents, and artiodactyls, as
revealed by the conserved exon 4 sequence in these species.

Exons “4b” and 8

As mentioned before, exons “d4b" and 8 are homologous to
exons 4 and S, respectively {Bartlen er al., 2006). However,
exon “4b" has not been identified i the vanous AMELX tran-
scripts identified thus far in murids.

In the mouse, by sequencing the genomic regron separating
exaons 7 and 8, we answered “no” to the question of exon “d4b”
bemng a possible artifact generated dunng computer-aided assem-
bly of this genomic region. Bul, how to explain the identical
sequences of exons “4b” and 4, and the absence of exon “4b" in
AMELY wanscapts? If the duplicatnon/tramslocation event had
oceurred recently, fe., in the munne lineage, the resulting exon
“4b" could have been non-coding without accumulating mutas-
nons during such a short tme. However, we found that exons
“4b" and 8 were created earhier, after the squarrel lineage diverged,
e approxmmately S0 Ma ago. This is suffictently long for muta-
nons accumulating o random; otherwise, sequence conservation
mears that it 15 subjected 1o functional constraints, fe, it 13 cod-
ing. This finding 18 addinonally supported when one considers the
few nucleotide substitutions observed m exon “d4b™ compared
with that observed m exon 8. that 11 18 coding. both sequences
were duplicated at the same tme, but only exon 8 was found in
several ransenpts. Also, in the kangaroo rat, numerous substitu-
nons were observed, while exon “4b™ was mactivated.

However, although these findings mdicate that exen “4b™
should be coding, at least m rodents, we fatled to find AMELY
transcrpls contaming exon “4b™ m a ¢DNA library of murine
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woth buds. Either such a transcnpt 15 stage-specific duning
enamel formation or 1t 15 to be found m other Joct i the mouse
woth. To date, the presence of exon “4b™ in rodent AMELX
£DNA remains an enigma.

Exon 9

In rodents, AMELY exon 9 encodes 9 residues and a stop codon.
It was beleved that the translocation of the gDNA region contain-
ing exons 4 and S downstream of exon 7 has triggered the activa
non of a downstream sequence, resulting in the expression of
exan 9 (Bartlett et al., 2006). Here, we show that the exon 9
sequence was recruted long before rodent differentiation, 1 a
placental mammal ancestor, 176-104 Ma ago. As discussed for
exon 4, a gDNA region containing a coding exon was duplicated!
translocated dowrstream of exon 7, mutations were accumulated
At random, and fixaton or nactivation occurred depending on
whether the sequence was subjected to functional constraints.

However, why was exon 9 not found m mammalian AMELY
transcripts other than in munds? The high simalanty of exon 9
sequence m vanous mammals indicates that ot should be coding,
but our atternpts to find wansenpts including exon 9 in human
tooth germs were unsuccessful. It 18 possible that such transenpts
are stage-specific or expeessed in other Joci, or that human tooth
enamel no longer requires the encoded peptide. Our cDNAs were
prepared from human fetal ussue younger than 23 wks, when the
toth enamel was sull in pre-secretoey and early secretory stages.
It is possable that exon 9 may not express at a detectable Jevel at
these stages. To date, the presence of an exon 9 sequence m non-
murine AMELY gDNA also remams an enigma.
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Abstract

Enamelin (ENAM) has been shown to be a crucial protein for enamel formation and mineralization. Previous molecular
analyses have indicated a probable origin early in vertebrate evolution, which is supported by the presence of enamel/
enameloid tissues in early vertebrates. In contrast to these hypotheses, ENAM was only characterized in mammals. Our
aims were to 1) look for ENAM in representatives of nonmammalian tetrapods, 2) search for a pseudogene in the chicken
genome, and 3) see whether the new sequences could bring new information on ENAM evolution. Using in silico approach
and polymerase chain reaction, we obtained and characterized the messenger RNA sequences of ENAM in a frog, a lizard,
and a crocodile; the genomic DNA sequences of ENAM in a frog and a lizard; and the putative sequence of chicken ENAM
pseudogene. The comparnson with mammalian ENAM sequences has revealed 1) the presence of an additional coding
exon, named exon 8b, in sauropsids and marsupials, 2) a simpler 5'-untranslated region in nonmammalian ENAMs, 3)
many sequence vanations in the large exons while there are a few conserved regions in small exons, and 4) 25 amino acids
that have been conserved during 350 million years of tetrapod evolution and hence of crucial biological importance. The
chicken pseudogene was identified in a region that was not expected when considering the gene synteny in mammals.
Together with the location of lizard ENAM in a homologous region, this result indicates that enamel genes were probably
translocated in an ancestor of the sauropsid lineage. This study supports the origin of ENAM earlier in vertebrate evolution,
confirms thart tooth loss in modem birds led to the invalidation of enamel genes, and adds information on the important
role played by, for example, the phosphorylated serines and the glycosylated asparagines for correct ENAM functions.

Key words: lizard, crocodile, clawed toad, chicken, dental proteins, enamelin, pseudogene, evolution.

Introduction

Enamelin (ENAM), ameloblastin (AMBN), and amelogenin
{AMEL) constitute the enamel matrix protein (EMP) family,
a group of proteins that belongs to the large family of se-
cretory calaum-binding phosphoproteins (SCPP) recently
identified by Kawasaki and Weiss (2003). It is well estab-
lished that these three constitutive proteins play an essen-
tial role during enamel matrix formartion, organization, and
mineralization. ENAM, the largest protein in the enamel
matrix of developing teeth, comprises only 5% of the total
EMPs (Termine et al. 1980) but is probably a crucial mem-
ber of the family. Indeed, in the ENAM ~'~ mice, the min-
eral that forms on dentin is not true enamel and easily
crumbles as also described in AMBN ~~ mice (Hu et al
2008; Smith et al. 2009). In contrast, enamel is present
in AMEL ~"" mice, although it displays severe hypoplasia
{Gibson et al. 2007; Fukumoto et al. 2004; Smith ec al. 2009).
In humans, nine autosomal-dominant or -recessive muta-
tions of ENAM were reported to lead to a genetic disease,
amelogenesis imperfecta (Hart et al. 2003; Kim et al. 2005;
Kang et al 2009). A recent evolutionary analysis of ENAM

in mammals, that is, covering approximately 200 million
years {My) of evolution, enlighted several well-conserved
residues and mouifs, which indicates important functions
resulting from long-lasting natural selection (Al-Hashimi
er al. 2009).

Recent knowledge of the relatonships among EMP genes
has brought additional support to ENAM as being probably
the oldest member of the family. Comparative studies of
EMPs in tetrapods, performed in order to trace back the
EMP origins, relationships, and mode of evolution, have sug-
gested that AMEL was derived from a duplication of AMBN
and that the latter was created after a duplication of ENAM
{Sire et al. 2005, 2006, 2007). In addition, molecular data also
suggested thart at least one EMP was present by the end of
the Precambrian penod, 600-550 million years ago (Ma)
{Delgado ec al 2007; Sire et al. 2007); if these assumptions
are correct, this EMP, therefore, should be ENAM, and this
would mean that ENAM differentiation occurred probably
long before the early jawless vertebrates acquired a mineral-
ized skeleton. This first EMP was probably created from a du-
plication of SPARC-LT, itself derived from SPARC (Delgado
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et al. 2001; Kawasaki and Weiss 2003, 2006; Kawasaki et al.
2004, 200%; Sire et al. 2007; Kawasaki 2009).

Enameloids and/or enamels, the highly mineralized tis-
sues that protect tooth-like elements, such as edontodes,
denticles, and a variety of scales, were identified in the der-
mal skeletal elements of jawless and jawed vertebrares that
have lived approximately 450 My (Janvier 199& Donoghue
and Sansom 2002; Donoghue et al 2006; Sire et al. 2009).
These hypermineralized fossilized tissues display a charac-
teristic structure, highly reminiscent of that of enameloids
and/or enamels in extant species. We know, for instance,
that the forming enameloid matrix in teleost fish contains
collagen type |, which is synthesized both by the odonto-
blasts and by the ameloblasts (Kawasaki et al. 2005;
Huysseune et al. 2008). Then, the enameloid matrix is min-
eralized as enamel through a process of maturation. Such
a structural similarity allows to infer that the enamel marrix
in early osteichthyans was 1) composed with the same pro-
teins, 2) deposited by similar differentiated cells (amelo-
blasts), and 3) built through similar spatiotemporal
processes as described in living species. Therefore, the form-
ing enamel matrix of these ancestral osteichthyans cer-
tainly consisted of a combination of EMPs, especially
when considering that the EMPs are enamel-specific pro-
teins (Deméré ec al. 2008; Sire et al. 2008; Meredith et al.
2009). The history of enamels, and probably of enameloids,
started when the EMPs (or at least one of them) were
recruited to build these tissues in early vertebrates.

In contrast to these findings that support an ancient or-
gin for the EMP genes, and in particular of ENAM as being
the ancestor of the family, EMP genes have only been char-
acterized in the tetrapod lineages, that is, mammals, repxiles,
and amphibians (Toyosawa et al. 1998 Shintani et al. 2002,
2003; Hu and Yamakoshi 2003; Al-Hashimi et al. 2009). The
presence of AMEL and AMBN in all extant tetrapod lineages
indicates that these EMP genes at least existed in a common
ancestor of the tetrapod lineages and that their recruitment
predated the divergence between the amphibian and amni-
ote (mammals, repuiles, and birds) lineages, which occurred
approximately 350 Ma (Hedges 2002).

The fact that ENAM was only charactenized in mammals
seemed to contradict our hypothesis that ENAM is the old-
est and most important EMP. In order to test the hypoth-
esis that ENAM was present in nonmammalian tetrapods,
we looked for this gene in genome sequences of both an
amphibian, Xenopus (Silurana) tropicalis, and a lizard, An-
olis carolinensis. We fulfilled this objective, and two com-
plementary issues appeared when obtaining these
sequences. First, we were able to obtain messenger RNA
{mRNA) sequence of ENAM in a crocodile as well as in
these two species. The second issue concerned chicken
ENAM. In a previous study using in silico approaches,
we localized AMEL pseudogene (1Y) in the chicken genome,
bur all attempts to look for (WENAM were unsuccessful We
concluded thar after being invalidated, ENAM probably dis-
appeared from the genome after chromosomal rearrange-
ment (Sire et al 2008). However, by using an in silico
approach to localize the target region on chicken chromo-

somes, we found the chicken WENAM in an unexpected
region of the chicken genome compared with ENAM
location in mammalian genomes.

Materials and Methods

Biological Matenals
A 1-month-old Crocodylus niloticus (Crocodylidae; the Nile
crocodile, hereafter referred as crocodile), a juvenile Analis
carolinensis {Iguanidae; the green anole, hereafter referred
as lizard), and a young adult X. (Silurana) tropicalis (the
Westemn clawed frog, hereafter referred as frog) were used.
The animals were sacrificed according to the guidelines of
ethics committees. Immediately after dissection, the jaws
were immersed in liquid nitrogen and reduced to a thin pow-
der. Total RNA was purified {Rneasy Midi; Qiagen SA.),
mRNAs were isolated (Oligotex; Qiagen S.A.), and aliquoted.

Search in Databases
Xenopus tropicalis ENAM
The fourth assembly of the frog genome (X tropicalis 4.1)
was searched for ENAM in Ensembl (hrep://www.ensem-
bl.org/Xenopus_tropicalis/Info
/Index). Blasting the frog genome using mammalian ENAM
sequences provided no results. Therefore, we proceeded us-
ing gene synteny. First, we found AMBN (ENS-
XETTO0000000694) in scaffold 392 of the frog genome
sequence. Because AMBN is always the closest gene up-
stream to ENAM in mammalian chromosomes, we ex-
tracted 200 kilobases (kb) of genomic DNA (gDNA)
downstream AMBN. Then, the target region was explored
with UniDPlot, a software package designed to screen DNA
regions showing a weak sequence similanty (hoep//www
ese.u-psud friepc/conservation/UniDPlot/)  (Sire et al
2008). The first BLAST search was performed using 100 base
pairs (bp) of the conserved 5" region of the putative an-
cestral sequence of mammalian ENAM exon 10 (Al-Hashi-
mi et al 2009). This led to one hit in the target region. This
short sequence was translated into an amino acid (aa) se-
quence and identified as frog ENAM by means of alignment
with mammalian sequences using Se-Al v2.0a11 software
{heep://treebio.ed.acuk/software/seal) (Rambaur 1996).
Then, the gDNA region potentially housing ENAM {25
kb on both sides of the first hit) was explored with Uni-
DPlot, using each exon of the ancestral mammalian ENAM
as template. Most of the frog ENAM sequence was identified,
including the exon-intron boundaries: downstream, ENAM
exon 10 was completed up to the stop codon, and up-
stream, from the beginning of exon 10 to exon 5. These se-
quences were translated into amino aad sequences then
validated by means of alignment with mammalian ENAMSs.
The full-length gDNA ENAM sequence of the frog was
similarly recovered using the cDNA sequences obtained
with Rapid Amplification of cDNA Ends—polymerase chain
reaction (RACE-PCR) (see below).

Anolis carolinensis ENAM
The first assembly of lzard genome (AnoCar1.0) was searched
for ENAM (htep://www.ensemblorg/Anolis_carolinensis/

2079
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info/index) as descnbed above for the frog ENAM. ENAM was
found in scaffold 312

Mammalian ENAMs

The sequences of mammalian ENAMs available in GenBank
were used to look for the presence of an additional exon
8b within intron 8. The full sequences were extracted using
their accession number (32 recently published mammalian
ENAMs  [GQ352330 to GQ352361) and  humans
[NM_031889), mouse [NM_017468), rat [NM_001106001],
and pig [NM_214241] sequences) and aligned using Se-AL
The alignment of these 36 mammaban ENAMs was recently
published (Al-Hashimi et al. 2009) with the indication of lin-
eage relationships following mammalian phylogeny (Springer
and Murphy 2007). Readers can refer to this alignment for fur-
therinformartion. Exons 8 and 9 sequences were identified and
used to blast the mammabian genomes available in databases
{NCBI and Ensembl). The nucleotide sequences of intron 8
were extracted and explored with UniDPlot, using the lizard
and crocodile exon 8b sequence.

Previously, we showed that ENAM sequences were con-
served within the six major mammalian lineages (Al-
Hashimi et al. 2009). Therefore, in order to characterize
the nonmammalian ENAM sequences obrained in this
study, we chose representative mammalian ENAM sequen-
ces: Homo sapiens (of 11 full-length ENAM sequences avail-
able in the primate lineage), Mus muscwlus (8 ENAM in
Glires), Sus scrofa (10 ENAM in leurasiacherians), Laxodonta
africana (4 ENAM in afrotherians), Monodelphis domestica
{2 ENAM in marsupials), and Ornithorhynchus anatinus
{1 ENAM in monotremes).

Gallus gallus ENAM

In modern birds, tooth-specific EMPs have been invalidated
since approximately 100 Ma, the estimated date from
which the ancestor of modern birds lost the capability
to develop teeth (Sire et al. 2008; Davit-Béal et al. 2009).
As a consequence, chicken EMPs, alchough having accumu-
lated numerous mutations, might scill be present in the
chicken genome as pseudogenes, as recently demonstrated
for chicken WAMEL (Sire et al. 2008).

Because it was not possible to find long-lasting invali-
dared gene sequences in the chicken genome using BLAST,
we searched for the chicken ENAM in the genomic region
where the genes syntenic to ENAM were found in the lizard
genomic sequence. Once the ENAM sequence was localized
in the lizard genome, we explored the regions on both sides
of this gene to find genes that could be also annotated in
the chicken genome (last genome assembly: build 2.1 at
huep:/ fwww.ensembl.org/Gallus_gallus/index.html). Then,
we extracted the target region from the chicken genome
and searched for chicken WENAM with UniDPlot using
the conserved regions of lizard, crocedile, and mammalian
ENAM sequences.

Molecular Analyses
Sequence Alignment
The protein-coding regions of nonmammalian ENAM
sequences were translated into putative amino acid
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sequences, aligned to the published mammalian ENAM se-
quences using Clustal X 2.0.12 (Higgins et al. 1996), and
manually corrected using Se-Al v2.0.

Signal Peptide Analysis, Cleavage Site, Remarkable Residues,
and Amino Acid Composition

The purtartive signal peptides (SPs) were analyzed using Sig-
nalP 3.0 server (htrpy//www.cbs.drudk/services/SignalP).
This software predicts the location of the three character-
istic regions (n, h, and ¢ regions) in a SP, the putative cleav-
age site of the SP, and calculates the probability of each
predicted SP to be functional. The sequences were scanned
for remarkable domains using Prosite database (hcip//
www.expasy.ch/prosite). The amino acid composition of
frog, lizard, crocodile, opossum, and human ENAM sequen-
ces was calculated using THGS database (Transmembrane
Helices in Genome Sequences: htrp://144.16.71.10/thgs
Jindex.html). The residue proportion was determined for
the entire sequence, for the P/Q-rich and the putative
32-kDa regions, and for exon 10 encoded sequences.

Substitution Rate Analysis

In order to estimate the substitution rates among the dif-
ferent lineages, we performed a phylogenetic analysis using
HyPhy (for Hypothesis testing using Phylogenies) software
{http://hyphy.org Kosakovsky Pond et al. 2005) based on
Maximum Likelyhood. In order to calculate the substtu-
tion rate, we used the JTT model (Jones et al. 1992) based
on SWISSPROT version 22 data. The topology was fixed as
follows: (frog, (lizard, crocodile), (platypus, (opossum, (el-
ephant, {pig, (mouse, human)))))).

Molecular Clock Analysis

In order to determine the ongin of rate vanation among the
different lineages, a molecular clock test was performed using
HyPhy method on JTT model (Jones et al 1992) based on
SWISSPROT version 22 data. Both the local and the global
molecular clocks were tested. The local molecular clock
was tested using the “molecular clock” module and the “local
molecular cdlock™ module, the latter being especially devel-
oped forsuch an analysis. For each test, the topology was fixed
as described above. A P value derived from a two-tailed ex-
tended binomial distribution was used to assess significance.

PCR Amplification

mRNAs were converted to cDNA by a reverse transcriptase
using an oligo(dT),s primer (First Strand cDNA; MBI Fer-
mentas). ENAM transcripts were recovered from ¢cDNA us-
ing normal, then RACE-PCRs. In the frog and lizard, the
primers were defined from the gDNA sequence. In the
crocodile, the primers were constructed for phylogeneti-
cally conserved regions identified from the alignment of
mammalian and lizard ENAMs. All primers were designed
using Primer3 (v.0.4.0) software (hrrp//frodo.wimitedu/).
Normal PCR

Each PCR was performed in a total volume of 50 pl con-
taining 500 ng of cDNA, 0.2 uM of sense and antisense pri-
mers, 1x GoTaq reaction buffer, 0.2 mM dNTPs, and 1.25 U
of GoTaq DNA Polymerase {Promega). Amplification was
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performed in a thermal cycler (G-Storm GS1; GRI, UK) for
30 cycles, each cycle consisting of 1 min of denaturation at
94 °C, 1 min of annealing at 50-60 °C (depending on the
primers), and 1 min of extension at 72 °C. The final exten-
sion was for 20 min at 72 °C. Expected fragments were am-
plified and sent to GATC Biotech SARL (hrep://www
gatc-biotech.com/fr/) for sequencing.

+ Primers used for lizard ENAM: Ano 1 (sense
5"-AATCCCTATTTTGGACCTGGC-3") was designed to
hybridize the 5" region of exon 10, Ano 2 (antisense: 5'-
GTCTGGTCGATCAGTTGGATTGTAT-3") for the central
region of exon 10, Ano 3 (antisense: 5'-TGCTGGA-
GATTGGCTCTGG-3") for the end of the coding region
of exon 10, Ano 4 (sense: 5"-TTTGCAAGTAAGAGTGAA-
GAA-3") for exon 5, and Ano 5 (antisense: 5 -CATCTCTT-
CAGAATAATATGGAGG-3") for the 57 region of exon 10.

+ Primers used for crocodile ENAM: Croc 1 (sense:
5"-GCGATTTGGAAGTAAGAGTG-3") for the 3" region of
exon 5 and Croc 2 (antisense: 5" -TATTATTCTGAAGAAA-
TGTTTG-3") for the 5" region of exon 10.

3" and 5" RACE-PCR
The reverse transcriptase-PCR method of RACE was used
to complete the mRNA sequences of lizard and crocodile
ENAM upstream and dowstream, the regions obtained
with normal PCR, and to find the mRNA sequences up-
stream and downstream, the 5° and 3' regions of exon
10 of frog ENAM gDNA. Most of the large gDNA sequence
of exon 10 was conserved for our analysis. The RACEs
allowed us to identify the transcription and termination
site at the 5" and 3" end of the mRNAs, respectively.
PCR master mix was used for the 3" and 5" RACE reac-
tions. For each PCR the mixture (S0 pd) was composed of
34.5 ul PCR-grade warter, 5 ul 10X Advantage 2 PCR buffer,
1 ANTP mix {10 mM), 1 ul 50X Advantage 2 polymerase
mix, 14 3" or 5" RACE primers {GSP1 or GSP2), 5 ul uni-
versal mix primer, and 2.5 yd RACE cDNA. We use a specific
touch down thermal cycling program for the RACE reac-
tion as follows: 5 cycles (94 °C for 30 s and 72 °C for 3
min); 5 cycles (94 °C for 30 s, 70 °C for 30 s, and 72 °C
for 3 min); and 20 cycles (94 °C for 30 s, 68 °C for 30 s,
and 72 °C for 3 min). The first run was always followed
by a Nested PCR. Sequencing was performed by GATC.
+ Primers used for the RACEs: 5"-RACE: Xenopus-GSP1
{antisense: 5" -TTCAGCCTTTGCAGGTTCCTCATC-3" ), then
{nested): Xenopus-NGSP1 {antisense: 5" -CATTGTTAGTTG-
TGGCGTTTCCTT-3"), Anolis-GSP1 (antisense: 5'-GCTTA-
AGTCGTGGCCTGCTGTTTGGTTT-3"), then Anolis-NGSP1
{antisense: 5"-AACTGGCATCTGTTGTGGCCAGAGGTAA-
3') were designed for the 5' region of exon 10 to amplify
the 5" -untranslated region (UTR); Crocodile-GSP1 (antisense:
5"-GCACGCCGGTTGTACTGGTTTCTGTTGE-3'), then Croc-
odile-NGSP1 (antisense: 5"-CATACTGGCTGCTGCTGGAA-
GACCTGT-3") were designed for exon 7 to amplify the 3" UTR.
3"-RACE: Xenopus-GSP2 (sense: 5 -AACCAGGCCTACT-
GCATCTTTGTT-3"), then (nested) Xenopus-NGSP2 (sense:
5"-AACTCAGTGCAGATGCAATACCAG-3'), Anolis-GSP2
(sense: 5"-CCAACAGCATCCCGTGTTTTGGAAGC-3"), then

Anolis-NGSP2 (sense: 5'-CCACAGCCAATCTCCAGCACCT-
TTC-3") were designed for the end of exon 10 coding region
to amplify the 3" UTR.

Crocodile-GSP2 (sense: 5"-GCCTTGGCACATCCCACA-
GATTTACAA-3"), then Crocodile-NGSP2 (sense: 5'-
AACCCACAACACACACAAATGCCTCCA-3") were the
first designed primers for exons 8a/8b and 8b/9 to amplify
exon 10 and the 3" UTR.

Results

Frog ENAM

We found part of ENAM in the frog genome, available in
Ensembl. Then, we amplified ENAM cDNA using PCR pri-
mers designed on the genomic sequence from a frog stud-
ied in our laboratory and determined the cDNA sequence,
with the exception of the middle portion of the large exon
10. A comparison of the cDNA and gDNA sequences
allowed us to define all the exon-intron boundaries, in-
tron length, the transcription start site {TSS), and the
polyadenylation signal of frog ENAM (supplementary ma-
terial §1, Supplementary Material online). A single PCR
product was always observed, which indicates that
frog ENAM is transcribed as a single isoform (no alterna-
tive splicing), at least in the jaws. Frog ENAM occupies 17.3
kb in scaffold 392 {vs, e.g, 18.0 kb in humans [chr. 4]
and 24.1 kb in the opossum [chr. 5]). The full length of
the transcript consists of 3,420 nucleotides distributed
into eight exons, with a coding sequence of 3,216 bp
{fig. 1).

Three ATGs, that is, putative translation initiation site
{TIS), are located in the 5" region of the ENAM transcript:
one in exon 1 and two, adjacent, in the second exon (sup-
plementary marterial 51, Supplementary Matenial online).
The ATG in exon 1 has pyrimidines at both the —3 and
the +4 positions. This weak Kozak consensus suggests that
this ATG is not really a potential TIS (Kozak 1981). Both
ATGs in the second exon have purines at both the —3
and the +4 positions. They meet the requirements of valid
ATGs. In the second exon, the gDNA and ¢cDNA sequences
differ in that the latcer has 1) four additonal nucleotides
located before the ATGs and 2) a substicution G/T in the 3'
coding region that changes the residue from Ala to Ser. In
order to identify coding exons by means of sequence sim-
ilaricy, these sequences were translated into putative amino
acid sequences and then aligned with several mammalian
ENAMs. In both sequences, the only two putative TIS lo-
cated in the second exon led to a correct reading frame and
did not generate a stop codon downstream. Using SignalP
3.0, these two TIS were predicted as valid in both the gDNA
and the ¢cDNA sequences (P = 0.999 and 0.998, respec-
tively), and the cleavage site was predicted to occur be-
tween Ala/Ser'” and Val™ with a probability of 0.865 and
0.880, respectively (fig. 2). Therefore, the most 5° ATG in
the second exon is chosen as the very probable correct
TIS. The SP of frog ENAM is composed of 17 aa, and the
first two residues of the mature protein are encoded by
the six nucleotides coded by the end of the second exon.
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The second exon of frog ENAM displays sequence sim-
ilarities with mammalian ENAM exon 4, including a methi-
onine codon at a similar position. Therefore, we considered
both exons are orthologous and referred the second exon
of frog ENAM as exon 4 (fig. 1). Exons 2 and 3, which are
present in mammalian ENAMs, are absent in the frog

Frog ENAM is encoded by seven exons (fig. 1). The first
protein-coding exon, exon 4, is composed of 72 bp, and it
starts with 15 untranslated nucleotides in our cDNA. The
other exons are distributed into four small and two large
exons. The 5" UTR is composed of 77 nucleotides distrib-
uted in exon 1 and the beginning of exon 4 (15 bp). The 3'
UTR consists of 127 nucleotides located at the end of exon
10. All coding exons are in phase 0, that is, introns do not
splic codons. The seven exons encode a protein of 1,072
amino acids (figs. 1 and 2). Compared with various other
proteins (McCaldon and Argos 1988), frog ENAM is partic-
ularly rich in proline, asparagine, serine, and glutamine,
whereas poorer in leucine, lysine, alanine, valine, lysine,
and aspartic acid (supplementary matenal 52, Supplemen-
tary Material online). The proline/glutamine-rich domain
{aa 61-181) is encoded by exons 7, 8, and 9. In addition
to its high number of prolines and glutamines, this region
is also characterized by a large percentage of leucine and is
particularly poor in acidic residues. The putative 32-kDa
region of frog ENAM (deduced from the alignment with
that of pig) is particularly rich in alanine, glycine, serine,
glutamic acid, threonine, and asparagine, together repre-
senting more than 60% of its content. The large sequence
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encoded by the rest of exon 10 (representing nearly 8B0% of
the entire sequence) is roughly similar to that of the full-
length sequence (supplementary matenal 52, Supplemen-
tary Matenal online).

The comparison of the ENAM-coding sequences of the
two frogs {ours and that available in Ensembl) revealed the
presence of six single-nucleotide polymorphisms (SNPs),
with the exception of exon 10, for which the cDNA was
only sequenced in the 5" and 3" regions (supplementary
material 7, Supplementary Material online). Of the six nu-
cleotde differences, two are synonymous (not changing
amino acid) and four are nonsynonymous (changing amino
aad). Interestingly, one of these variable residues {Ala/Ser)
is located at the SP-cleavage site.

A number of functionally important amino acids that
were identified in porcine ENAM by Hu et al. (2005) are
present in frog ENAM (fig. 2). They are the three putatively
phosphorylated serines (SXE motifs) in the region encoded
by exon S (SEE), exon 9 (SNE), and the beginning of exon 10
{SEE); the three putatively N-glycosylated asparagines in
the region encoded by the beginning of exon 10 (NTT,
NST, and NAT); and seven cysteines in the C-terminal
region. An RGD mouif (aa 756-758) is located in the C-
terminal region (fig. 2).

Lizard ENAM

We identified the ENAM gene in the lizard genome se-
quence, available in Ensembl. Then, using primers designed
from this sequence, we isolated this gene and determined
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Remarkable residues known in mammalan ENAMs (three phosphonylated sermes [$), three N-glycosylated asparagmes [N], and six cysteines
[C]) are present in the three ENAM sequences and boxed in gray background. The SP is boxed and the arrow indicates the cleavage site of
the protein. An RGD motif is boxed in gray background. The proline/glutamine-rich domain is underlined. The asterisk indscates the end of
the translation.
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the full-length sequence of ENAM ¢DNA using the speci-
men studied in our laboratory. Exon-intron boundaries,
intron length, and 5° and 3" UTR were defined (supple-
mentary material §3, Supplementary Matenal online).

Lizard ENAM occupies 29.4 kb in scaffold 132 and is tran-
scribed as a single isoform. The transcript consists of 4,807
nucleotides distributed into ten exons, and the protein-
coding region is 3,294 bp in length (fig. 1). Six putative
TIS are located in the 5" region of the transcript: four in
the second and two in the third exon (supplementary ma-
terial §3, Supplementary Material online). Only the two TIS
located in the third exon led to a correct reading frame, and
they were both predicted as valid (SignalP 3.0, P = 0997
and 1.0, respectively). In both cases, the cleavage site was
predicted to occur between Ala' and Val™ with a proba-
bility of 0.998 (fig. 2). By assuming that the first TIS should
be the right one, the SP of lizard ENAM is composed of 19
aa, and the two residues of the protein are encoded by the
last six nucleotides of the third exon. This exon shows se-
quence similarities with mammalian ENAM exon 4 and was
therefore named exon 4 (fig 1). In contrast to mammals,
there was no functional TIS identified in one of the two
exons located upstream lizard ENAM exon 4. Any of these
two non-protein-coding exons showed sequence similar-
ities with mammalian ENAM exon 3: We considered exon 3
being absent in lizard ENAM, and the two nonceding exons
located at the 5" end of the lizard ENAM transcript were
called exon 1 and exon 2. However, they display no
sequence similarity with exons 1 and 2 of mammalian
ENAM:s.

Sequence alignment of frog, lizard, and mammalian
ENAM rtranscripts revealed that lizard ENAM possessed
an additional coding exon located between exons 8 and
9 (g 1; supplementary material S3, Supplementary Mate-
rial online). In order to conserve the current nomenclature
of ENAM exons, we named this additional exon, exon Eb,
and the former exon 8 was named exon Ba. Lizard ENAM is
therefore encoded by eight exons. The 5" extremity of the
first coding exon, exon 4, includes ten non-protein-coding
nucleotides. The following exons are distributed into five
small and two large exons. The 5" UTR is composed of
222 nucleotides distributed in exon 1, exon 2, and the be-
ginning of exon 4. The 3" UTR consists of 1,246 nucleotides
located at the end of exon 10. All coding exons are in phase
0. The eight exons encode a protein of 1,098 amino acids
{figs 1 and 2). Compared with the average overall amino
aad composition of other proteins, lizard ENAM is richer
in proline, glutamine, serine, asparagine, glutamic acid, ar-
ginine, and tyrosine, whereas it is poorer in leucine, alanine,
lysine, and valine (supplementary matenal 2, Supplemen-
tary Material online). The proline/glutamine-rich domain,
encoded by exons 7, Ba, 8b, 9, and beginning of exon 10 (aa
62-227) possesses a high number of prolines and gluta-
mines and is also characterized by a large percentage of
glycine and phenylalanine. In contras, itis particularly poor
in serine and acidic residues. The putative 32-kDa region of
lizard ENAM deduced from the alignment is particularly
rich in glycine, serine, glutamic and aspartic acids, threo-
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nine, proline, phenylalanine, and asparagine. Altogether,
these amino acids represent more than 60% of the residues
of this region. The amino acid composition of the large se-
quence encoded by the rest of exon 10 is roughly similar to
that of the full-length sequence with a large number of ser-
ines, glutamic acids, arginines, and asparagines (supple-
mentary material 52, Supplementary Matenal online).

Comparison of the ENAM-coding sequences in the two
specimens reveals the presence of 43 SNPs (supplementary
material 53, Supplementary Material online). There are 32
synonymous and 11 nonsynonymous differences. We also
identified an insertion of 46 bp in the 3" UTR of our tran-
script compared with the sequence available in GenBank.

The important amino acids identified in mammalian
ENAMs are present in lizard ENAM {fig. 2): three putatively
phosphorylated serines, three putatively N-glycosylated as-
paragines, and six cysteines in the C-terminal region. An
RGD motif (aa 740-742) is present in the C-terminal region
{hg. 2).

Crocodile ENAM

Our PCR wsing crocodile cDNA yielded a product of ex-
pected size {approximately 600 bp). The product was se-
quenced, translated into an amino acid sequence,
validated by means of alignment with lizard ENAM, and
identified as a partal sequence of crocodile ENAM, that
is, from the end of exon 5 to the beginning of exon 10.
Using 5" and 3" RACE-PCRs, transcript sequences were ob-
tained from the end of exon 5 toward the 5" extremity and
from the beginning of exon 10 toward the 3" extremity.
After translation into the amino acd sequence, the orga-
nization of crocodile ENAM was validated by means of
alignment with lizard and mammalian sequences. The
complete coding sequence of crocodile ENAM was ob-
tained from exon 4 to exon 10 {fig. 2), along with the entire
5" and 3" UTRs (supplementary material S4, Supplemen-
tary Material online). Alignment of the 5° UTR of crocodile
and lizard ENAM showed sequence similarity becween liz-
ard ENAM exon 1 and most of the 5° UTR of crocodile EN-
AM (data not shown). This suggests the existence of
a single noncoding exon, exon 1, in crocodile ENAM in con-
trast to two exons in the lizard Two ATGs are located in
the 5" UTR of crocodile ENAM. Curiously, the ATG in exon
1 meets the requirements of a valid ATG, but itis located in
an AG-rich region close to the 5° end of exon 1. In fact, the
only ATG in the second exon leads to a correct reading
frame. Using SignalP 3.0, this ATG was confirmed as the
probable TIS (P = 0.897), and the cleavage site was pre-
dicted to occur berween Ala'™ and Val'” (P = 0.763).
We deduced that crocodile ENAM possesses a short SP en-
coded by exon 4. This SP is composed of 14 aa and the two
possible first residues of the mature protein are encoded by
the last six nucleotides of exon 4 (fig. 2).

The coding sequence of crocodile ENAM consists of
3,279 bp distributed into eight exons, including an addi-
tional exon 8b, as identified in lizard ENAM (fig. 1). The
5" UTRis putatively composed of exon 1 and the beginning
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A

exon 8a CAATACOCOCCATTTOOCAATOOGATOTTTOCTTTICATCAGCCACCCTOOCATATTCCACAD
AT AN T T T T T T T T A A T O T OASAOANIAA T A T T T T OO T T T AT TAA T TOACCT TTTTAGATOOTTT

T

TACTIGTUGO AL TAATAAT T CAGTANGGG T CAAC T TAA TG TGA LTI T T TAT AAACC T PG CACTU TTTG T TG T IR T T IOCATACAL
exon 8b TTTTATAATCCAGGAGGCTTTOCATCACOSCCAACAACCCATTTCATOAA
A AT TTAT T CAG T AT T T T AT T T CARRGTG T T TG T TG AL TTAR T TAAR TATAC TAAAACCACAGAANGGAARTCCATTTTGOTS

/1618 bp
AGANTCAGCAGOI TCAG ARG TGA TaGTGA T T T C T T T O30 T CACT GAA TA T O T CAGT IGAGT TAACCTTGT TIRGT CCATTTICAG
exon 9 OCAATCCCTCCACCOTATCCACCTCCACCACTCACCAATG

B
Lizard ex b

AT T T TG T A TGGAGGCTTOCAGCCACAACTGTTCARACCCATATCAAGGA

Crocodile ex b CoedBicacccans o . W Goh===.iiuun C.A..CA.. 64.71%
Opossumn ex Bb T...AAA..CA........ T.CAT...CC.CWA........ T...T... 64.71%
Wallaby ex 6k G.AMA..CA........ TICATT..C..CAAA.T...... T...7... 60.70%

Crocodile ex b ATTTACAACCAOOGAOOCTTCTTACCACAOCTA- - -AAMOCCACAACACAGA

Oposaun ex ib TooooTeole
Wallaby ex ®b G T T.CAL L

TCC.T...C..C.AAC. ...
T.CIT..QACAACT. . oo v v e e W10

LTTIT. TG, . 62.74%
64.71%

Fia. 3. (A) Identification of exon 8b within the lrge intron & of opossum ENAM (not shown entirely). Intron splice sites are underlined. (8)
Vabdation of exon 8b sequence of opossum and wallaby ENAM by means of abgnment with lizard and crocodile sequences The percentage of

nudeotde identity is indicated on the right margn.

of exon 4 (14 bp). The 3" UTR is composed of 1,435 bp
{supplementary matenal S4, Supplementary Material on-
line). The encoded protein, including SP, is composed of
1,093 aa, and it exhibits a roughly similar frequency of
amino acid residues as described in lizard ENAM {supple-
mentary material $2, Supplementary Material online).

The functionally important amino acids identified in
mammalian ENAMs are also present in crocodile ENAM
{fg 2): three phosphorylated serines, two N-glycosylated
asparagines of the three identified in porcine ENAM (Hu
et al. 2005), and six cysteines located in the C-terminal re-
gion. An RGD motif {aa 729-731) is found in the C-terminal
region (g 2).

The Additional Coding Exon 8b Discovered in
Reptilan ENAM Is Present in Marsupials

Given the discovery of an exon Eb in lizard and crocodile
ENAM, we tested the hypothesis that this exon either ap-
peared in the sauropsid (birds and reptiles) lineage or was
present earlier in ENAM evolution.

In the frog, the cDNA sequence did not contain this ad-
ditional exon 8b. In order to look for a pseudoexon 8b, in-
dicative of an earlier presence of this exon in tetrapod
history, we blasted the frog ENAM intron B (2.6 kb) using
either the lizard or the crocedile exon 8b; no valuable hit
was obtained (less than 50% of nucleotide similarity).

In the two marsupials (opossum and wallaby), in large
ENAM intron 8 (5 kb), a sequence of 51 bp was identified as
possessing a high nucleotide identity with the two reptilian
exon 8b; moreover, it exhibited correct splice sites (fig. 34).
This finding, which was already strongly suggested by the
presence of coding exon Bb in marsupial ENAM, was fur-
thermore supported by amino acid identity (=60%) with
lizard and crocodile ENAM region encoded by exon 8b
{fg 3B).

In 33 placental species and a monotreme (platypus), EN-
AM intron B was blasted using opossum, lizard, and croc-
odile exon 8b. Lineage relationships and genomic
mammalian sequences were indicated in our previous

paper (Al-Hashimi et al. 2009). We found weak similarity
{51% identity max.) with these sequences in some of these
mammials, and for these species, no correct splice sites were
identified. For example, in primates, leurasiatherians and
afrotherians, remains of exon 8b were sull identifiable in
ENAM intron B as a pseudoexon sequence. This suggests
that this no longer transcribed exon was probably invali-
darted in the common ancestor of these lineages, more than
100 My (Hedges 2002). However, such a "ghost” sequence
of exon 8b was not found in intron B of platypus and ro-
dent ENAM. It appears that exon 8b was lost in the platypus
lineage independently. The reason why the remnant
of exon 8b was not found in rodents may be due to high
substitution rates in this lineage.

The presence of exon Eb in both the sauropsid and the
mammalian lineages indicates that its origin is to be found
before the divergence of these lineages. Although the size of
exon 8b is close to that of exon 8a and exon 9, the com-
parison of the exon Bb sequence with these two exons did
not show evidence that exon 8b could have originated
from a duplication of either exon 8a or exon 9. However,
we cannot exclude this hypothesis because its loss in most
mammalian lineages could indicate that functional con-
straints operating on exon 8b are not strong, and hence,
this exon could accumulate numerous mutations.

Comparison of ENAM Sequences in Amniotes

The organization of the coding sequences of frog, lizard, and
crocodile ENAM is similar to that of the human and opossum
ENAM: (fig. 7). However, there are two differences. First, 5'
UTR is distributed in three exons in mammalian ENAM,
whereas it consists of two exons in the lizard and only one
exon in the frog and, probably, in the crocodile ENAM. Inter-
estingly, in mammals both exon 3 and exon 4 contain a pu-
tative functional TIS, an organization that is not present in
nonmammalian ENAM. The second difference is the pres-
ence of an additional exon, exon Bb, in reptiles and opossum,
in comparison to the frog and other mammalian ENAM. In
the two reptilian ENAMs, exon 5 {45 bp) and exon 6 (42 bp)
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encode the same number of amino acids as in mammals,
whereas they are both shorter (36 and 39 bp, respectively)
in the frog, Similarly, the sizes of the other exons of nonmam-
malian ENAM are different from those of the mammalian EN-
AMs. In particular, the size of exon 7 is much larger, whereas
that of exon 10 is considerably smaller in mammals.

The amino acid sequences of ENAM were compared
across nonmammals and six representative mammals, that
is, human, mouse, pig elephant, opossum, and platypus.
The alignment resulted in total of 1498 positions including
insertions and deletions (fig 4). In the following, if not men-
tioned, the amino acid positions refer to those in this align-
ment. The alignment of all available amino acid sequences
of mammalian ENAM was published elsewhere (Al-
Hashimi et al. 2009).

The esumation of dN/dS is problematic because dS is
highly likely saturated for the sequences shown in figure 4
of this study. Indeed, the divergence of the major groups of
placental mammals occurred around 100 Ma, and it is
known that the synonymous substitution is likely to be
saturated within such a long period (Gojobori 1983).

The sequence vanations of ENAM among the different
lineages can be an indication of different functional con-
straints. Indeed, it is generally admitted chat the mutation
rate on synonymous sites is quite constant in different lin-
eages (molecular clock). Our analysis indicates that the mo-
lecular clock is rejected in all cases (high P values)
{supplementary matenal S5, Supplementary Material on-
line). Although we cannot exclude the possibility of
a change in mutation rate in the various lineages, it is rather
unlikely, and the differences in amino acid sequences can
be an indication of change of functional constraints among
the different lineages.

The phylogenetic tree built using ENAM sequences in fig-
ure 4 highlights the presence of longer branches in platypus
and mouse compared with the other tetrapods (supplemen-
tary material 56, Supplementary Material online). Concen-
ing the mouse such a long branch is generally interpreted as
the consequence of the combined effects of short generation
times (driving a higher mutation rate) and large population
size (resulting in more effective selection against mildly del-
eterious mutations). In contrast, the long branch obtained
with platypus ENAM is probably the result of change of func-
tional constraings in this lineage. Indeed, only milk teeth are
presentin juvenile platypus. When the primary teeth are lost,
they are replaced with keratinized pads, which means that
tooth proteins are no longer useful We have previously hy-
pothesized that the sequence differences in platypus com-
pared with the other mammalian ENAM sequences could
be related to relaxed selective pressures on enamel protein
genes (Al-Hashimi ec al. 2009).

Most variable positions and some short indels that gen-
erally concern only a few residues are located in exons 7
and 10. This may mean that functional constraints on each
position are weak but not that there is no selective pressure
on the amino acid regions encoded by these exons. Most of
exon 7, for instance, encodes for a large part of the proline/
glutamine-rich domain. In mammalian ENAMs, this region
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is composed of 100-130 amino acids and is characterized
by a large percentage of prolines (from 27% in humans to
33.6% in opossum) and glutamines (18.7-11.7, respec-
tively), with numerous lysines in humans and glycines
and phenylalanines in opossum (supplementary material
52, Supplementary Material online). This P/Q-rich region
is conserved in frog (121 aa), lizard (162 aa), and crocodile
{1517 aa) ENAM. The percentage of prolines in these non-
mammalian ENAM is roughly similar to that observed in
mammals, whereas the number of glutamines is slightly
higher in nonmammals. These residues are accompanied
with a high number of leucines in the frog glycines and
phenylalanines in the lizard, and alanines in the crocedile.

Besides these variable positions, 49 positions are found
unchanged {80 when excluding the frog sequence), sug-
gesting their biological significance (fig 4). In our recent
evolutionary analysis of mammalian ENAM, 25 of these un-
changed positions were recognized as being important po-
sitions (Al-Hashimi er al. 2009). Of the 49 unchanged
positions, 39 are located in the N-terminal region (aa
24-340). This is indicative of high sequence conservation
in this region, and particularly in the regions containing
the three putative phosphorylated serines identified in por-
cine ENAM (S*%, §%%', and §77°). This confirms the presence
of strong functional constraints acting in these ENAM re-
gions. Two of the three putative glycosylated asparagines
(N*” and N'™) are conserved in sauropsids, whereas
the third, N*', is present in the lizard and frog ENAM
bur absent in the crocodile (fig. 4).

These important serines and asparagines are located
in the region that corresponds to the so-called 32-kDa
ENAM fragment characterized in porcine ENAM (aa
215-350). This short pepride is the most stable ENAM
fragment that remains after MMP20 proteolysis, and it
appears as a good candidate region for controlling crystal
nucleation or growth as it possesses high affinity to bind
apatite crystals (Tanabe et al. 1990). In the two repriles
and the opossum, the putative sequence corresponding
to porcine 32 kDa should include, if it was similarly sized,
the residues encoded by exon 8b (fig 4). Of these 137 res-
idues, 24 were unchanged during tetrapod evolution, that
is, approximately 350 My {Hedges 2002). Most of these
conserved positions compose two conserved motifs:
GRPPXSNEEGGNPY and GXGGRPPYYSEEMFE. In non-
mammalian as well as mammalian ENAMs, the 32-kDa
region is characterized by a high proportion of proline
and six other amino acids, glycine, serine, threonine, glu-
tamic acid, asparagine, and phenylalanine (see the pro-
portions of amino acids in the nonmammalian ENAMs
in supplementary material 52, Supplementary Material
online). Therefore, the conservation of these residues in
this ENAM region during hundreds of millions of years
suggests that a functional constraint keeps this region
largely hydrophilic.

For most of the large protein sequence encoded by exon 10
{aa 359-1,108, not shown in fig 4), numerous substtutions
and indels hamper correct abignment (low percentage of un-
changed residues). These highly variable sequences may
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indicate that each position of this ENAM region is not under
important functional constraints and evolved differencly in
the lineages leading to the species analyzed here.

In mammalian ENAMs, an RGD motif (aa 740-742) cor-
responding to a cell attachment sequence is present in sev-
eral species {e.g, human, elephant, platypus) but absent in
a few other species (e.g, mouse, pig, opossum). In reptilian
ENAMs, an RGD motif is absent in this region {fig. 4).
However, in the amphibian, the two reptilian, and the
platypus ENAM sequences, additional RGD motif was
identified (aa 1,334-1,336). This motif is absent in the
other mammalian sequences. It is worthy to note that
platypus ENAM houses the third RGD motif (aa 1,379~
1,381, fig 4).

The six %steines that are involved in three disulfide
bridges (C" "8 1 o C'm, and Cuaz] are phy-
logenetically well conserved, with the exception of croco-
dile ENAM in which C"** is substituted by a tyrosine (Y).
However, in this species, the sixth cysteine does exist at
position C'*”?, which probably forms the third disulfide
bridge. In the frog ENAM, the seventh cysteine is present
at position C''*%. The only six or seven amino acids located
at the C-terminal extremicy are well conserved and two re-
mained unchanged during the evolution of these tetrapods
(Rg 4).

Chicken yENAM

In mammals, gene synteny is well conserved on both sides
of the EMP gene cluster, with IG) (immunoglobulin J) and
SULTIET (sulfotransferase 1) chosen here as dowstream
and upstream boundaries, respectively. In humans (ge-
nome build 37.1), IG), ENAM, and SULTIEI are located on
chromosome 4 (fig. SA). In the chicken {genome build
2.1), IG) and SULTTET are annotated on chr. 4 (fig. 58).
Therefore, if gene synteny was conserved in sauropsids
as in mammals, ENAM should be located in this region
of chicken chr. 4. In lizard, IG) is located in scaffold 209
and SULTIED in scaffold 431, whereas the EMP cluster in-
cluding ENAM is located in scaffold 132, downstream LPL
(lipoprotein lipase) and upstream NRGT {neuregulin 1) {fig.
5C). In humans, LPL is not located on chr. 4 but is found on
chr. 8, along with NRG1 and FUT10 (fucosyltransferase 10)
{fig. 5D). In the chicken, LPL, NRG1, and FUTTO are anno-
tated on chr. Z {fig. 5£). Finally, in the frog, LPL, NRG), and
FUT10 are found in scaffold 79, whereas ENAM and AMBN
are located in scaffold 392 (fig. 5F). It is worthy to note that
frog ENAM is found in a region which contains several
genes (RCHYT: ring finger and CHY zinc finger domain con-
taining 1; CDKL2: cyclin-dependent kinase-like 2; G3BP2:
GTPase-activating protein [SH3 domain] binding protein
2; and USOT: USO1 homolog vesicle-docking protein
[yeast]) located on human chr. 4 (fig. 54 and ). Taken to-
gether, these findings strongly suggest that the gene syn-
teny known in mammals around the EMP cluster could not
be conserved in sauropsid genomes. In addition, on chicken
chr. 4, several genes are not similarly oriented as in mam-
mals, which suggests occurrence of chromosomal rear-
rangements (fg SB). Therefore, in the chicken genome,

three target regions were identified as putative housers
of WENAM: two regions on chr. 4, one close to IG) and
the other close to SULTTED, and, more probably, one region
on chr. Z, between LPL and NRGT (fig. 58 and E).

In our previous study, in order to find chicken WENAM,
these regions of chr. 4 were explored with UniDPlot using
the nucleotide sequences of exons encoding well-con-
served regions of the putative ancestral mammalian ENAM,
but no hits were obrained (Sire et al 2008). In the present
study, we looked for yENAM in the same regions using the
lizard and crocodile ENAM sequences that are more similar
to chicken ENAM than mammalian ones. Again, no hits
were obrained, which strongly suggested that ENAM was
not present in these regions.

Using the same approach, we explored the region down-
stream of LPL located in chicken chr. Z. Using the well-
conserved 5° sequence of repulian exon 10, the first hit
was obtained in the target region, approximately 43 kb from
LPL (Aig 5D). Alchough exhibiting numerous substitutions {as
expected when considering the 100 My-long period of gene
invalidation), there was no doubrt that this sequence be-
longed to chicken ENAM exon 10. Therefore, we explored
carefully the region close to this sequence and obtained the
putative sequence of the pseudoexons of chicken ENAM,
including exon 8b (supplementary marterial §7, Supple-
mentary Material online). The chicken VENAM sequence
was compared with crocodile ENAM, its closest relative in
sauropsid lineage (fig. 6). The percentage of nucleotide
identity between the two sequences varies for each exon
{S0-70%, see fig. 6).

Discussion

We answered positively our initial question by showing the
presence of ENAM in nonmammalian tetrapod lineages,
amphibians, and sauropsids. However, these objectives
would have not been reached without the availability of
the sequenced frog and lizard genomes in databases. In-
deed, the only ENAM exons that are accessible by PCR
are the two large ones (exons 7 and 10), but these exons
are highly vanable, as demonstrated in our study. Because
of sequence variations in this gene, primer design was not
easy, which explains the difficulties previously encountered
to identify this gene using PCR. In silico exploration of tar-
get regions, inferred from gene synteny in the sequenced
genomes of frog and lizard, proved to be a successful
method. Using conserved sequences of mammalian ENAM
that were previously identified (Al-Hashimi ec al. 2009), we
obrained full-length sequences of ENAM ¢DNA in the frog,
lizard, and crocodile, and identified the complete gDNA
region of frog and lizard ENAM in the sequenced genomes.
We also found the chicken wENAM, although 1) the split of
the archosaunan lineages leading to the crocodile and the
chicken occurred approximately 250 Ma (Hedges 2002) and
2) the common ancestor of modem birds lost the capabil-
ity to develop teech 100 Ma (Sire et al. 2008). Therefore, all
tetrapods possessing teeth covered with enamel probably
have ENAM in their genome.
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Fx. 4. Mlignment of the amino aad sequence of crocodile (Crocodylus niloticus), lizard (Anolis corolinensis), and frog (Xenopus tropicalis) ENAM
with the sequences of six spedes representative of the main mammalian lineages, that is, monotremes (platypus, Omithorfynchus anatinus,
accession no ~ GQ3I52352), marsupials (opossum, Monodelphis domestica, accession no =~ GQ352349), afrothenans (elephant, Loxodonta
africana, acceswon no =~ GQ352337), leurasathenans (pig Sus scrofw, accession no =~ NM_214241), glires (mouse, Mus musculus, accesson no =~
NM_017468), and primates (human, Homo sapiens, accesson no = NM_031889). In crocodile, lizard, and frog ENAM exon 3 is absent Exon 8b
found in the lizard and crocodile is also present in the marsupial ENAM but is absent in the other mammalian speces. The residues 359-718,
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Fic. 4. (Continued).

Tetrapod ENAMs Push the Origin of ENAM Deep in
Vertebrate Evolution

This is the first comparatve sequence study of ENAM in
representatives of various nonmammalian vertebrates.

Concerning EMP evolution in vertebrates, Sire et al. have
previously predicted not only that ENAM was the oldest
EMP but also that this gene probably arose more than
500 Ma (Sire et al. 2005, 2006, 2007). Unul now, this

—
779-1,108, and 1,169-1,258 encoded by exon 10 are not shown in the figure (/) because this highly vanable region could not be abgned. SPs are
boxed. Important residues and motfs known in mammals are boxed in gray background. Several RGD motifs are boxed in gray background The 32-
kDa region as known m porone ENAM & indicated. |[: bmits of exong; (): residue identical to the crocodide ENAM resudue; (-): indel (#): unchanged

residue. (#) unchanged ressdue both in thes study and when adding 36 mammalian seq

es (data not shown, see Al Hashimi et al 2009).
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hypothesis was contradicted by the lack of data in non-
mammalian tetrapods. Here, we clearly demonstrate that
ENAM was present at least in the last common tetrapod
ancestor of amphibians and amniotes, more than 350
Ma, that is, a jump of circa 150 My back. However, a large
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gap remains, which separates this date from the probable
origin of ENAM deep in osteichthyan origins, 450-500 Ma.
One support for the early ongin of ENAM in the common
ancestor of tetrapods is the presence of the three EMPs in
all terrapod genomes studied Indeed, AMEL and then
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Fi. 6. Alignment of the nudeotide sequence of the exons encoding crocodde ENAM and the putative exon sequences of chicken YENAM
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AMBN have been already identified in amphibians and
both genes show also well-conserved positions in reptiles
and mammals (Toyosawa et al. 1998; Shintani et al. 2003).
This means that the three EMPs were already well differ-
entiated when the tetrapod lineages splic. In addition, these
EMPs arose by gene duplication from a common ancestor,
and AMEL and AMBN might be derived from ENAM by
gene duplication. Such a differentiation process may take
a few tens of millions years though it is generally thought
that the substitution rate is higher right after gene dupli-
cation {Hurles 2004). This would push the probable origin
of the duplication toward the vertebrate origin.

Further investigations are therefore needed, for instance,
in basal sarcopterygians {lungfish and coelacanths), in ac-
tinopterygians (polyprenforms, lepisosteiforms, and tele-
osts), and in chondrichthyans (sharks and rays).
Unfortunately, as indicated above, such data are difficult
to obtain without the availability of sequenced genomes
in representatives of these lineages, and a correct annota-
tion of these genomes. In the currently available teleost ge-
nomes, so far we were not able to find EMP orthologues
using, for example, gene synteny. However, all teleost spe-
cies possess enameloid, a well-mineralized tissue resem-
bling enamel and evolutionarily related to the enameloid
present in chondrichthyans and larval caudates (Sire
et al. 2009). Either EMP genes were translocated on other
chromosomes and are now too much changed to be iden-
tified in teleost genomes by searching sequence homology
or they have disappeared and cheir role is now played by

other members of the SCPP family. Indeed, several other
members of the SCPP family have been also identified in tele-
osts as involved in bone and tooth mineralization. These
genes are probably paralogs of the SIBLING (for Small Integ-
rin-Binding Ligand N-linked Glycoprotein) genes (Fsher and
Fedarko 2003), a subfamily of the SCPPs (Kawasaki and Weiss
2003; Kawasaki et al 2004, 2005; Kawasaki 2009).
Alternartively, the tetrapod EMP genes all arose in the sar-
copterygian lineage initially from the odontogenic ameloblast
associated (ODAM) gene, as recently suggested by Kawasak
(2009). The ODAM gene is expressed during the maturation
process of both tetrapod enamel and teleost enameloid

Tetrapod ENAMs Exhibit Different Gene
Organization

A Variable, Complex 5" UTR

Until now, in mammals, the 5° UTR of ENAM was classically
described as being composed of either four exons, exons
1-4, or three exons, as exon 2 is absent in some species.
The current nomenclature retained the presence of four
exons, and ENAM is classically described as being composed
of ten exons (e.g, Hu and Yamakoshi 2003). This gene
structure is uncommon compared with that of the other
EMP genes and, more generally, of all SCPP genes, in which
the 5" UTR is composed of two exons (fig. 7). In addition,
mammalian ENAMs possess two translation initiation site
{TIS) (Al-Hashimi et al. 2009). The first one is located in
exon 3, which is unusual for an SCPP gene because it gen-
erates a large SP. The second TIS is found in exon 4, which
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has a similar sequence in all SCPP genes. This particular or-
ganization, which probably can lead to two isoforms
through alternative splicing of exon 3, was previously dis-
cussed in detail {Al-Hashimi et al 2009). The presence of
the TIS in exon 3 could be explained through exon shuffling
{Gilbert 1978), but such an event is rare in vertebrate ge-
nomes. Alternatively, exon 3 could be the result of a dupli-
cation of the ancestral exon 2 (ie, the ortholog of the
current mammalian exon 4) along with the intronic accep-
tor and donor splice sites. Further mutations in the copy
located upstream changed the environment of the SP and
of the cleavage site. In frog and reptilian ENAM, the knowd-
edge of the 5" UTR brings some light to the evolution of
this region, although rather complex. First, frog and reptil-
ian ENAMs have a single TIS located in the second exon as
expected for an SCPP gene. Therefore, our hypothesis of the
recruitment of exon 3 in mammalian ENAM through exon
shuffling could be correct. Second, in frog and, probably, in
crocodile, the 5" UTR is composed of two exons only: the
first noncoding exon (exon 1) and the second exon, named
exon 4 because homologue to mammalian exon 4, in which
the correct TIS is located (fig. 7). Such a feature corresponds
to the organization encountered in most SCPPs and was
highlighted as one of the major SCPP characteristics
{Kawasaki and Weiss 2003). Such an organization could
possibly be the ancestral organization of ENAM. Third,
in lizard, the second noncoding exon (exon 2) is present,
whereas the TIS is located in the third exon, named exon 4
as homologous to mammalian exon 4.

The situation in the 5" UTR is therefore complex, but
worthy of interest for understanding ENAM evolution
{fig. 7). It seems correct to propose that the ancestral tet-
rapod ENAM possessed a single noncoding exon 1 followed
by an exon, in which the TIS was located, as shown in the
frog, In addition, such an organization is similar to that of
all SCPPs, which adds support to our hypothesis. Then, the
second noncoding exon {(ENAM exon 2) was recruited in
the amniote lineage, prior to the divergence of sauropsids
and mammals. The reason of the presence of the second
noncoding exon is stll obscure (Al-Hashimi ec al. 2009).
This exon was conserved in lepidosaurs (lizard) and mam-
mals, whereas lost in crocodiles. This hypothesis seems
more parsimonious than recruitment of this exon indepen-
dently in both the lepidosaunian and the mammalian lin-
eages. However, it is difficult to confirm homology of lizard
and mammalian exon 2 by sequence similarities because
these two noncoding exons have evolved separately for
310 My (Hedges 2002). Finally, in an ancestral mammal
the third exon (exon 3) housing a TIS was recruited prob-
ably from a duplication of the ancestral exon 2 of this gene,
as suggested by the number of amino acds from the me-
thionine codon to the last codon encoded in the exon (18
aa) and the following phase 0 intron.

The Additional Coding Exon 8b

When compared with mammals, the two reptilian ENAMs
exhibit an additional coding exon, exon 8b. We showed
that chis exon is probably present in marsupial ENAM,

2092

whereas absent in monotremes and placentals. In the lat-
ter, however, a pseudoexon 8b, that is, a no longer func-
tional exon, is still detectable in many species, except in
rodents. In the frog the only representative of the amphib-
ian lineage in this study, exon 8b, was not identified. In tet-
rapods, the following evolutionary scenario for exon 8b
could be proposed {fig. 7): 1) in the last common tetrapod
ancestor of amphibians and amniotes, the coding sequence
of ENAM was composed by seven exons, and this organi-
zation was conserved in the amphibian lineage; 2) a dupli-
cation of either exon 8 or exon 9 occurred in the amniote
lineage leading to the creation of exon 8b. This exon was
still present in the ENAM sequence when the two amniote
lineages, sauropsids and mammals, diverged. Exon 8b was
conserved in sauropsid ENAM, and even in the last toothed
common ancestor of modern birds; and 3) in mammals,
this exon was invalidated early in the monotreme lineage
that separated from the therian lineage 220 Ma. A long pe-
riod from the first invalidation event may explain why no
pseudoexon 8b was recognized in platypus ENAM. In the
thenian lineage, exon 8b was conserved in the marsupial
lineage, but invalidated, probably later, in the common an-
cestor of the extant placental lineages chat diverged 100 Ma
{Murphy et al. 2007; Hedges 2002) (fg. 7).

The presence of exon 8b in these modern species indi-
cates that this exon is of some biological importance in both
sauropsids and marsupials, otherwise it would have accumu-
lated mutations and invalidated during the 310 My of sau-
ropsid evolution (Hedges 2002) or the 190 My of marsupial
evolution (van Rheede er al 2006). Five residues are un-
changed when comparing the four available sequences in
the crocodile, the lizard, and the two marsupials.

Frog and Reptilian ENAMs Support the Putatively
Important Function of Some Residues
The comparison of frog and reptilian ENAM sequences
with sequences of representative mammalian ENAMs re-
vealed that 47 amino acids have been unchanged for
350 My of retrapod evolution. Some of these important
residues are regrouped into motifs. When compared with
our data set of ENAM sequences in mammals (36 species;
Al-Hashimi et al. 2009), we found that 25 of these positions
are unchanged in all ENAMs studied so far (fig. 4). These
data add more weight to our recent findings, suggesting
that such conserved positions are of high biological impor-
tance in mammals (Al-Hashimi et al. 2009). In addition to
elucidate the putative ancestral condition of tetrapod EN-
AM, these new darta allow us to predict that amino acid
substitutions in these unchanged positions would lead
to an ENAM-associated genetic disease (type 2 amelogen-
esis imperfecta: AIH2). Many single amino acd subsotu-
tions, which either reduce the efficiency of the protein
or lead to important disorder, have already been observed
in many proteins including amelogenin {Delgado et al
2005, 2008) and alcohol dehydrogenase (Chen et al. 2009).
Most of the 25 well-conserved amino acids identified in
tetrapod ENAM belong to the 32-kDa fragment, a keystone
of this protein {Al-Hashimi et al 2009). The main role of
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this pepride is probably to initiate enamel mineralization
{Tanabe et al. 1990; Uchida et al. 1991; Yamakoshi 1995;
Hu and Yamakoshi 2003). In mammals, the 32-kDa frag-
ment contains two phosphorylated serines and three gly-
cosylated asparagines that do have important functions,
including, among others, adsorption onto apatite crystals
{phosphorylated Ser) and protection against precocious
degradation by MMP20 (glycosylated Asn) (Hu and
Yamakoshi 2003). Our study supports such important bi-
ological functions in showing that the corresponding se-
quence of porcine 32 kDa in the frog and the two
reptiles possess these two serines and at least two aspara-
gines at the right place. It is worth to note that the replace-
ment of one of these phosphorylated serines by a leucine
{p.S216L) was recently reported to lead to amelogenesis
imperfecta (Chan et al forthcoming).

Chicken yENAM and Lizard ENAM Location
Support Translocation of EMPs
In the chicken, \WENAM is present on chromosome Z. This
location was unexpected from gene synteny observed for
the surrounding region of mammalian ENAM. This explains
why our previous search for ENAM in the target region of
chr. 4 was unsuccessful {Sire et al. 2008). Chicken WENAM
would not be discovered without the knowledge of the lo-
cation of ENAM in scaffold 132 of the currently assembled
lizard genome, between LPL and NRGT. Although confirma-
tion of this location is needed through both the annotation
of these genes on a lizard chromosome and the location of
the ENAM gene in the crocodile genome, one could suspect
that the EMP gene cluster was translocated in sauropsids
from a chromosome homologous to, for example human
chr. 4, to the current location on chr. Z in the chicken. In-
deed, in the frog, EMP genes reside in a region homologous
to a region of human chr. 4, a finding that strongly supports
translocation in sauropsids. In order to confirm this hy-
pothesis, further investigations are necessary; for instance,
finding the EMP genes in another amphibian lineage, for
example in caudates, the sister group to the frogs, and/
or better annotating lizard and frog chromosomes.
Chicken YENAM sequence exhibits many substtutions
and indels that occurred randomly for about 100 My. Ran-
dom occurrence of mutations in this invalidated gene ex-
plains why nucleotide sequence similarity of each exons is
low when compared with crocodile ENAM, the closest living
relative of birds. Both the chicken and the crocodile are ter-
minal taxa of lineages that separated 250 My (Hedges 2002).
However, presence of pseudoexon 8b sequence in chicken
suggests that this exon was functionally importantin the lin-
eage leading to modern birds unul their tooth loss, for about
150 My after the separation of the bird and crocodile lineages.

Data Deposition

GenBank accession no. for Xenopus (Silurana) tropicalis en-
amelin - mRNA = EUG42606; Anolis  carolinensis
enamelin mRNA = GU198367; Crocodylus niloticus enam-
elin mRNA = GU344683; Gallus gallus enamelin pseudo-
gene = GU198360

Supplementary Material

Supplementary materials $1-57 are available at Molecular Bi-
ology and Evolution online (htep://www.mbe.oxfordjournals
orgf).
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Abstract  Enamelin (ENAM) plays an important role in
the mineralization of the forming enamel matrix. We have
performed an evolutionary analysis of mammalian ENAM
to awdentify highly conserved residues or regions that could
have important function (selective pressure). to predict
mutations that could be associated with amelogenesis im-
perfecta in humans, and to identify possible adaptive
evolution of ENAM during 200 million years ago of
mammalian evolution. In order to fulfil these objectives,
we obtained 36-ENAM sequences that are representative of
the mammalian lineages. Our results show a remarkably
high conservation pattern in the region of the 32-kDa
fragment of ENAM, especially its phosphorylation. gly-
cosylation, and proteolytic sites. In primates and rodents
we also identified several sites under positive selection.
which could indicate recent evolutionary changes in
ENAM function. Furthermore, the analysis of the unusual
signal peptide provided new insights on the possible reg-
ulation of ENAM secretion, a hypothesis that should be
tested in the near future. Taken together, these findings
improve our understanding of ENAM evolution and pro-
vide new information that would be useful for further
investigation of ENAM function as well as for the vali-
dation of mutations leading to amelogenesis imperfecta.
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Introduction

Teeth are constructed with remarkably tough materials
making them the most resistant part of the body toward
destruction. They are crucial for animal survival and make
us realize the importance of natural selection preserving the
integrity of its components throughout evolution. Their loss
or malfunction would lead to animal death (Davit-Béal
et al. 2000). Enamel, which protects teeth, is the hardest
mineralized tissue in mammals. Its uniqueness is reflected
in the tssue specificity of its main matrix constituents:
amelogenin (AMEL), ameloblastin (AMBN), and enamelin
(ENAM) (Termine et al. 1980: Deutsch 1989). These three
peoteins constitute the Enamel Matrix Protein (EMP)
family. Evolutionary analyses showed that EMPs are
ancient and evolutionarily related (Delgado et al. 2001;
Sire et al. 2006), and they belong to a large family of
proteins that link calcium, the Secretory Calcium binding
PhosPhoproteins (SCPPs) (Kawasaki and Weiss 2003).
AMEL is the major protein of the forming enamel (about
90 of the total organic matrix in bovine: Termine et al.
1980) and the two other enamel proteins (AMBN and
ENAM) combine with various minor components to
account for the remaining matrix. In the previous years,
using a large dataset of mammalian sequences. our group
brought information on the evolution and relationships of
AMEL (Delgado et al. 2001; Sire et al. 2005, 2006, 2007).
Two additional studies dealing with AMELX evolution in
mammals. showed how an evolutionary analysis is partic-
ularly useful to (1) identify conserved and variable posi-
tions (which indicates either strong or relaxed functional
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constraints, respectively), (i) understand the mode of
evolution, and (i) find evolutionary relationships with the
other EMPs (Sire et al. 2006, 2007). The first point is of
importance as it allowed to validate AMEL mutations
responsible for X-linked amelogenesis imperfecta (AIHI)
and also to predict AlHI-associated mutations (Delgado
et al. 2007, see also Subramanian and Kumar 2006,
Springer and Murphy 2007).

This study is devoted to ENAM, a phosphorylated,
enamel-specific glycoprotein that plays a key role in
enamel formation. Although the precise functions of
ENAM are not clearly known. it is clear that this EMP is
necessary for proper enamel formation as demonstrated
with ENAM-null mice. Their teeth have virtwally no
enamel as the deposited matrix does not mineralize (Hu
et al. 2008). In humans, the important role of ENAM is
manifested indirectly by mutations that lead o type-2
autosomal dominant amelogenesis  imperfecta (AIH2)
(Dong et al. 2000; Hu et al. 2000; Rajpar et al. 2001 Hart
et al. 20034, b; Kim et al. 20054, b).

Only four ENAM mRNA sequences were published so
far: pig (Hu et al. 1997a), mouse (Hu et al. 1998), human
(Hu et al. 20010). and rat (Hu and Yamakoshi 2003). These
sequences were not representative of the mammalian
ENAM diversity, and therefore did not allow an evolu-
tionary analysis. indeed. such an analysis needs a large
dataset of sequences obtained in species representative of
the main lineages in the current mammalian phylogeny.
ENAM is supposed to be the ancestor of EMPs, which
were probably present at the onset of vertebrates, 500
million years ago (Ma) (Delgado et al. 2001; Sire et al.
2006). Therefore, ENAM could be the keystone for enamel
evolution, especially when considering the appearance of
the first dental tssues, approximately 450 Ma (Sansom
etal. 1992). Moreover, ENAM was identified as a target of
recent positive selection among human populations (Kelley
and Swanson 2008).

The objectives of our evolutionary analysis of mam-
malian ENAMs were (1) to identify highly conserved
amino acids and regions, as such residues or peptides could
play an important role for ENAM function, and hence to
use these results to predict AIH2-associated mutations in
humans; and (i1) to identify possible adaptive evolution of
ENAM during approximately 220 Ma of mammalian
evolution (van Rheede et al. 2006). To reach these
objectives we obtained and analyzed ENAM sequences
from 36 species, representative of all main mammalian
lineages. ENAM sequences of toothless and enamel-less
species (e.g., pangolins, xenarthrans, and aardvark; Davit-
Béal et al. 2009) were excluded from this study as possible
bias could be inroduced given the relaxed functional
pressure on this protein (see Deméré et al. 2008 Sire et al.
2008).

Q) Springer

Material and Methods
Database Search

The four published mammalian ENAM nucleotide sequen-
ces (human, pig, mouse, and rat) were extracted from dat-
abases, including the untranslated regions (UTR). We then
searched Ensemb! (www ensemblorg) and found 19 other
ENAM sequences. They were computer-predicted sequen-
ces from the automatic analysis of sequenced mammalian
genomes. Several sequences were not complete and some
contained errors. In order to work with the most complete
dataset, we have used the published sequences to search the
sequenced genomes (Ensembl) with BLAST. We completed
some sequences and found three other ENAMs. The final
step was to search NCBI Trace archives (www.ncbinlm.
nih gov/BLAST) with the aim of filling in some gaps in the
sequences and also to find other sequences in the genomes
that were in course of sequencing. Ten new ENAMs were
added to our dataset. Our last access to the databases was on
January 2009, A total of 36 ENAMs were used for the
evolutionary analysis (Table 1). Among them. 24 nucleo-
tide sequences were complete.

The positions with missing data were included in our
analysis and treated “unknown data”. There were 2.048
unknown nucleotides only versus a total of 43,068, which
means that less than 5% of the data were missing in our
analysis. In addition. no bias resulted from these missing
data because there was always at least one complete
sequence from a species representative of the mammalian
lineage in which the data were missing.

Sequence Alignment

The coding region of the published ENAM sequences were
translated into putative amino acid sequences. aligned to the
human sequence using Clustal X 2.0 (Higgins et al. 1996),
and checked by hand using Se-Al v.2.0al ] software (hup.//
tree bio.ed.ac uk/software/seal) (Rambaut and Bromham
1998). The new nucleotide sequences found in Ensembl and
NCBI databases were aligned to the published sequences
used as templates. Unchanged residues during mammalian
evolution were identified by hand in the final alignment.

Purifying Selection Analysis Using Selecton Method

The identification of site-specific purifying selection (i.e.,
biologically significant amino acids) in ENAMs was car-
ried out using the Selecron Server 2.2 (hupi//selecton taw.
ocal), in which ML estimates dy/ds for each site as
described above (Doron-Faigenboim et al. 2005: Stem
et al. 2007). In this method, the analysis is performed by
means of a comparison between a null model assuming no
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Table 1 Numes of the 36

species used im owr evolstionary Common name Genus and species Order Source
:‘.I."‘..Z}’.‘.:'.E'm?";"d Baboon Papio hamadryas Primates GQ152310
references Bushbaby Otolemur garneitil Primates GQI52311
Cat Felis cams Carnivara GQI52312
Chimpanzee Pan troglodvres Primates GQ1I52313
Cow Baos raurus Cetartiodactyla GQIS23
Dog Canis famubaris Carnivara GQI52315
Dolphin Tursiops truncarus Cetartiodactyla GQI52316
Elephant Loxodonta africana Afrotheria GQI52317
Fruit bat Prevopus vampyris Charoptera GQ352318
Gibbon Nowascus lewcogenys Primates GQI52319
Goeilla Gonlia gonlia Primates GQ352340 and EU482102
Guinea pig Cavia porcellus Rodentia GQI52341
Hedgehog Eninaceus curopacus Insectivara GQI52342
Hoese Equus caballus Perissodactyla GQI52343
Human Home sapiens Primates NM_031889
Hyrax Procavia capensis Afrotheria GQIs2344
Kangaroo rat Dipodamys ordii Rodentia GQI52345
Marmaset Callithrix pacchus Primates GQIS2344
Macrohat Myavis lucifugus Charoptera GQI52347
Mouse Mus muscwlus Rodentia NM_017468
Mouse lemar Microvebus muninus Primates GQIS2348
Opossum Monodelphis domestica Didelphimorpha GQI52349
Orangutan Pango pvgmacus Primates GQI52350
Pig Sus scrofa Cetartiodactyla NM_214241
Pika Ochatona princeps Lagomarpha GQ1Is52351
Platypus Omithorhyechus anatinus Monotremata GQ1I52352
Rabbit Orvetolagus cumiculs Lagomarpha GQ2I52353
Rat Rartus norvegicus Rodentia NM_001106001
Rhesus monkey Macaca mulata Primates GQIs2354
Shrew Sorex araneus Insectivara GQI52355
Squirrel Spermoplulus tridecemlineatus Rodentia GQ2I52356
Tarsier Tarsius syrichta Primates GQ2I52357
Out of these. 12 new ENAM Tenrec Echirops relfain Afrotheria GQI52358
quences were obeained in this Tree shrew Tupaia belanger: Scandentia GQ3I52359
study. The species are arranged Vicugna Vicugna vicugna Cetartiodactyla GQIS2360
in alphabetical onder of comman gy Macropus cugenii Dipeotodoatia GQ152361

names

positive selection and a model that allows positive selec-
tion. The results were then displayed on the human
sequence. The Selecton Server program uses a color-coding
scheme to represent the different levels of selection (purn-
fying selection, positive selection, or lack of selection). For
convenience, we have chosen the two highest levels of
purifying selection as they allow a clear interpretation of
the results.

Selective Pressure Analysis Using the Hyphy Method

In the analyses described below. four values were computed
for every vanable site: observed and normalized expected

numbers of synonymous (Ng and Eg) and non-synonymous
(Ny and Ey) substitutions. HyPothesis Testing Using Phy-
logenies (for Hyphy) software (htpa/hyphy.org, Pond et al.
20054, b, ©), or its improved online version. Single Likeli-
hood Ancestor Counting (for SLAC.  hupdfwww.data
monkey.org), estimates dy = Ny/En ad  ds = NglEs.
When dy = ds a codon is considered positively selected. A
P value derived from a two-tailed extended binomial dis-
tribution was used to assess significance. It is worthy to note
that the extended binomial distribution is an approximation
to the true distribution of non-synonymous and synonymous
under the hypothesis of neutrality (Pond et al. 20054, b, ¢).
The model assumes that under newtrality a random
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substitution will be synonymous with probability P = Egf
(Es + Ex), and computes how likely P is when Vs, out of
Ny + Ng substitutions, are syponymous. SLAC uses a P
value of the extended binomial distibution that is different
from the P values that derive from a simulation of the null
distribution (Le.. dy = ds).

The parameter chosen for sagnificance bevel was 0.1, Indeed.
given our dataset of 37 sequences, such a P value is considered
appropriate to detect true positives in datasets containing more
than 30 sequences. and SLAC is one of the only methods that
allow a high P value (Kosakovski et al. 2005h).

Shiding Window Analysis

In order to identify strong functional constraints a sliding
window analysis of nucleotide sequence vanability was con-
ducted on ENAM alignment using HyPhy. The mean substi-
tution rate was calculated vsng the maximum likelihood
(ML) method based on HKY 85 model (Hasegawa. Kishino,
Yano 1985). In contrast to other methods that use a shiding
window analysis with large window sizes (e.g., Endo et al.
1996. Tsunoyama and Gojobor: 1998, Schmid and Yang
2008), Hyphy utilizes the La likelihood to measure the
selective pressure. At each position, the probability for the
observed data is calculated by the likelihood algorithm taking
into account the phylogenetic relationships. Then, the loga-
rithm (Ln) of the product of the probabilities is calculated fora
window of 15 bp with an overlap of 5 bp between windows.
Indeed. when applying the Hypley method itis not necessary to
use large sliding windows and it is even recommended to
avoid a “smoothing™ effect. 1e. a loss of evolutionary
information. In addition, when wsing the Ln likelihood, the
evolution rate in a given sequence is not represented by a rate
of change but by a probability. This value is more interesting
as it does not need to take into account numerous parameters
and does not need to identify noa-synonymous and synony-
mous mutations.

We performed the analysis with and without the diver-
gent platypus sequence.

Substiturion Rare Analysis

The codon-based ML SLAC method was used to idenufy
accurate regions with high selective constraints {low amino
acid substitution rate) (Kosakovski et al. 20054, b). Non-
synonymous substitutions (dy) were estimated at every site
of the alignment and compared to normalized expected
number of non-synonymous substitutions.

Posutive Selection

SLAC was used to determine site-specific positive Dar-
winian selection by estimation of the normalized dy/ds
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ratio at every site of the alignment. A positively selected
codon is identined when dy > ds. These evolutionary
events were localized on the mammalian phylogeny under
MacClade environment (see below) using the “trace
character” option. We retained mutations that only occur-
red in a mammalian lineage and that were conserved
afterwards. Mutations that appeared in terminal branches
were considered as not being informative enough.

Distance Marrix

The evolutionary distance of the ENAM nucleotide
sequences taken two by two was caleulated using HyPhy
with Tamura and Nei (1993) distance algorithm. This was
particularly useful for the evolutionary analysis in deter-
mining the relevance of highly variable sequences.

Phylogenetic Tree

Gaps were eliminated from our alignment (11 residues
removed out of 1,164 positions in the alignment). Then
these sequences were transferred to MacClade 4.08
(hupd/macclade.org) in order to place ENAM sequences
into recent mammalian phylogeny (Springer and Murphy
2007). The phylogenetic tree was computed using the
neighbor-joining method and the distances were estimated
using pairwise ML parameter estimation, under Dayhoff
model for amino acid substitutions (Dayhoff et al. 1978).

Deduction of the Putative Ancestral Sequence

The alignment (nucleotide sequences) of the 36 ENAM
sequences (Le., including platypus) was transferred into
HyPhy from a nexus file, along with mammalian phylog-
eny (Springer and Murphy 2007). The putative ancestral
characters were calculated at each node using the follow-
ing parameters: optimality criterion = ML, substitution
model = Dayhoff with local parameters estimated from
dataset, frequencies estimated via ML. among-site rate
variation assumed, proportion of invariable sites estimated
by ML, and gamma distribution of rates at variable sites
(discrete approximation). The sequence at the base of the
tree nodes was retained as the putative ancestral mam-
malian sequence, Le. at the time the monotreme and the-
rian lineages diverged (210-220 Ma: van Rheede et al.
2006).

Analysis of the §'-UTR

The putative 5-UTRs, i.e., exon |, exon 2 and the 5-region
of exon 3 upstream the translation initiation site (TIS) of
ENAM, were aligned against the four published sequences
using Clustal X 2.0 software and checked by hand using
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Se-Alv.2.0al] software. The goal was to check whether or
not these putative transcripts could include exon 2.

Analysis of Translation Initiation Sites

Because most 5'-UTRs contained several TIS. we used DNA
Suncrional site puner (hup//dnafsminer bic nus.edu.sg/) to
predict which TIS in each ENAM sequence were functional,
i.e., possessing the highest Kozak (1984) consensus score.

Signal Peptide (SP) Analysis and Cleavage Site

For each sequence. the putative SP identified from the TIS
analyses were analyzed using SignalP 3.0 server (www.
chs.du.di/services/SignalP). This software predicts the
location of the three characteristic regions (n-. h-. and
c- regions) of a SP, the putative cleavage site of the protein,
and calculates the probability for each SP to be functional.

Amino Acid Ratio

The percentage of amino acids [with particular focus on
proline (P) and glutamine (Q)], and their mean values
(P. Q. and P + Q) were calculated using Microsoft Excel.

Results
Brief Overview of ENAM

Extensive sequence analysis of pig ENAM was first
reported by Fukae et al. (1996). This is the largest EMP,
bat it is less abundant than the other structural proteins in
forming enamel. Murine ENAM tanscripts display ten
exons, including two non-coding exons in the 5“UTR (Hu
et al. 2000). In human DNA. the ENAM gene spans 18 kb
on the chromosome 4 at 4q11-21. The wanscripts show
nine exons with a single pon-coding exon 1. However, a
region corresponding to the non-coding murine exon 2 (i.e.,
with a similar sequence and appropriate splice sites) is
present in human intron 1. As exon 2 is absent from the
few human ENAM transcripts sequenced so far, it was
hypothesized that this exon could be subjected to splicing
in most transcripts (Hu et al. 2001). Therefore, unlike the
other SCPP members, ENAM is the only SCPP gene that
possesses (at least in rodents) two non-coding exons (exons
1-2) at the 5-UTR (Kawasaki and Weiss 2003).
Although exon 2 was not reported in ENAM transcripts
of non-rodent species, the nomenclature took this exon into
consideration. ENAM exons were numbered from | o 10,
In humans and pigs. the eight exons following exon 2
encode a protein with 1,142 amino acids (aa) including the
leader peptide. Most of these residues (946 aa) are encoded

by the large exon 10 (Fig. 1). Recently, the ENAM promoter
region and potential transcription factor-binding  sites
(Runx2, DIx, and Msx) were found in the mouse (Hu et al.
2008). A 5.2-kb region located upstream on the translation
site appears necessary for appropriate ENAM expression.

Another uncommon feature of ENAM is the SP. which
consists of 39 aa (38 aa in the pig), encoded by exons 3 and
4 (Fukae et al. 1996). Such a large SP is different from all
mammalian SCPPs. in which it is composed of 16 aa
(Kawasaki and Weiss 2003; Sire et al. 2005, 2006).

Like in all SCPPs, ENAM-coding exons have type-0
splice junctions. meaning that none of the introns splits a
codon, allowing exons to function as modules (Kawasaki
and Weiss 2003). Therefore, skipping exons by alternative
splicing would not shift the reading frame. Despite this
feature, no alternative splicing has ever been identified in
the few ENAM ¢DNAs analyzed so far.

ENAM is charactenized. as the other EMPs, by a pro-
line-rich domain. It is located near the N-terminal region
(residues 86-189) and is encoded by exons 7. 8, and 9
(Fig. 2). Full-length ENAM has an apparent molecular
mass of 186 kDa. but it is rapidly degraded or reabsorbed
once secreted (Hu et al. 1997b). In the forming porcine
enamel, several ENAM fragments resulting from the pro-
teolysis were isolated as 155-, 142-, 89-, 34-, 32- and 25-
kDa peptides (Fukae and Tanabe 1985, 1987, Uchida et al.
1991a; Tanabe et al. 1994, Fukae et al. 1996) (Fig. 2).
ENAM processing during enamel formation is probably
performed by enamelysin (MMP 20). as this is the most
predominant protease at this stage (Ryu et al. 1999). The
large molecular-weight cleavage products are found in the
superficial layer of enamel matrix, at the mineralization
front, near Tomes' processes. This suggests a possible role
in nucleation and extension of mineral crystals (Hu et al.
1997b; Masuya et al. 2005). The 89-kDa fragment consists
of a 627 amino acid peptide. It is supposed to control the
growth of apatite crystals and to inhibit nucleation of new
crystallites (Fukae et al. 1996). Numerous hydrophobic
amino acids are present in this fragment. with a highly
hydrophobic region composed of 21-62 aa (Fukae et al.
1996). In porcine ENAM, three phosphorylation sites
(serines), and three glycosylation sites (asparagines) were
identified in the N-terminal region, and the presence of six
cysteines in the C-terminal region suggests possible
disulfide bridges (Fig. 2). Five other asparagines are sup-
posed to be glycosylated (Hu et al. 2005). Two fragments
of 25 and 34-kDa were isolated from the outer, thin layer of
porcine enamel (Fukae et al. 1996), and a 32-kDa fragment
accumulates in the entire thickness of the enamel matrix at
advanced stage of mineralization (Tanabe et al. 1990,
Uchida et al. 1991b; Yamakoshi 1995; Hu and Yamakoshi
2003). The three glycosylated asparagines and two phos-
phorylated serines are located in this 32-kDa fragment that
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Gane cDNA Protein References
0.23820>T cA57A=T p.KE3X Mardh et al,, 2002
q.48084>C p.M71Q157del Kim et al, 220%
g B331G>A pA153-Q1785al | Rajparetal, 2001
g.8201G>T c.H28G>T p.R179M Gutiermez ot &l 2007
q.8344000G p.N1STEX27T Kita et 2002
Q.12663C>A C.I3TC=A p.S246X Qzcemr ot al., 2005

1294512247 insAGTC ¢ 1020-1021 insAGTCA | p V340-M341 ins Ordamir ot al.. 2008
AGTACCAGTACTGTGTC GTACCAGTACTGTGTC | SQYQyCw '
1318513188 ns AG ¢ 12581259 ins AG p P422fsX248 Hart et al., 2003
q.14917delT c.2991delT P L998fsX1062 | Kang et al, 2009

Fig. 1 Top ENAM gene structare with indication of the nine reported

baxes. Bortom nomenclature of the nine ENAM mutations leading to

mutatiocns leading to type-2 aulc I-dominant amelogenesis 1m-
perfecta (@rows). ENAM exons are numbered from | to 10, Exon 2.
m lght gray, was not found in published human and pig ENAM
transcrpts. The number of encoded amino acids is indicated below
cach exom, and the stast and stop codons are shown. SNPs registred in
databases for the coding ENAM regions are also figured in smll

1 s mmperfecta type-2 in human (modified after Kim et al.
"O(Ih b). The nomenclature was meditied to fit with the following
official reference sequences: ENAM gene, NC_000004, 118076 bp:
ENAM  transcripe, NM_031889. ATG = +1. ENAM proscin,
NP_L114095, Met' = +1. /s frameshift. ins insertion, ns noe-synon-
ymoas substitution, 5 synoaymous substitution, pf splicing site
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Fig. 2 Duagram showing the cleavage products of pig ENAM and
their corresponding location on the protein sequence {encoded by
exoms 3-10). The three phosphorylated ressdues. the three N
glycosylated residues, the five putative N-glycosylated residues, and
the six cysteines are indicated. The first 38 aa constitute the signal

consists of 106 aa (L'™-R¥") in the pig. the only species
in which such data are available so far (Yamakoshi 1995;
Fukae et al. 1996, Yamakoshi et al. 1998). This peptide is
encoded by exons 8, 9. and the beginning of exon 10,
which represents less than one-tenth of the full-length
peotein. However. this is the most stable ENAM fragment

Q) Springer

peptide. The secreted protein has an apparent molecular weight of
186 kDa: partially characterized ENAM cleavage products are the
155, 142, 89, 34., 32. and 25.-kDa frugments (after Fukae et al
1996). The proline-rich domain is indicated

that remains after MMP20 proteolysis and it appears as a
goaod candidate for controlling crystal nucleation or growth
as it possesses high affinity to bind apatite crystals (Tanabe
et al. 1990). We will see that our evolutionary analysis
allowed us to predict which positions are important for the
correct function of the protein.
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Although the role of the 32-kDa fragment remains
pooely understood, it may potentially bind AMEL (Rav-
indranath et al. 1999) or its small, 20-kDa AMEL, cleavage
product (Yamakoshi et al. 2003). This supports the
hypothesis by Weiner (1986) who suggested that hydro-
phobic molecules (like AMEL) could provide a skeletal or
space-filling structure, while (acidic) hydrophilic mole-
cules (like ENAM and AMBN) could be involved in the
regulation and growth of crystal nucleation. AMEL frag-
ments show low adsorption affinity onto the crystallites
{Aoba and Moreno 1987), while the 32-kDDa ENAM. which
accumulates at the same time, adsorbs strongly onto apatite
crystals (Tanabe et al. 1990 Brookes et al. 2002). This
suggests a dual role between AMEL and ENAM in the
regulation of enamel mineralization. Recently, a study of
the secondary structure of the 32 kDa fragment revealed
that it has a high content of alpha-helix and that it under-
goes conformational changes with structural preference of
beta-sheets when calcium concentration increases, sug-
gesting that this strecture improves interactions with the
apatite crystal surfaces (Fan et al. 2008). Finally, during
enamel maturation stage, MMP20 is not active against the
32-kDa fragment and it i1s assumed that the terminal pro-
teolysis of this peptide is performed by kallikrein-related
peptidase 4 (KLK4) with five cleavages sites identified (Hu
and Yamakoshi 2003).

To date. nine different ENAM mutations (either indels
or substitutions) leading to AIH2 have been reported in the
literature (Fig. 1). They result in several phenotypes.
ranging from relatively minoe localized enamel pitting 1o
severely hypoplastic enamel (Hart et al. 20034, b: Kim
et al. 20054, b). Among these mutations, only one is a
single amino acid substitution (p.R17T9M). Experimentally
induced mutations in the mouse EVAM (using N-ethyl-NV-
nitrosoured, a mutagen) resulted in the identification of four
mutations with a single-base substitution (Masuya et al.
2005; Seedorf et al. 2007). Two mutations in exon 5 led to
non-synonymous  substitutions (=p.S541 and p.ES6G in
human ENAM) with local hypoplastic enamel in the het-
erozygotes. One mutation in exon 8§ led to a stop codon and
a mutation in the splicing donor site in intron 4 gave rise
to a reading frameshift with premature stop codon. The
enamel was hypomature in the heterozygote mice and was
lacking in the homozygous mice. These missense muta-
tions are of prime importance in helping the identification
of possible crucial function played by specific amino acids
andlor regions of ENAM. In identifying conserved resi-
dues (Le., positions subjected to selective pressure) the
evolutionary analysis allows to predict AIH2-associated
mutations.

Beside these nine reported mutations in humans, 15
single nucleotide polymorphisms (SNPs) are registered in
Ensembl and NCBI databases for the coding regions of

ENAM (Fig. 1). Out of them, six are non-synonymous
substitutions (1.e., changing the residue) and surprisingly,
four are indels leading to reading frame shifts, which might
result in AIH2. However, the SNPs described in dbSNP
without a validation status could also result from
sequencing errors.

Comparison and Analysis of our ENAM Dataset

Our dataset of 36 sequences (32 new), among which 24 are
complete, is well representative of the mammalian diver-
sity (16 orders and 24 families: Table 1). The amino acids
in our alignment were numbered from the initiation start
site. i.e.. the N-terminal methionine in exon 3 to the last
residue preceding the stop codon in exon 10. This align-
ment resulted in a total of 1,550 positions when including
insertions (Supplementary material 1). In the following, if
not mentioned otherwise the amino acid positions refer 1o
this alignment.

The comparison of the 24 complete sequences indicates
that the ENAM structure is well conserved in mammals,
with eight coding exons (numbered 3-10). However,
although two non-coding exons | and 2 are reported in the
mouse, exon 2 is probably not tanscribed in several spe-
cies (see below. section “5-UTR").

The analysis of the intron—exon boundaries in repre-
sentatives of the main lineages indicates that they are well
conserved in all coding sequences (Supplementary material
2, “Prediction and validation of AIH2-associated mutations
in human ENAM™). These data are useful to validate
AlH2-associated mutations. Indeed, mutations of nucleo-
tides of splice sites account for numerous cases of AIH2
(Fig. 1) and of numerous genetic diseases. Here, we show a
high conservation of the consensus sequences of the donor
[GTIA/GIAG] and acceptor [(CITIAG] sites.

Vanable Positions

Our alignment indicates numerous variable positions and
reveals the presence of a large number of indels (from | 10
9 residues). Most of these vanations are located in exons 7
and 10. In additon, six ENAM sequences possess large
insertions (Supplementary material 1), In the pika. 10
residues (mostly prolines) are inserted in the region enco-
ded by exon 9 (positions 200-209). The other insertions are
located in exon 10. In the mouse and the rat. 33 nucleotides
encoding the motif [VGANPASNKPF| were duplicated 13
and 15 tmes, resulting in the insertion of 143 and 165 aa,
respectively (positions 499-664). In the kangaroo rat, the
closest relative of rat and mouse in our analysis, such an
insertion was not found. Instead. there was an insertion of
four repeats of [ARPGNPT] leading to 28 additional
residues (positions 436-460). In the tearec, the mouf
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|[KEYLTYTLENPSKPR) was duplicated three times with
41 aa inserted (positions 985-1026). In the platypus. we
found three repeats of [RPVG) (12 residues inserted;
positions 378-389). and an insertion of 60 aa (positions
1271-1331). In contrast to these large insertions, extended
deletions (e.g., =10 residues) were not found in the
sequences analyzed. Taken altogether. the high number of
amino acid substitutions, the numerous indels and the large
insertions indicate that ENAM regions encoded by exon
10, and to a lesser degree by exon 7, are highly vanable,
and that exon 10 can include large insertions that have
apparently no negative consequence on protein function
and enamel structure.

Among ENAMs, the two marsupial (opossum and wal-
laby) and the monotreme (platypus) sequences are more
variable than placental sequences. This could result either
from large evolutionary distances between these lineages or
from high substitution rates within each lineage. This led us
to wonder whether or not these sequences were relevant for
our evolutionary analysis of ENAM. In order to answer this
question, we quantified the substitution rates in mammalian
ENAMSy using a distance matrix, which allowed us to cal-
culate the pairwise distance within our dataset of sequences
taken two by two (Supplementary material 3). the differ-
ences between substitution rate valves are illustrated by
variations in branch lengths in the mammalian phylogenetic
tree (Fig. 3). For instance, in primates the substitution rate
was low (from 0.009 changes when comparing chimpanzee
and human ENAM to 0141 for tarsier and marmoset ENAM)
as illustrated by short branches in the wee. Conversely, in

Fig. 3 Maximum likelibood L

rodents long branches result from substitution rate values
comprised between 0.2 and 0.3, reflecting rapidly diverging
sequences: the highest values were found with the guinea pig
ENAM (Fig. 2). Inall placental ENAM:. the substitution rate
values did not exceed 0.353. When including the two mar-
supial ENAMSs, the mean substitution rates increased to
0.479, and with the platypus it was 0.779, a value which falls
largely outside the range of the other values (Supplementary
material 3), while also causing a long branch in the wee
(Fig. 3). Given this difference. we decided to carry out the
substitution rate analysis both with and without platypus
ENAM to minimize the effects of a divergent sequence on the
results (see “Selective pressure”).

Conserved Positions

Beside the numerous variable positions described above,
our ENAM alignment reveals several conserved positions
(i.e.. unchanged or with a low level of substitution). among
which 77 residues were never changed during evolution
(Supplementary material 1, see also Fig. 5). We will deal
with these conserved residues in the following sections as
they indicate high functional constraints on ENAM.

Functional Constraints on the ENAM Regions

The selective forces acting on ENAM were inferred (with
and without the platypus sequence) using a sliding window
analysis (dy/ds ratio) (Fig. 4a). Four regions subjected to
high functional constraint (low La likelihood values) were

|01 o2 103 | 037

tree obtained under the HKYSS

model using our nucleotide
dataset to evaluate the
evalutionary rate of the 36
mammalian ENAMs. The longer
the branches, the higher the
evalutionary rates were. Branch
lengths are indicated at the tap
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Fig. 4 Substitution rate analysis of the 36 mammalian ENAMS. a
Evolutionary  divergence in the fulldength nucleotsde coding
sequences using a Sliding Window analysis. The plot shows the Ln
of substitation rate per site along cach branch of the mammalian
phylogeny estimated for 15-bp windows for every 5 bp. Substitutions
were estimated from the best-fit maximum likelihood model under
Hasegawa et al. (1985) model. The analysis was performed with (+
platypus) and without platypus {— platypus) ENAM. The divergent
platypus seguence does not change much the results. Low substitution
rutes (unchanged base pairs) are identified in the Noterminal region,

identified in the first quarter of ENAM and at the 3
extremity. In contrast. most of exon 10 sequence, from
nucleotide 750 onwards, was characterized by an alterna-
tion of high and low selective pressures. The profile of this
analysis remained largely unchanged when including the
platypus ENAM, even if some regions were characterized
by a lower selective pressure than when therians were
analyzed alone, in particular in exon 10 (Fig. 4a).

'
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1

icluding the regron encoding the 32.kDa fragment. b Observed non-
synoaymous changes versus normalized expected number of non.
synonymous changes in the full-length amine aad sequences. The
regions of the 25. and 32.kDa fragments are indicated. ¢ Enlargement
of the boxed regéon in (b) to haghlight the three regions with low
substitution rate encoded by exons 4, 5, and 7 {@rvows) and the 32
kDa fragment encoded by exons 8, 9, and the beginning of exon 10,
These regions are rich in functionally constrained resadues and they
reflect the loci of hagh selective pressures

The non-synonymous substitution rate analysis allowed
to identify accurately the selective constraint acting on
regions encoded by exons 4.5, 7. 8. 9. and the beginning of
exon 10 (Fig. db, ¢). The lowest substitution rates
(=highest functional constraints) were found in the region
encaoding the 32-kDa fragment (aa 174-279) (Fig. 4¢). This
analysis revealed also that the 25-kDa fragment was not
under a high selective pressure (Fig. 4b).
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Purifving Selection

In order to detect site-specific negative selection we have
chosen the Server Selecton peogram because it uses a more
powerful method than Hyphy. The analysis identified 423
(out of 1,142 aa in human ENAM) positions under

Exon 3
¢
R UG 18] PRGN
1 i
Fxon 3 |
[ "
4l “0

Exon 7

purifying selection, i.e.. having biological significance
(Fig. 5). These include 77 unchanged residues and 346
conservative residues (ie., positions that can be substituted
with an amino acid possessing the same characteristics). As
indicated by the selective pressure analysis. most of these
conserved positions are located in the regions encoded by

Exond ‘

- -
VIEK[EREER Ly G . MG NE YRS
" 4

Exon 6
DR o R R
n i

[\(.-\ 1 memql.[lqpl Qe i I [REEIEITISCYS SLAII'IM( HNR UL 1ok

|F N SRR e E R s i e Bl Ao v e

s

Exon 8
A N QP HGE]
155 I
Exon 10

(N

Exon 9

nlunv@m_-ﬁl

Wmm‘mmmlm

nNPhk-‘Mm'l\ PAGNSHPGLN HaNNe slar NG ) lw“q GlPKE

G

§M§EEYM?I!’fﬁh’Mi@&iMﬂE%?ﬁsﬁﬁEm -
Wi cEn EMPNESET NOSE K H [ VIR v ¥ P E RS [PAKEHE PGRN T 0 HRE 1S v
RS GRG R sG] R Gl e

TGRS RN TP DGR rmwm?m WO Mﬂfﬁ"ﬁ
VEHYEGHIY TSN GPEEYL Plls LDRF ¥R Em hlb LII TS v VEREr b.llﬂ SH 734

THL Rl HR pRD RGN ENY s N -mmublnmmulmsn@ TrMNS[IL R g
Hss HeNE LR siyls GEK EAHL EH L smnsn‘\gs S SCENEATY AN 1 ESLE
AlPJGE NG liLMls IR R T RIS L "Mm{_ﬂ!@ \'IS U om

ADENSIEE LRGN VOO IUUE

14

Fig. § Amino acid sequence of buman ENAM. It is composed of
1,142 residues including the putative leader peptide encoded by exons
3 and 4. The arrow points to the cleavage site of the SP. The
comserved positions, ie., subjected to punfying selection duning
thenan (placentals + marsapials) evolution (approximately 160 mil-
lice years of evolution), are indicated on ack and dark gray {level 1)
and on light gray {level 2) background. Unchanged (=fixed) resadues
(77) are on Wack background. By place. well-conserved motifs are
composed of several amino acids under selective pressure. These
residues are encoded by exons 4-6, part of exon 7, exons 8, 9. and the
beginning of exon 10, The three patative phasphorylation sites {SXE)
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are sarrounded by an oval. The RGD motif {haved) in exon 10 is not
subjected to functional constraint. The regions encoded by most of
excms 7 and 10 are vanable. The probine-rich domain is localized
between ([) 1n exon 7 and ()} in exon 9. All unchanged posations are
predicted to lead to enamel disorders when substituted, as probably
most of the other conserved positions when substituted by amano
acids with different charactenstics. * 10 site-specitic pasitive selec.
tions i the lincage leading o human ENAM. # Six cysteines that
could be involved in disulfide beudges: all of them are conserved.
Arrowheads point to phospharylated and N-glycosylated resadues
known in the pig ENAM
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exon 4 (15 conserved aa, representing 65% of the residues
of this region). exon 5 (13: 874). exon 6 (11: 79%), part of
exon 7 (200, exon 8 (12: 57%), exon 9 (13: 72%), and by
the beginning of exon 10 (42). This confirmed the presence
of strong functional constraints in these regions. In con-
trast, in the other regions encoded by exons 7 and 10,
conserved residues represented a low percentage. The other
amino acids did not appear constrained, ie., they were
under neutral selection. The three phosphorylated sernes
(8™, 8" 8™ and the three N-glycosylated asparagines
(NP N2 N known in porcine ENAM were identified
as unchanged positions (Fig. 5). In addition, in the region
encoded by exon 10 several serines and asparagines were
found subjected to punifying selection, which is suggestive
of a functional constraint. Conversely. the RGD motif (cell
attachment sequence) located in exon 10 is not under
selective pressure (Supplementary material 1@ positions
756-758). Finally, in the pig, there is a hydroxylated pro-
line (context: egiPspak), which is an unusual post-transla-
tional modification. This proline (P*") was unchanged
during mammalian evolution except in the platypus. in
which it is substituted by a glutamic acid (Supplementary
material 1).

Out of the 106 residues composing the 32-kDa peptide, 67
{63%) were found under purifying selection, and among
them 28 were unchanged during mammalian evolution
(Fig. 6a). In this region, we identified two motfs
(GRPPISNEEGG and GFGGRPPYYSEEMFEQD) that are
remarkably conserved. Our search in protein databases
{Prosite) revealed that these motifs are not shared with other
known proteins. However, the former motif could contain a
Golgi casein kinase phosphorylation site (SneE). In addition,
out of the five cleavage sites of this fragment by KLK4, three
were found subjected to purifying selection (Fig. 6a).

In comparnison, the 25-kDa fragment of porcine ENAM
(152 aa) was not found highly constrained: 45 aa (30%) were
under purifying selection, and only 5 were unchanged during
mammalian evolution. However, at the end of this fragment
we have identified a conserved motif composed of 12 resi-
dues (NEEDPIDPTGDE) (Fig. 6b). This motif is not shared
with other known proteins (Prosite), but it includes a prob-
able casein kinase 11 phosphorylation site (TgdE).

Surprisingly. the only amino acid substitution reported so
far in the literature as leading to AIH2 (p.R179M, Fig. 1),
i.e., the first residue encoded by exon 9. arginine (R" in our
alignment), is not conserved during mammalian evolution
and our analysis did not indicate this position as a site-spe-
cific positive selection (Supplementary material 1. Fig. 5).

Posutive Selection

A total of 19 positons were found subjected to positive
selection during mammalian ENAM evolution (P < 0.1;
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Fig. 6 a 12.kDa fragment of pig ENAM (L""*-R™™). The numerous
residues under punfying selection are identified on dark and lighr
gray background, and unchanged residues are on black background.
The fong arrows poant to the imtial cleavage sites by MMP2X). The
short arrows indicate the S-cleavage sites by KLK4 reported in the
literature, The two phasphorylated serines, S’ and §*'° and the
three Nulinked glycosylated asparugines NN and N*™ are also
under punfying selection. b 25.kDa fragment of pig ENAM showing
a smaller number of residues under parifying selection compared 1o
the 32.kDa fragment. At the end of the fragment the motif
(NEEDPIDPTGDE) is well conserved. The long arrows point to the
mitial cleavage sites by proteases, probably MMP20. No positive
selection was wdentified in these two frugments of pig ENAM

Table 2, Fig. 7). It is worth noting that similar positions
(e.g.. 121,216, 739, ) were positively selected in various
lineages. These site-specific positive selections are located
in the regions encoded by exon 3 (1 site). exon 4 (2), exon
T(1). exon 9 (1), and exon 10 (14) (Fig. 5). Most of these
positions are concentrated in Primates (10) and Rodentia
(8) (Fig. 7). The 10 positions that are suggested as posi-
tively selected in the Primate lineage are not under puri-
fying selection when considering all mammalian sequences
(i.e.. they are substituted in various, non-primate species:
see Supplementary material 1). From them, one occurred
after Pnmates—Scandentia (tree shrew) divergence, five
after Tarsiiformes (tarsier) divergence and four in Simii-
formes after separation of Platyrrhini (marmoset) (Fig. 7).
Out of the eight positions found in rodents, four became
unchanged early after the Lagomorpha-Rodentia diver-
gence (rabbit and pika): the four others positive selections
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occurred after Caviidae—Rodentia (guinea pig) divergence.
In comparison with Rodentia and Primates, the other
mammalian lineages possessed a fewer number of residues
under positive selection in ENAM (Fig. 7). two occurred

Table 2 Results of the codon model it for positive selection during
mammalian evolution using the SLAC methed

Codon dy — g Normalized P value
dy — dg
5 5.39 1.37 0.08
21 584 1.48 0.04
a8 5.83 1.48 0.05
121 564 1.43 0.07
216 5.85 1.49 0.06
390 5.55 141 0.08
739 6.17 1.57 0.02
763 3168 0.4 0.10
830 9 0.9 0.09
871 547 1.39 0.07
939 6.95 1.77 004
1051 396 1.0l 0.07
1088 5.18 1.32 0.02
1135 542 1.38 0.04
1159 6.40 1.63 0.03
1364 7.20 1.83 0.04
1460 5.56 1.41 0.04
1486 6.02 1.5 0.02
1487 385 0.98 0.07

A total of 19 pesitons were identified within an appropriate signafi-
cance level of P < (.1, The number of the position refers to our
alignment (Supplementary material 1)

Fig. 7 Location of 12 site.
specitic positive selections (out
of 19; Table 2) dusing
mammalian ENAM evolution.
Several similar positions were
subjected to positive selection %
mdepcmknal) in several

ges. The 12 bers refer
to the only informative
pasitions, e, residues that were
changed then conserved eardy in i
the various lincages. Seven sites
are not indicated in the figure as m
they are located i termanal
branches and, therefore, not
informative enough.
Mammalian phylogeny after
Springer and Murphy 2007
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early in the Afrotheria and in the Laurasiatheria lineages,
two in the common ancestor of Carnivora, Penssodactyla,
Chiroptera and Cetartiodactyla, and only one in the
Cetartiodactyla. No positive selection was detected in
Marsupialia and Monotremata.

5“UTR

The 5'-UTR of murine ENAM consists of 299 bp distrib-
uted into exon | (214 bp), exon 2 (61 bp) and UTR of exon
3 (24 bp). However. the presence of exon 2 is not reported
in human and pig ENAM transcripts. In humans, the §'-
UTR s composed of 279 bp (exon | = 219 bp, exon
3 = 60 bp) while only 243 bp in pigs (exon | = 221 bp;
exon 3 = 24 bp). The alignment of | kb of the DNA
region upstream the TIS in exon 3 with the published
sequences allowed to identify the putative UTR of all
ENAMSs analyzed (not shown): exon 1, putative exon 2, and
UTR of exon 3. In all ENAMSs. appropriate splice sites exist
for exon | (donor site) and exon 3 (acceptor site). Con-
cerning the putative exon 2, correct boundaries were found
in Rodentia (rat, kangaroo rat, guinea pig, and squirrel),
Primates (from humans to lemurs). Scandentia (tree shrew),
Cetartiodactyla (cow, dolphin), and Camivora (dog, cat).
The presence of correct splice sites and the large similarity
of nucleotide sequence suggest that exon 2 is probably
transcribed in these ENAM:s. For instance, in humans,
putative exon 2 (61 bp) is similar to murine exon 2, with
73% nucleotide dentity. In contrast. in some species
although a putative exon 2 sequence is easily distinguish-
able in the intronic region between exons | and 3, defaults
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in putative splice sites along with numerous variations in
the sequence when compared to rodents indicate that this
DNA sequence is deleted during splicing along with introns
| and 2. This occurs in Lagomorpha (rabbit and pika),
Chiroptera (bats). Afrotheria (elephant, tenrec, hyrax), and
Marsupialia (opossum. wallaby). No putative exon 2
sequence was identified in the platypus (Monotremata)
ENAM.

Signal Peptide Analysis

So far, the only amino acid sequence of ENAM SP
obtained through peptide sequencing was in the mouse.
The other SP sequences were deduced from mRNA
sequences. In mouse ENAM, the SP was composed of 39
residues, i.e., encoded by exons 3 and 4, and this is dif-
ferent from the SPs described in the other SCPPs, ie.,
consisting in 16 aa encoded by a single exon. In fact, the
sequence of the murine ENAM SP contained a second
methionine (M*) in the region encoded by exon 4 (Sup-
plementary material 1). If this start codon was the true one,
it would lead to a 16-aa-long SP similar to those in other
SCPPs. Therefore, we wonder whether the 39-aa-long SP is
not only specific for rodent ENAMs. Another surprising
feature in the 5’ region of murine ENAM transcripts was the
presence of several ATGs that could act each as a TIS,
upstream the valid start codon in exon 3.

The alignment of the 5-UTR of the 36 ENAM nucleo-
tide sequences (not shown) indicates that (i) the ATGs
located in the putative exon 1 {excepting the rat and the
mouse) are not valid TIS: either they are not in the correct
reading frame (i.e.. that leads to the translation of a func-
tional ENAM protein) or. when they are. in-frame stop

codons are present dowstream: (1) in the rat and the mouse,
the ATG at positions 75-77 in ENAM exon | is in the
correct reading frame but this feature i1s not conserved in
evolution, it is absent in the other rodent ENAM analyzed
(e.g.. kangaroo rat, guinea pig, and squireel). and the
putatively encoded SP was not found in the protein
sequenced by Fukae et al. (1996); and (ii1) the two ATGs
located in exons 3 and 4 are in the correct reading frame in
all sequences analyzed, and the encoded methionines were
both unchanged during mammalian evolution.

The analysis of these two ATGs (using dnafsnuner) in
all the sequences always provided a high probability score
for both (Fig. 8c¢). These ATGs are in agreement with
“Kozak’s consensus™, i.e.. having a purine at the 3" posi-
tion (Kozak 1984) (Fig. 8a, b).

In the rat and the mouse ENAMs the analysis of the
possible SPs (using SignalP 3.0) resulting from the pre-
dicted TIS showed a low probability for the SP to be
starting n exon 1. In contrast, high probability scores were
obtained for the SPs starting in exon 3 (39 aa) or in exon 4
(16 aa), with always a shight advantage for the latter
(Fig. 8¢). As illustrated with the analysis of human ENAM
SP. the three typical regions characterizing a SP were
found for both SPs: the positively charged n-region. the
hydrophobic h-region, and the polar c-region (Fig. 8a, b).
In the large SP (39 aa), the 23 residues of the n-region are
not under purifying selection, except the start codon (Met,
M') that was unchanged during mammalian evolution
(Supplementary material |, Fig. 5). The residues com-
prising the h- and c-regions are subjected to purifying
selection. In the short SP, the three regions are subjected 1o
purifying selection and the methionine (M™) was also
fixed.
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Fig. 8 Prediction of signal peptides encoded eather by exon 3 () or
by exon 4 (b) and of the cleavage site (@rows), taking the human
ENAM sequence as an example. For both SP sequences the score is
high (0973 and 1.000, respectively). In both, the maximum cleavage
site probability is the sume for () (between pasitions 39 and 40) and

' )

th} {between 16 and 1 7). The three charactenistical regions of SP (n-,
h- and c-regions) are indicated. Scores obtained for the long and short
SP of 30 mammalian ENAMs. In dolphin (bold) ENAM caly. the low
score for the long SP does not support thas SP as functional
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The maximal cleavage site probability was always
located between A™ and M. This site is highly conserved
in all ENAMs analyzed (Supplementary material |, Fig. 5).

Amino Acid Ratio and Richness in Proline
and Glutamine

ENAM belongs to a P/Q-rich SCPP cluster, the members
of which are characterized by a high content in proline
(P) and glutamine (Q). Indeed, proline is by far the most
represented amino acid (14% in average) in all ENAM
analyzed (Table 3; Fig. 9). A value that is nearly three
times higher than the 5.1% of P in normalized values of
proteins. The relative percentage of glutamine (Q) (7% in
average) is also high when compared to the 3.8% of
normalized value. Serine (S), asparagine (N). glycine (G),
and glutamic acid (E) are the other frequemt residues.
Taken together these six residues account for more than
504 of the residues in ENAMs. Compared to normalized
values, ENAM differs in having a larger percentage of P,
Q. N, and E, while having a smaller percentage of L
{leucine). K (lysine), V (valine). and A (alanine): these
differences are related to the proline-rich (P. Q) and
acidic region (N, E) (Table 3).

P and Q are concentrated in exons 7-9. in which a
peoline-rich domain is identified from P** 10 P'™ (Figs. 2.
5. Supplementary material 1). The numerous S, N. G, and
E are distributed apparently at random in the large exon 10,

We have especially analyzed P and Q ratios, as they
represent possible EMP relationships (P/Q-rich proteins).
In all the ENAM analyzed. the two residues represent an
average of 21% of the total residues (P = 4%, Q = T%)
(Fig. 9). The highest percentage of P (21%) is reached in
platypus ENAM. In human ENAM, exon 7 possesess 28%
of P (32% in platypus) and 17% of Q (23% in platypus).
The putative ancestral ENAM sequence reflects this high
percentage of P and Q. as they both represent 24% of the
total residues (Fig. 9).

Ancestral Mammalian Sequence

The putative ancestral sequence of mammalian ENAM
(210-220 Ma) was calculated from our dataset of 36
sequences (Fig. 10). The coding sequence consisted of
eight exons and its primary structure was composed of
1159 residues. All the important positions were found in
this sequence. Among them are the 77 unchanged residues
during mammalian evolution, which include the three

Table 3 Amino acid counts and their percentage in representative mammalian ENAM sequences (human, mouse. cow, elephant, opossum, and
platypuas) and in the putative sequence of ancestral mammalian ENAM, when compared to normalized percentage in most proteins

Amino acid Human Mouse Cow Elephant Opassum Platypus Ancestral Noemalized
1,142 aa 1.274 aa 1,143 aa 1131 aa 1,130 aa 1.209 aa 1159 aa percentage
Pro (P) 156 (13.7) 194 (15.2) 165 (14.4) 161 (14.1) 162 (14.2) 248 (20.5) 189 (16.3) 5l
Ser (S) 93 (8.1) 110 (8.6) 881N 87 (7.6) 109 {9.6) 8974 93 (8.0 70
Asn (N) 91 (8.0 116 (9.1) 87 (7.6) 87(7.6) 7767 4033 8£3(7.2) 40
Gly 1G) 90 (79 93 (7.3 89 (7.8) 92 (8. 93 48.2) 1374113 103 (8.9) 89
Gln (Q) 86 (1.5) 81 (6.4) 79 (69) 80 (7.00 70 {6.1) 64 (5.3) £8(7.6) s
Glu (E) 80(7.00 T3 (&N 74 (65) 7767 81471 72(39) 8547.3) 50
Arg (R) 62 (54) 50 (3.9 60 (5.2) 61 (8.3) 60 (5.3) 167 62 (5.3 4.1
Leu (L) 60 (5.2) 5745 64 (5.8) 67 (5.9 65 (57 61 (5 59451 85
Thr (T} 39(5.2) 70 (5.5) 7263 60 (5.3) 53548 4215 5 4.3) 58
Lys (K) 5346 7357 46 (4 49 (4.3 5145 EYRENY] 44(3.8) 81
Tyr (Y) 45 (4.2) 50 (3.9) 5044) 45(39) 5240) 46 (3.8) 46 (4.0 10
Asp (D) 43 (18) REFRI 46 (4.0 4740 M3 5949 41 (3.5) 47
Phe (F) 43 (1.8) 512 43 (3.8) 40 (1.5) R RN 1529 4034 40
Ala (A) AR 65 (5.1 AR 49 (4.3 49 44.3) 8469 5749 87
Val (V) RLTEN ] 46 (16) nan RLEEN N 41 (36) 4124 32 65
Iso (1) 12(28) Maen 1914 2925 15431 101{0.8) 28424) 7
His (H) namn 20 (1.6) 30 (2.6) 1228 2642.3) 2319 24420 14
Met (M) 21 (0L8) 28(22) 19017 1917 2320 18(1.5) 16(1.4) 15
Try (W) 15(1L.%) 16 (1.3 14(L2) 1614 12(10 15(1.2) 144L2) 1o
Cys (C) 7(0.6) 7(05) 7 (0.6) 7(0.6) 710.6) 7106) 640.5) iz

The percentages are larger than the normalized values are in bold characters
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Fig. 9 Percemtage of proline
(P, glutamine (Q). and both
(P + Q) in the ¥ mammaban
ENAMs analyzed and m the
deduced putative ancestral
sequence

Fig. 10 Ancestral aminoe acid
sequence of mammalian ENAM
calculated from the entire
dataset. The exons are indscased
and delimited by brackets ).
The residues unchanged during
mammalian evolution are on
gray background. The residues
known as being phosphorylated
or Veglycosylated are indicated
(arrowheads). Two RGD moufs
are hoxed and the Pro.nch
domain is wnderlined
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phosphorylated serines, the three glycosylated asparagines,
and the six cysteines (Fig. 10). It is worthy to note that two
RGD motifs (cell attachment sequences) are located in this
region; although, these amino acids were not subjected 10
selective pressure. The proline-rich domain was also
wdentified but it extends larger into the region encoded by
exon 10 compared to, e.g.. human ENAM. No repeats were
detected in exons 7 and 10. The two putative TIS (M' and
M) in exons 3 and 4 were present.

SignalP 3.0 analysis (not shown) provided a score of
0.887 for the functional probability of the large SP starting
with the first methionine (39 aa) (with signal anchor
probability = 0.029) and a score of 0.999 for the short SP
starting with the second methionine (16 aa) (with signal
anchor probability = 0.0). In both cases the maximum
cleavage site probability was between A™ and MY

Discussion

The objectives of our evolutionary analysis of mammalian
ENAM were fulfilled. Using a large set of ENAM sequences
{36 mammals) that are representative of the main mam-
malian lineages, we (1) highlighted numerous residues
(some of them forming motifs) which were conserved
during approximately 220 Ma that is strongly indicative of
potential biological or structural functions, and (i) identi-
fied several positions that were recently positively selected
in rodents and primates (positive selection). Such a large
dataset is not only useful to predict mutations that could
lead to ENAM-associated genetic disease, type-2 amelo-
genesis imperfecta (AIH2), but will also be of importance
in helping validate ENAM mutations that are identified in
patients suffering from AIH2. In addition, we revealed that
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the proline-rich domain is conserved, analyzed the large
5-UTR and the unusually large SP. and also calculated the
putative ancestral ENAM sequence in mammals. The latter
proved to be useful in recent studies investigating ENAM in
reptiles (Al-Hashimi et al.. unpublished results).

Selective Constraints and Potential Functions
for ENAM Residues

Structurally or biologically important residues or motifs,
ligand-binding sites or regions involved in protein-protein
interaction of ENAM were found subjected to selective
pressure as revealed by the analysis of purifying selection.
Indeed, as observed in many proteins {(e.g.. alcohol dehy-
drogenase or aldehyde dehydrogenase; Chen et al. 2009)
the substitution of a single amino acid may reduce the
efficiency of ENAM, or even may lead to important dis-
orders such as AIH2. Our analysis indicates that either
positions must not be changed (77 unchanged positions). or
can only change when replaced with a residue possessing
similar biochemical characteristics (more than 300 con-
servative positions). In addition. 19 positions were identi-
fied (principally in rodents and primates) as having high
evolution rates. but became unchanged in some lineages.
This positive selection is well known (Stern et al. 2007)
and is of great interest for evolutionary analyses as it could
reflect a recent adaptation of ENAM (improvement of
previous functions, new properties. etc.).

The 32-kDa Fragmenr is the Keysione of ENAM

The 32-kDa fragment, which comprises about 1% of total
enamel protein, accumulates in the entire thickness of the
enamel. [t has been long suggested that this peptide plays a
crucial role in the initiation of enamel mineralization
(Tanabe et al. 1990; Uchida et al. 1991b; Yamakoshi 1995,
Hu and Yamakoshi 2003). Here, we show that 67 out of the
106 residues of this peptide are subjected to purifying
selection. Such a high selective pressure can only be
explained as an important function of this region. In par-
ticular, we identified two remarkably conserved motifs
possibly containing a phosphorylated site. This indicates
that these motifs are probably the main actors for the
function of this peptide.

The 32-kDa peptide is phosphorylated and glycosylated,
and it was shown to adsorb strongly onto apatite crystals
(Tanabe et al. 1990). Here, we show that the two serines
described as being phosphorylated in porcine ENAM were
unchanged during mammalian evolution. This suggests that
these serines are phosphorylated in the other species as
well and that their phosphorylation plays a crucial role for
the right function of this peptide. The glycosylation was
shown to protect the 32-kDa peptide from degradation by
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MMP20 (Yamakoshi et al. 2006). Here, we show that the
three N-linked glycosylation sites described in porcine
ENAM were unchanged during mammalian evolution. This
means that selective forces are acting in order to prevent
precocious degradation of this peptide during the early
phases of enamel mineralization. In contrast, later. during
the enamel maturation stage, degradation of the 32-kDa
fragment by KLK4 is required as this proteolysis provides
space for apatite crystal growth. An extended retention of
this peptide in the forming enamel matnix would disturb the
mineralization process and may result in enamel hypoma-
turation. We also show that three out of the five KLK4
cleavage sites identified in the 32-kDa peptide of porcine
ENAM are under high purifying selection in mammals.
This means that these three KLK4-specific sites were kept
unchanged because they provide an optimal substrate for
the function of this enzyme. The two other variable
cleavage sites are either no longer useful because of
alternative sites being present in other locations of the other
mammals. or the vanable cleavage sites are less important
for KLK4 action as, for instance. the N-terminal cleavage
site described in porcine ENAM. However, in humans this
site appears to be highly important for ENAM function,
because the substitution of a single residue was reported 1o
lead to AIH2 (Gutierrez et al. 2007: see below). The results
of our evolutionary analysis strongly suggest that further
functional studies should target this 32-kDa peptide.

The 25-kDa ENAM Fragment Includes ja Well-Conserved
Monf

The 25-kDa ENAM peptide, isolated from the outer thin
layer of porcine secretory enamel. is the result of the final
process of the proteolytic cleavage of the large 89-kDa
fragment (Fukae et al. 1996). Here. we show that most
residues of this fragment are not under selective pressure.
This could lead to the conclusion that this peptide does not
play an important role in enamel mineralization, and was
only identified as a degradation product of ENAM. How-
ever, in this peptide, we identified a conserved motf
(NEEDPIDPTGDE in the pig sequence) with a probable
phosphorylation site (Thr). This raises the guestion of a
possible role for this short region in early phases of min-
eralization, before being entirely degraded by MMP20.

Identification of Functonal Monfs

Several motifs (SxE) containing a putative phosphorylation
site are well conserved in regions encoded by exons 4. 9,
and 10. Such an evolutionary constraint indicates that these
residues are essential for ENAM function, in particular by
increasing protein affinity to apatite crystals (Tanabe et al.
1990; Hu et al. 1997b). Moreover, similar motifs are
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present in all SCPPs and they are characteristic features of
these proteins (Kawasaki and Weiss 2003).

Although the proline-rich domain encoded by exon 7
appears variable, we identified a conserved mouf in its
middle region. It 1s worthy to note that we did not find a
similar mouf in protein databases. including proline-rich
proteins. This suggests that this motif could have an
important function for enamel formation. in particularly
protein—protein interactions when considering its location
in the core of the proline-rich domain. This hypothesis
should be tested in the near future.

The presence of an RGD motf in the ENAM region
encaded by exon 10, first led Fisher and Fedarko (2003) to
consider ENAM as a member of the SIBLING (Small
Integrin-Binding Ligand N-linked Glycoprotein) family.
However. they dropped this idea when they found out that a
RGD was absent in murine ENAM. Here, we show that the
RGD is not present in several mammalian ENAM and is
not subjected to purifying selection. This could mean that
the RGD motif was inherited from an ancestral SCPP early
in ENAM evolution, but was not functionally/structurally
important for the protein {(e.g.. no interaction with the cell
membeane in this ENAM region) and. therefore, was not
evolutionary constrained. Another possibility is that the
RGD motf was generated randomly in several species.
Indeed, this ENAM region is rich in Arg. Gly, and Asp
residues. Our analysis of positive selection did not reveal
that this motif was selected recently in some lineages. such
as primates. We conclude that the RGD motif is not nec-
essary for the correct function of ENAM.

Paositive Selection and ENAM Adaptation

Nineteen sites subjected to positive selection were identi-
fied in ENAM as having a greater evolution rate than
observed for neutrally evolving sites. Generally, this phe-
nomenon results from a mutation with a strong selective
value, ie.. increasing the mean fitness of an organism.
Some of these site-specific residues are close to motfs
subjected to punifying selection. This indicates that they
could improve the specific function of these motifs.

It is worthy 1o note that positive selection was detected
peincipally in primates (10 sites) and rodents ENAM (3
sites), while only two occurred in afrothenians and in
lawrasiatherians. The presence of recently selected residues
in primates and rodents could be the result of adaptive
evolution. This brings up to the guestion on which changes
could these positively selected positions be related tw?
Recently. using PAML program, Kelley and Swanson
{2008) have identified three positions subjected to positive
selection in the 32-kDa peptide of primate ENAM. These
authors found a correlation between these newly selected
residues, an increase in enamel thickness and a shift in diet

from folivorous to frugiverous. However, this study did not
take into consideration the non-primate ENAMs. The
PAML program does not take into account varations in
synonymous substitution rate, and therefore may lead 1o
false positives (Kosakovski et al. 2005a). In our study. we
tried to overcome these limitations by comparing numerous
mammalian ENAMs and by also using the HyPhy program
that displays some advantages over other methods in
detecting amino  acid positions  subjected o positive
selection (Kosakovski et al. 2005b). Finally, it is supposed
that the 32-kDa peptide plays a crucial role in the initiation
of mineralization, not in enamel microstructure and thick-
ness. This function could be ensured by the proline-rich
region of the three EMPs (Delgado et al. 2005, Sire et al.
2007). Positively selected residues in the 32-kDa peptide
probably reinforce the function of the 32-kDa fragment as,
for instance, a better mineral initiation.

In the absence of more precise data on the role played by
enamel proteins in the precise structure of this tissue. it was
not possible to find a correlation between positively
selected amino acids identified in ENAM and dietary
change. Indeed, we cannot explain that several positions
were positively selected in primates and rodents, and nearly
absent in levrasiathenians and afrotherians. Further studies
are needed to understand which advantages, if any, are
related to these positively selected residues.

Proline-Rich Region of ENAM Witnesses for EMP
Relationships

The presence of a proline-rich region s not a specific
feature of ENAM; the two other EMPs, AMEL. and
AMBN. also possess this region (Kawasaki and Weiss
2008). The proline-rich ENAM region encoded by exon 7
15 variable and. as such, it appears to be under relaxed
evolutionary pressure. In a previous evolutionary analysis
of AMEL, we showed that the proline-rich domain was not
less evolutionary constrained than the other regions, but
that the selective pressure was focused on the conservation
of a high percentage of prolines (and glutamines) (Delgado
et al. 2005). We proposed also that the proper function of
AMEL in enamel formation (enamel microstructure and
thickness) resided in its proline-rich region. Proline-rich
regions are also supposed to favor protein—protein inter-
actions (Dunker et al. 2002) and there is some evidence
that the proline-rich region of AMEL interacts with AMBN
(Ravindranath et al. 2004).

In AMEL, we showed that the high percentage of pro-
line (P) and glutamine (Q) was acquired through repeated
insertions of PxQ triplets. We suggested the hypothesis that
most of the region encoded by exon 6 was generated
through this mechanism early in AMEL evolution (Del-
gado et al. 2005, 2006; Sire et al. 2007). We also
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demonstrated that the three EMPs are phylogenetically
related (Sire et al. 2006, 2007). The proline-rich regions
encoded by ENAM exon 7. AMEL exon 6, and AMBN exon
6 are probably homologous, and this condition was inher-
ited from a common ancestral EMP gene. However, in the
putative ancestral ENAM sequence we did not identfy
PxQ repeats in the region encoded by exon 7. We can
conclude that the ancestral condition of ENAM was 10
possess a proline-rich region, and that the triplet repeats
have appeared later, when ENAM gave rise to AMBN and
AMEL (Sire et al. 2007). Further analyses of lissamphibian
and reptilian sequences could help to better understand the
evolution of this proline-rich domain.

Prediction and Validation of AIH2-Associated
Mutations in Human ENAM

Our evolutionary analysis of ENAM revealed 77 unchan-
ged positions, ie., residues that were not modified during
approximately 220 Ma of mammalian evolution. when
taking into account the divergence time between thenans
and monotremes (Warren et al. 2008). As discussed above,
amino acid conservation during long geological times
certainly means that they play an important role for the
correct function of the protein. This correlation is strongly
supported by studies demonstrating that more than 95% of
the amino acid substitutions leading to a genetic disease
occur on residues unchanged during hundreds million years
of evolution, ie.. those under strong selective pressure
(Subramanian and Kumar 2006). As a consequence, a
disease-associated mutation (DAM) can be predicted when
such an unchanged position is changed. It is therefore
important, in this context, to perform an evolutionary
analysis of proteins to identfy accurately all unchanged
ENAM positions. Such a dataset will be of great help 10
validate human mutations (amino acid substitutions) sus-
pected to be responsible for AIH2. Such a prediction/val-
idation of DAM was recently performed on AMEL. the
major enamel protein. The study revealed that numerous
unchanged residues, among which eight positions, already
reported in the literature to be responsible for X-linked Al
when substituted, were validated (Delgado et al. 2007).
Here, we predict that the substitution of one of these 77
conserved positions in human ENAM will lead to AIH2.

In addition, a large number of positions were identified
as being conservative (i.e.. they slowly evolve and can be
replaced by amino acids possessing the same biochemical
charactenistics). We postulate that changing the properties
of these positions could lead either to a severe enamel
disorder or to discrete enamel abnormalities, as for instance
higher susceptibility to dental cares.

However. it is worthy to note that. out of the eight
mutations reported in the literature as leading to ATH2, only
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one concerns a single amino acid substitution: the first
residue, arginine (positively charged), encoded by exon 9 is
replaced by a methionine (hydrophobic) (p.R179M: Gut-
ierrez et al. 2007). Surprisingly. the evolutionary analysis
indicates that this position is not conserved during mam-
malian evolution: Arg is substituted either in Thr (rat). Lys
(cow), His (wallaby), or Gln (platypus). Moreover, this
position is not under positive selection. Four hypotheses can
be suggested to explain this contradiction: (1) this position
is conservative and Arg can be replaced wath a polar (Thr,
Gln) or charged (Lys. His) residue, but not with a non-polar
residue (Met); (2) as discussed before, the importance of
this position is related to its putative function as the KLK4
N-terminal cleavage site of the 32-kDa fragment. Another
cleavage site could exist in species in which Arg is substi-
tuted, but we failed to find it. (3) the mutation is in the first
codon of exon 9 and may also represent a splice-junction
mutation, even though it is in the exon. There are a number
of such mutations in the 5-end of DSPP that cause inherited
dentin defects (Kim et al. 20052, b); and (4) the reported
mutation is not valid, ie., another mutation may be
responsible for the Al in the patient in which Arg is
substituted, but the probability s very low. The first
hypothesis seems the most plausible as none of the substi-
tutions observed in the dataset are involving a methionine.
According to varnious authors kallikreins are normally tar-
geted to Arg. Lys. or Gln (Gomis-Ruth et al. 2002; Yoon
et al. 2007).

Nevertheless. we failed to demonstrate that KLK4 is
able to process this site when substituted by Thr or His.

Is the Role of 5-UTR of ENAM Different from that
of the Other SCPPs?

In all SCPPs, the 5-UTR is composed of 100-110 nucle-
otides distributed into a short exon | and the 5-end of exon
2 (Kawasaki and Weiss 2003). This is not the case in most
ENAMSs, in which the 5-UTR possesses a large exon |
(=200 bp), an additional exon (approximately 60 bp). and
the 5-end of exon 3 (60 bp). Such a large 5'-UTR, and the
presence of a large SP (see below), are interesting features
of ENAM.

The length of the 5-UTR seems to play a role on the
fidelity of the translation initiation signal (Kozak 1991).
Indeed, the minimal length necessary to allow the recogni-
tion of the right ATG by the transcription machinery is about
20 nucleotides, but the fidelity increases with the 5-UTR
length. This observation is ascribable only to the length of §'-
UTR. not to a particular sequence. The only known charac-
teristic of §-UTR sequences consists in their poorness in
guanine. which is not favorable to the formation of secondary
structures (Kozak 1991 Reuter et al. 2008). The capacity for
along 5-UTR to increase the effectiveness of the translation
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initiation can be explained partly by the accumulation of
many ribosome 405 sub-units on this mRNA. Moreover,
Reuter et al. (2008) suggested recently that the length of §'-
UTRs is selectively neutral and evolves under a process of
stochastic destruction and recruitment of core promoter
elements. This phenomenon is combined with a selective
pressure against a premature translation initiation. This
means that most of 5~UTR sequence is not subjected 1o
selective constraints to conserve DNA sequences, butonly to
keep their poorness in guanine (Reuter et al. 2008). There-
fore, we can deduce that the presence of a supplementary
exon in ENAM §'-UTR is either in relation to the initiation of
the second ATG (see below) or a random recruitment process
of promoter elements.

An Unusual SP in ENAM

All members (22 in humans) of the SCPP family possess a
SP ranging from 17 to 26 aa, except ENAM, in which the
SP is unusually large (39 residues in humans, Hu et al.
2000, 38 aa in the pag. Hu et al. 1997a) (Kawasaki and
Weiss 2003). Such a large SP is rarely encountered in
cukaryotes: comparative analysis of a large number of SP
indicated a length of 20-25 aa (von Heijne 1985, Martoglio
and Dobberstein 1998). This large SP is encoded by exon
3. in which the TIS is well conserved during mammalian
evolution, and exon 4 that encodes well-conserved residues
{leucine-rich region) composing the hydrophobic core (h-)
region required for protein targeting and membrane inser-
tion (von Heijne 1985). Conversely, the large n-region (of
unknown function) encoded by exon 3 (the N-terminal
region of this SP) is not subjected to strong selective
pressure, although peesent in all mammalian ENAMs. The
h-region is homologous to the SP of the other SCPPs, while
the large n-region is proper to ENAM. In the other SCPPs
the SP possesses a short n-region.

The existence of well-conserved second TIS encoded by
exon 4, and homologous to the SP of the other SCPPs.
raises the question of the need/function of the first one. It
appears clearly that the second TIS was inherited from the
ancestral gene of this family, and we showed that it could
be functional if it was not preceded by the first TIS of the
large SP. The latter being located in a different exon {(exon
3) than the second TIS (exon 4), it is probable that ENAM
exon 3 results from the insertion of an exon from another
gene (the so-called exon shuffling process; Patthy 1999).
This event occurred at least in the common ancestor 1o
mammals or earlier. However, using Psi Blast search we
did not find similarity of this exon 3 with other proteins in
the database (NCBI). The conservation of this new SP
during ENAM evolution means that the presence of a large
SP (with a large n-region) was a positive event. The strong
conservation of the two TIS can only be explained by the

existence of two isoforms that result from alternative
splicing of exon 3: one with a short SP (homologous to that
of others SCPPs) and another with a long SP. the function
of which is sull to be found.

Our analysis revealed a single exception of this rule: the
large dolphin ENAM SP exhibits a low probability score
for a secretory-related SP. In contrast, our SP analysis
indicates a high probability score for an anchoring SP.
Therefore, either this large SP is not functional or it could
play another function. We can also wonder whether this
difference when compared to the other ENAMs could be
related to the homoedont dentition in toothed cetaceans.

The presence of two (predicted) SP in mammalian
ENAM is not unique and the use of different SP is a
common feature of many proteins (Davis et al. 2006). For
example, interleukin-15 presents both a short and a long SP
revealing complex pathways of intracellular trafficking
(Kurys et al. 2000). In general, complex SP organization
means multiple functional properties: protein secretion,
cytoplasm localization, mitochondrial targeting. membrane
protein (Hiss et al. 2008; Davis et al. 2006). Unfortunately,
the pathway of the predicted ENAM isoforms remains
complex to determine because these isoforms are not
reported so far and no statistical data can predict the exact
role of a SP from its amino acid sequence. However, from
our analyses we can conclude that the ENAM SPs are
probably used only for protein secretion and not for other
cellular pathways. We hypothesize a different extracellular
export efficiency of the two isoforms (long and small SP)
as reported from mutations in the SP of the protein Shrew-1
(Hiss et al. 2008). Indeed. the export efficiency appears 1o
be correlated with the existence and integrity of an area
separating the n- and ¢- regions of the Shrew-1-long SP.
This region called “transition area™ exists in many long SP
and is characterized by 4-7 aa including a glycine (G) and
some large polar residues (Hiss et al. 2008). These authors
have shown that controlled mutations (progressive dele-
tions) in this area decreased the secretion activity.

The ENAM SP seems to present such a transition area at
the beginning of exon 4. Interestingly. this putative tran-
sition area is variable in mammals, except the glycine
conserved at position 22. This suggests a complex regula-
ton of ENAM secretion in mammals. The regulation of
secretion could decrease the amount of ENAM in the
forming enamel matrix and would facilitate the orderly
replacement of organic matrix with mineral during the
transition- and maturation-stages (Lu et al. 2008),

The Case of Platypus ENAM
The platypus (monotremes) is an interesting species with

regard o EMPs, not only because the monotreme lineage
diverged from the therian lineage approximately 200 Ma,

Q) Springer
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but also because the milk teeth are not replaced in juve-
niles. A keratinized beak and large keratinized pads are
used instead of teeth for food processing (Davit-Béal et al.
2009). Therefore, the selective pressure on tooth enamel
and on its constituents is rapidly relaxed during ontogeny,
and we wonder whether or not this low functional pressure
could be detected in the ENAM sequence. First, our anal-
ysis showed that platypus ENAM is functional: neither stop
codon nor reading frame shift, or large deletions were
detected. This means that ENAM is important for enamel
formation, even in a species with a short enamel life. In
addition, the 32-kDa peptide s well conserved as in the
other mammalian ENAMs, despite the long lasting separate
evolution. Therefore. this finding strongly supports the 32-
kDa ENAM peptide as a crucial actor for enamel formation
in mammals. The only difference identified in the platypus
ENAM concerns its larger P + Q content when compared
to the other ENAMSs (see above). Another difference con-
sists in a richer guanine content (485 on average) of the 5'-
UTR region than in the other ENAMSs (data not show). In
cukaryotes, it is known that a 5-UTR guanine-rich
sequence decrease the capacity of tanscription initiation
(Kozak 1991), which could suggest a lower level of ENAM
expression in platypus when compared to therian species.

Conclusion

The role that ENAM plays in enamel formation is stll largely
within speculation: although. it is assumed to work as a
nucleator during the early phases of enamel mineralization
andlor could be critical for enamel crystal elongation. Our
evolutionary analysis reinforces some previous findings,
such as the crucial function of the phosphorylated and gly-
cosylated residues, cysteines, and the important role played
by the 32-kDa peptide, because these positions were con-
served for more than 220 Ma. We also shed light on
numerous unchanged residues and motifs that were unknown
and certainly are important for the correct function of the
molecule. All of them should be targets for future studies
aiming to clarify their function. These data can also be used
to predict or validate Al-associated mutations in ENAM.
Although ENAM represents less that 5% of the matrix during
enamel formation, the important role in enamel formation of
this protein exists for long geological times. as revealed by its
peesence and conservation in the platypus. In addition to the
32-kDa fragments, the proline-rich domain and the con-
served motf in the 25-kDa fragment should have an inter-
esting function. still to be elucidated.
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1. Introduction

Teeth and their tissues, dentin and enamel, have a long,
well-defined history. Their origin was traced back to the
extra-oral dermal skeleton of carly jawless vertebrates.
approximately 500 million years ago, mya {see reviews in
Huysseune and Sire, 1998 Smith and Coates, 2000, Sire
and Huysseune, 2003). Once recruited into the mouth in
carly gnathostomes, circa 450 mya, teeth were subjected
to strong selective pressure due to their crucial function.
This explains why teeth, and particularly their developmen-
tal processes, organization and structural components,
were conserved nearly unchanged through geological times.

In mammals. as in most tetrapod taxa, teeth are covered
by a thick and highly mineralized, protective tissue.
enamel. The amelogenin gene (AMEL) encodes the major
protein of enamel (94 of the organic matrix). Recent
molecular analyses have brought insights into the evolu-
tionary pattern of AMEL in mammals (Delgado et al
20035) and have shown that the history of this protein could
have started by the end of the Precambrian period (Sire
et al., 2007). Comparative studics of AMEL in mammals,
reptiles and amphibians have revealed highly conserved
residues located at the C- and N-terminal regions and have
indicated that a large part of the hydrophobic, central
region of the molecule, encoded by the largest exon 6.
was more variable (Ishiyama et al, 1998, Toyosawa
et al., 1998 Delgado et al., 2005). Because AMEL is X-
linked in many mammal lincages, the gene as a whole is

) Correspondling awthor. Fax: +33 1 44 2735 72,
Eamail address: sirefcr jusssew fr {1.-Y. Sire)

105579048 « see fromt matter £ 2008 Elsevier Inc. All rights reserved
doi: 10,101 6] ympev. 2008.01.025

predicted to be particularly strongly conserved (under
Ohno’s rule in general, Ohno, 1967, and because of the
X's bias toward transmission through the slowly mutating
female mammal germline, Li et al., 2002). In cutherians,
AMEL was shown to span an ancient pscudoautosomal
boundary on the X-chromosome, exon 6 being a formerly
pseudoautosomal segment of the gene (Iwase et al.
2003). This additional stringency at this particular location
may have reinforced the conservation of exon 6 sequence
because recombination has been shown to have little effect
on the rate of sequence divergence in this pseudoautosomal
boundary among humans and great apes (Y1 et al,, 2004).
This possibility has been also discussed in a recent article
{Richard et al., 2007).

Both functional constraints and sequence variation indi-
cate that AMEL, and particularly the variable region, could
contain a useful phylogenetic signal for deep cladogenetic
events, even if exon 6, the only exon casily retrieved using
PCR, is rather short (approximately 400 bp). We have
therefore tested the utility of this region of AMEL for infer-
ring a mammalian phylogeny above the family level.

Comparative genomic data from mammals have accu-
mulated rapidly in the recent past and have contributed sig-
nificantly to  resolving  long-standing  phylogenetic
controversies. Mitochondrial then nuclear DNA sequence
analyses revealed new mnterordinal mammalian relation-
ships (e.g., Springer et al, 1997. Stanhope et al., 1998;
Madsen et al., 2001 Murphy et al, 2001: Delsuc et al.,
2002; Waddell and Shelley, 2003). Four superordinal
cutherian clades are recognized: Laurasiatheria (six orders:
Cetartiodactyla, Penssodactyla, Carnivora, Pholidota,
Chiroptera and Eulipotyphla). Euarchontoglires (five
orders: Primata, Dermoptera, Scandentia, Rodentia and
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Lagomorpha), Xenarthra, and Afrothena (six orders: Mac-
roscelidea, Afrosoricida, Tubulindentata, Sirenia, Hyracoi-
dea. Proboscidea). Eighteen cuthenian (placentals) orders
were defined, to which are added the metathenian order
(marsupials) and the prototherian order {monotremes) to
give a total of 20 orders encompassing all extant mamma-
lian species (Waddell and Shelley, 2003).

Most of the recent molecular phylogenies confirm these
relationships {e.g.. Amrine-Madsen et al., 2003; Springer
et al., 2003; Hallstrom et al., 2007: Murphy et al., 2007).
However, controversies still persist both among molecular
phylogenies and when companng these data to evolution-
ary relationships based on morphology. This is particular
pertinent to several superordinal euthenan relationships
such as between Afrothernia, Xenarthra and Boreocuthena
(Euarchontoglires + Laurasiatheria), although monophyly
of Afrotheria was recently supported by morphological
features (Sanchez-Villagra et al.. 2005, Tabuce et al,
2007). It is clear, however, that more nuclear data are
required as carly placental divergences may have been com-
pressed in time (Kriegs et al, 2006; but see Bininda-
Emonds et al., 2007 for further discussion on the diversifi-
cation of today’s mammals).

In the present study, we have used 55 sequences of the
amelogenin exon 6 from species representative of all main
mammalian lincages. We show that AMEL exon 6is an addi-
tonal efficient marker for ordinal mammal relationships.

2. Material and methods

The species and accession numbers of AMEL sequences
used in this study are listed in Table 1. Eighteen sequences
were found in databases. The other sequences were
obtained from genomic DNA extracted from either frozen
or ethanol-preserved soft tissues (kidney, liver, spleen, skin)
using the DNeasy Tissue System kit (Quagen). The source
of material is indicated in “Acknowledgments™ section.

AMEL exon 6 was amplified using the following prim-
ers: Maml! (sense: S-TACGAACCATGGGTGGATGGC
TGC-3") or Mam3 (sense: S-TACCCTTCCTATGGTTAC
GAG-3') to hybridize the 5 region, and Mam?2 (antisense:
S“CACTTCCTCCCGCTTGGTCTT-3") or Mamd (ant-
senee: S-GOCAAGCTTCCAGAGTCAGAT-3') to hybrid-
ize the 3' region.

Amplification was performed in 38 cycles, each cycle
comprising: | min denaturation at 94 °C, 1 min anncaling
at 39 °C and | min extension at 72 °C. The final extension
was for 30 min at 72 °C. Sequencing of PCR products was
done by Genome Express S.A.

Sequences were aligned manually using the editor Se-Al
software (Rambaut, 1996) and amino acid properties were
used. Resulting gaps were treated as missing data in all
analyses. The 5° (36 first bp) and 3' (21 last bp) regions
of exon 6 are highly conserved and were deleted. This
resulted in 367 sites for 535 taxa (322 variable sites, 203 of
which are informative). The alignment is available upon
request.

Tabk 1

Specwes studied {55 taxa)

Human Homanidae Homo suptens
Orangutan Homanidae Pongo pygemasr
Rhesus monkey Cercopalbecklae Macaca mwlelta
Squirrel monkey Cebulae Saanmirt holivaensis
Marmoset Cebulae Callithrix jacehny
Ring-taled kmur  Lemunidae Lemur catia
Bushbaby Galagidac Otelermor garneltnn
Troe shrew Tupaindae Tupara belomgert
Flying lemur Cynocephaldac Cymwecephlar varsegaiuy
Mouss Mundac Mus mweenfier

Rat Murclac Rattus movregiows
Hamster Mundac Mevocricetar awratus
Guinea pig Caviidae Carv porceliny
Squirrel Sciurdac Spermophilae tridecemimeniny
Cow Bovidae Box fawrwe

Goal Bovidae Capra hircus

Japanese serow Bovidae Capricomis crispus
Pig Suidae Sus serofa
Hippopotamus Hippopotamidae Hexaprovodon Mhertensis
Dolphin Delphinadae Turstops (rusontus
Parpaise Phocoenidae Phovoena phocorma
Horse Equidae Equus caballus

Tapar Tapindae Tapirus terresrels
Rhinocercs Rhunccerotsdae Ceratorkeriom somume
Dog Canidae Cawis famiharis

Black bear Ursidae Ursus americanus
Panda Ursidae Aslwropoda melanodeson
Gray seal Phocidae Halkchovrus grypos
Sea bon Otarndae Orarsa byrowks

Cat Felidae Fells canms

Tiger Felidae Panthera tigris
Chevtah Felidae Acmonyy frbatus
Pangolin Manlae Manis xeranice

Fruat bat Pleropodulae Cymopterus brachyotic
Flying fox Pleropodulac Prevopes vampyras
Roundkeal bat Rhanolophidae Hipporaderox ater
Mxrobat Vespertilionidae Myavsie fwcifugue
Hedgehog Ennaceidae Ermmaceves evropweny
Shrew Soricdae Sovex araneus
Armadillo Dasypodidae Dasypus mesemoime s
Tamandua Myrmecophaglac Tormanadvor fetravkectyla
Three-toed sloth Bradypodidae Bradypur mnfuscatus
Two-toad doth Megalonychida Cholloepyer o nv
Almcan elephamt Elephantidae Loxexdomta @fricana
Tenree Tenrecudae Echinaps telfovr
Golden mole Chrysochlondae Chrysochlords astatica
Aardvark Orycteropidac Oryereropus afer
Hyrax Procaviidae Provacta capensts
Elephant shrew Macrascelidsdae Elephanrlus ecdwarail
Manatee Trchechadae Trichechus mawans
Opossum Dadelphadae Maonodelphis domesrica
Aquatic opossum  Dadelphadae Chiromecres mniius
Wallaby Macropodidae Macrapus evgeai
Echidna Tachyglossidae Tackyglossus aeulvanes
Platypus Oraithochynchidae  Omitharkynchus anariwes

The entres in the table are ordered alphanumersally (by Accession No:
EUIGSR45-EU168899).

We built phylogenies using probabilistic approaches
with Maximum Likelihood (ML) and Bayesian methods
of inference. ML analyses were performed with PAUP'4
(Swofford, 1998). Bayesian analyses were performed with
MrBayes 3.1 (Ronguist and Huelsenbeck, 2003). For both
approaches an appropnate model of sequence evolution
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was inferred from the data themselves using ModelTest
(Posada and Crandall, 1998). The model selected {Akaike
Information Criterion) was the TIN+G model with substi-
tution parameters as A-C/A-T/C-G =1, A-G =4.1029,
and C-T =235407, base frequencies as A =0.2398,
C=04136, G=0.1682 and T = 0.1785, and a I' parame-
ter of 0.707. Bayesian analyses were run with model param-
cters estimated as part of the Bayesian analyses, and the

867

best-fit model as inferred by Modeltest. ML results are pre-
sented under the form of a bootstrap consensus tree (1000
replicates, NJ starting tree with NNI branch swapping)
which is considered to be a reliable estimate of phylogeny.
Bayesian analyses were performed by running 2,000,000
generations in four chains, saving the current tree every
100 generations. The last 18,000 trees were used to con-
struct a 50 majonty-rule consensus tree.
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3. Results and discussion

The 50% majonty-rule ML bootstrap consensus tree is
shown in Fig. 1. As expected based on analyses from one
portion of gene only (less than 600 sites), most basal nodes
show low robustness values. However, remarkable congru-
ence with previously published molecular mammalian phy-
logenies 1s obtained.

Our analyses based on AMEL exon 6 from 55 species
recovered the marsupial and cutherian clades with high
support values.

The four superordinal clades of cutherian mammals,
Laurasiatheria, Evarchontoglires, Xenarthra and Afrothe-
ria, recognized by, ¢.g., Madsen et al. {2001), Murphy et al.
(2001}, Amrine-Madsen et al. (2003), and Nishihara et al.
(2006) are all identified. Morcover. seven cutherian orders
are identified as monophyletic: Carnivora, Cetartiodactyla,
Chiroptera, Penssodactyla, Primata, Rodentia and
Afrosoricida.

Several other higher-level mammalian relationships are
found congruent with the most recent cutherian mammal
phylogenies cited above: Ferae: Carnivora and Pholidota;
Euarchonta: Primata, Dermoptera and Scandenua: Tethy-
theria: Sirenia and Proboscidea; Pacnungulata: Hyracoidea
and Tethytheria;  Afroinsectivora:  Afrosoricida  and
Macroscelidea;  Afroinsectiphilia:  Afroinsectivora  and
Tubulidentata.

This tree shows only a few discrepancies with other
molecular phylogenies based on large concatenated DNA
sequences: for instance, Cetartiodactyla is identified as Cet-
acea + Artiodactyla, but Hippopotamidae + Cetacea is not
retrieved; also. a recent article by Hallstrom et al. (2007)
strongly supports Xenarthra as the sister lineage to Afro-
thenia, reinforcing the clade “Atlantogenata™ already pro-
posed by Delsuc et al. (2002).

These results indicate that AMEL exon 6, although
composed of approximately 400 bp, is a very efficient phy-
logenetic marker for higher-level mammalian relationships
that could be added to the current large data sets of DNA
SequUences.
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Abstract

Background: The ability to form teeth was lost in an ancestor of all modern birds, approximately
100-80 million years ago. However, experiments in chicken have revealed that the oral epithelium
can respond to inductive signals from mouse mesenchyme, leading to reactvation of the
odontogenic pathway. Recently, tooth germs similar to crocodile rudimentary teeth were found in
a chicken mutant. These “chicken teeth” did not develop further, but the question remains whether
functional teeth with enamel cap would have been obtained if the experiments had been carried
out over a longer time period or if the chicken mutants had survived. The next odontogenetic step
would have been tooth differentiation, involving deposition of dental proteins.

Results: Using bionformatics, we assessed the fate of the four dental proteins thought to be
specific to enamel (amelogenin, AMEL. ameloblastin, AMBN; enamelin, ENAM) and to dentin
(dentin salophosphoprotein, DSPP) in the chicken genome. Conservation of gene synteny in
amniotes allowed definition of target DNA regions in which we searched for sequence similarity.
We found the full-length chicken AMEL and the only N-terminal region of DSPP, and both are
invalidated genes. AMBN and ENAM disappeared after chromosomal rearrangements occurred in
the candidate region in a bird ancestor.

Conclusion: These findings not only imply that functional teeth with enamel covering, as present
in ancestral Aves, will never be obtained in birds, but they also indicate that these four protein
genes were dental specific, at least in the last toothed ancestor of modern birds, a specificity which

has been questioned in recent years.

Background

Modern birds derive from theropod dinosaurs. The most
ancient Avialae [1] is the well-known “dinobird® Archae-
opteryx lithographica, which lived some 150 million years
ago (mya) and possessed teeth. The most recent toothed
Avialae in the fossil record, the ornithurine birds Hesper-
ormis regalis and Ichthyornis dispar, are known from the late
Cretaceous. To date, Ichthyornis is the closest Avialae to the

common ancestor of modern birds (Aves) |2|Ichthyornis
specimens trace from the late Cenomanian, 95 mya, to
early Campanian, 80 mya, but we do not know whether
fossil 1axa closer than Ichthyornis to the most recent com-
mon ancestor of Aves have teeth. Therefore, we can esti-
mate that tooth loss in crown Aves arose maximally on the
stem lineage between Ichthyornis and Aves and minimally
in the most recent common ancestor of Aves, the origin of

Page 1 of 11
(Page number nod for cladon purposes)

109



BIMC Evolutionary Biology 2008, 8:246

modern birds (Neornithes). Neornithine fossils are found
near the end of the Cretaceous period (Campanian, 80
mya) |3], and the recent discovery of a close relative o
ducks (Ansenformes) in the Maastrichtian of Antarctica
(70 mya) indicates that Aves originated long before the
Cretaceous/Tertiary boundary [4]; they probably arose
even earlier than 80 mya, although they may have diversi-
fied later, during the early Cenozoic |5]. The deep Creta-
ceous ongination inferred from molecular studies (120~
130 mya) |6] is, however, still earlier, but establishing
accurate calibration times for molecular phylogenies on
the basis of fossil data is difficult [7].

Would birds be able to rebuild teeth with reactivation of
the odontogenic pathway under appropriate conditions?
In other words, are all genes required for complete odon-
togenesis sull active 100-80 million years (at least) after
tooth loss in a bird ancestor? A positive answer would
mean that these genes serve functions other than building
teeth [8]. Otherwise, no-longer-useful dental-specific
genes might have been invalidated through random accu-
mulation of mutations.

There are two justifications for asking this question: the
first is the growing evidence in mammals that some dental
proteins, believed to be specific 1o enamel or dentin
matrix, are expressed in other organs and therefore are
suspected of having other functions [9-12], The second
reason is that several recombination experiments and the
observations made on a chicken mutant strongly suggest
that resurrecting teeth in birds could be possible. In 1980,
Kollar and Fischer [13] recombined chick dental epithe-
lium with mouse mesenchyme and obtained teeth with
an enamel cover, the famous “hen's teeth.” However, a
possible contamination of the mouse mesenchyme by
mouse epithelium makes the interpretation uncertain.
Chen et al. [14] have shown that the early odontogenic
pathway remains inducible in chicken. They suggested
that the loss of odontogenic Bmpd expression (i.e., inacti-
vation of the genetic pathway leading to tooth formation)
may be responsible for the early arrest of woth develop-
ment in birds. Performing transplantations of mouse neu-
ral crest cells into the chick embryo, Mitsiadis et al. [15]
showed that avian dental epithelium can still induce a
nonavian developmental program in mouse neural crest-
denved mesenchyme, resulting in tooth germ formation.
These last two expenments indicate that under appropri-
ate conditions, the odontogenic capacity of chicken dental
epithelium can be reactivated. However, if the re-activa-
tion of such an odontogenic pathway is a prerequisite to
initating tooth development and to reaching an advanced
stage of tooth morphogenesis, itis insufficient for forming
functional teeth with a dentin cone covered with enamel.
At the end of the pathway, structural genes might have
been activated, but it seems they have not. Unfortunately,

hitp://www.blomedcentral.com/1471-2148/8/246

the duration of these experiments was too shon for deter-
mining whether or not woth differentiation would have
eventually occurred. Also interesting are recent observa-
tions made in alpid? (ta?), a mutant chicken in which the
development of several organ systems is affected. 1a? was
shown to develop rudimentary teeth reminiscent of first-
generation teeth in crocodiles [16]. Unfortunately again,
the oldest w? died at stages E16, before hatching, and fur-
ther tooth development was not assessable.

An alternative approach for determining whether or not
obtaining hen's teeth similar to crocodile and lepidosau-
nan teeth is not an impossible dream was to look for the
fate of the dental protein genes, 100 million years (my)
after wooth loss. Four structural proteins are considered
specific 1o dental tissues. one dentin matrix protein, den-
tin sialophosphoprotein  (DSPP), and three enamel
matrix proteins (EMPs) - amelogenin (AMEL, the major
protein of the enamel matnx), ameloblastin (AMBN), and
enamelin (ENAM). AMEL and AMBN genes have been
sequenced in reptiles and they were shown to share con-
served regions with their mammalian orthologs [17,18).
In addition, during repulian amelogenesis both genes are
similarly expressed as described in mammals, and amel-
oblasts are similarly differentiated [19,20]. Therefore,
there is no doubt that they played a similar function and
were necessary for proper enamel formation not only in
the ancestral theropod dinosaurs, but also in archeopteryx
and in the last common toothed Aves ancestor to modern
birds. For what concerns ENAM and DSPP, the two other
tooth- speciﬁc genes, we recently found that they are also
present in a lizard genome
Anclis_carolinensis/index huml and expressed (Sire et al,,
unpublished data). All of this supports the idea that these
four dental proteins were present and functional when the
teeth were lost in the last common ancestor 1o modern
birds.

Previous molecular attempts to localize AMEL in chicken
DNA have been unsuccessful [21]. Even when the chicken
genome  sequence  became  available  hupy/
www.ensemblorg/Callus_gallus/index huml, the genes
encoding the four dental proteins were not found using
either computer prediction or bioinformatics [22,23].
Here, using software designed to screen large DNA regions
for weak sequence similanty (UniDPlot, Girondot and
Sire, unpublished), we have found that AMEL and DSPP
are invalidated genes and that ENAM and AMBN have
probably disappeared from the chicken genome through
chromosomal rearrangement.

Methods

Blast search

AMEL, AMBN, ENAM, DSPP were searched (BLASTN) in
the most recent chicken assembly genome (WASHUC2)
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using either full-length amniote sequences or various e-
primers defined from conserved regions. In addition to
various mammalian sequences available for these four
genes in databanks (see NCEI and Ensembl websites), we
used crocodile AMEL and AMBN sequences (GenBank
accession: AFO95568 and AY043290, respectively). For
ENAM and DSPP, only mammalian sequences were avail-
able in the databanks.

Search of target genes usingUniDPlot
Cene synteny in mammals and chicken was established
using the NCBI website (mapviewer).

We searched for sequence similarity with UniDPlot soft-
ware (Girondot and Sire, unpublished), using crocodile
AMEL exon 2 (54 bp), which is well conserved |17]. Basi-
cally, UniDPlot uses a projection of the maximum of the
matrix of similarity from a 2D dot-plot along the largest
axis.

Alignments were performed using Se-Al (v2.0a11 Carbon)
and checked by hand.

Results and discussion

Search for dental protein genes in the chicken genome
using BLASTN

Searching for the four genes (AMEL AMBN, ENAM,
DSPI) in the chicken genome failed to return any result.
Blast searching for these genes proved to be unfruitful,
even when low sensitivity (distant homology) was used.
The crocodile-bird divergence is estimated to have
occurred approximately 250 mya [24], and the mammal-
reptile (birds) divergence is estimated to have occurred
310 mya [25]. If AMEL and AMBN were not dental specific
in ancestral toothed birds and had other functions, they
might still be present in the chicken genome as functional
genes. We at least expected that conserved coding regions,
which are subjected to swong constraints, would have
been found. This negative result means that either the
sequences have strongly derived over 250 my (acquisition
of a new funcuon or pseudogenization) or these genes
have disappeared. For ENAM and DSPP, the lack of posi-
tive hits could be (in additon to the two hypotheses
evoked above) the consequence of this evolutionary dis-
tance, which could have led to large differences between
mammalian and chicken sequences.

Whatever their fate, the complete deletion of all four
genes (eg., as a consequence of chromosomal rearrange-
ments) in the chicken genome was unlikely because they
are not located in the same genomic regions in mammals.
Because gene synteny has been shown to be largely con-
served In comparisons of mammalian and chicken
genomes, we decided 10 use a synteny-based approach to
try 1o find the chicken dental protein genes.

hitp://www.blomedcentral.com/1471-2148/8/246

Search of target genes using synteny

Amelogenin (AMEL)

In placental mammals, AMEL maps on the X chromo-
some (e.g, primates, rodents, cow, horse, and dog) and a
copy is located on the Y chromosome in some species. In
opossum (marsupials), AMEL is mapped on chromosome
7. In these species, AMEL is located close to the thoGTPase
acuvating protein 6 gene (ARHCAPG). For instance, in
humans, AMELX is located at position Xp22 3, between
ARHCAP6 and HCCS (holocytochrome C synthetase)
gene. MID1 (midline 1) and MSL3L1 (male-specific lethal
3-like 1) mark out this region (Fig. 1A). AMELX codes in
antisense within the 200 kb large intron 1 of ARHCGAPG,
and 1ts 5' UTR 1s located at approximartely 40 kb far from
the 5" region of ARHGAD6 exon 2. [n the opossum, AMEL
is similarly located but 58 kb from ARHCAPS exon 2.

In chicken, ARHCAPS (LOCA418642), MID1, and MSL3L1
(LOC418641) are found close one to another on chromo-
some 1 (Fig. 1B), but compared to their location in
humans, chicken MID1 and MSL3L1 are inverted, while
HCCS is  located on  chicken chromosome 8
(LOC424482). In the rtarget region, ie, between
ARHGAP6 and MID1, the GenBank prediction program
indicates neither the presence of a putative candidate gene
locus nor of a pseudogene, which might have been V-
AMEL (Fig. 1B).

In the chicken, we localized exon 2 of ARHCAP6 and
selected a 200-kb DNA strand, running from the 5' region
of exon 2 1o the 5' region of MID1, as the most probable
region for housing chicken AMEL. Searching for sequence
similarity using crocodile AMEL exon 2 led to a positive
hit, approximately 38 kb upstream of chicken ARHGAP6
exon 2 (Fig. 2). Such a distance from ARHCAP6 was
expected when considening the location of AMEL in mam-
mals (eg, 40 kb in human, 58 kb in opossum). We
extracted and aligned this sequence with crocodile AMEL
exon 2 (Fig. 3). With the exception of four inserted nucle-
otides, the chicken sequence was unequivocally identified
as the ortholog of crocodile AMEL exon 2, with 68.8%
nucleotide identity. When the four inserted nucleotides
are removed, the deduced putative amino acid sequence
encoded by chicken AMEL exon 2 is similar to known
sequences. However, the insertion of four nucleotides
would lead to a shift in the reading frame, changing the
amino acid sequence and the chemical natwure of chicken
AMEL (Fig. 3). Therefore, we conclude that the chicken
AMEL gene is invalidated and has become a pseudogene
(*P-AMEL).

We proceeded similarly using crocodile AMEL exons 3, 5,
and 6, focusing on the chicken DNA region adjacent to
AMEL exon 2. The full-length sequence of chicken ‘-
AMEL was retrieved (Fig. 4); GenBank accession number,
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(A) Location of amelogenin (AMEL) on human chromosome X. (B) Homologous region on chicken chromo-
some | and the putative location of AMEL. In chicken, HCCS is located on chromosome 8 (LOC424482). ARHGAPS
exon 2 is indicated by the numeral 2 Gene descriptions corresponding to the symbols can be found at the NCBI web site:

ELI340348). In tetrapods, exons 2, 3, and 5 and the 5 and
3' regions of exon 6 encode the well-conserved N- and C-
terminal AMEL regions, while most of exon 6 encodes the
largest and variable region [26,27]. Chicken ‘P-AMEL
exon 3 (indels), exon 5 (no indel), 5' exon 6 (indels), and
3' exon 6 (indels) show a high percentage of nucleotide
identity with crocodile AMEL sequences (63.2, 73.3, 54.8,
and 64.0%, respectively), while the central region of exon
6 shows less than 50% nucleotide identity (Fig 5). Such a
low percentage in this vanable region is not surprising if
we consider that mutations have accumulated in this
region during the long period from the divergence of the
crocodile-bird lineages to the last common ancestor of
modern birds. In addition to point substitutions, ‘P-AMEL
exon 6 shows numerous indels. Nevertheless, when
included in a phylogenetic analysis (using PAUP 4.0) with
currently available AMEL sequences in amniotes, chicken
‘W-AMEL locates, as expected, as the sister gene of croco-
dile AMEL (Fig 6). In addition to confirm that chicken ‘¥
AMEL is really an AMEL gene, this finding indicates that
the mutations that have occurred at random during
approximately 100 my have not blurred the phylogenetic
signal contained in the AMEL sequence [28,29].

Ameloblastin (AMBN) and enamelin (ENAM)

AMEN and ENAM are located adjacent one another on
autosomal chromosomes: chr. 4 in human and chimpan-
zee, chr. 5 in rhesus macaque, mouse, and opossum, chr.
14 inrat, chr. 6 in cow, ¢hr. 3 in horse, and ¢hr. 13 indog
Because gene synteny is conserved in these regions, we
searched for AMBN and ENAM using the same approach
as described for AMEL.

In humans and in the other mammals in which they have
been mapped, AMBN and ENAM are flanked on the one
side by the immunoglobulin | peptide gene (1G]) and on
the other side by the other members of the secretory cal-
cium-binding phosphoprotein (SCPP) family, which
comprises ameloblast-secreted protein genes (amelotin,
or AMIN, and odontogenic ameloblast associated, or
ODAM) and several salivary and milk protein genes
|30,31]. The SCPPs are flanked by SULT1E1, a member of
the sulfotransferase family 1E (Fig. 7A). In chicken, IG) is
located on chr. 4, but no members of the SCPPs (ie,
enamel, salivary, and milk protein genes) adjacentto iton
mammalian chromosomes were predicted by computer
analysis to reside in this region (Fig. 7B). Moreover, in a
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Figure 2

Result of sequence similarity search for AMEL in the target region of the chicken genome. This region is delimited
by two flanking genes, ARHGAPS (exon 2) and MID . This region (200 kb) was extracted, and a similarity search was per-
formed using crocodile AMEL exon 2, then exons 3 and 5 and the beginning of exon 6 (Figure 5). We used UniDPlot software
{Girondot and Sire, unpublished), an extension of the dot-plot method, in which the maximum similarity index between both
sequences is shown on the axis of the largest sequence. Significant identity was tested by caleulating the distribution under H,
limits obtained by random sampling of sequences. Top: Candidate region of chicken DNA showing the hits. Bottom: Detad of

the chicken AMEL gene region found 38 kb from the 5" region of ARHGAPS exon 2.

Crocodile ATGGAGGGCTGG--ATG--TTGATCACTTGCCTACTAGGTGCAACATTTGCTATACCA
W-Chicken ATGGAGGACAGACTATTTATTGACTGCTTGCCTCCTAGGAGCACTGTTTGCTATGCCA

KRN N N LA LR WANANAN AAAAN hew FRRRR AR R

W-Chicken MEDRLFIDCLPPRSTVCYA

Crocodile MEGWMLITCLLGATFAIP
“Chicken” MEDRILTACLLGALFAMP

~ ~ LR

Figure 3

Chicken ¥-AMEL exon 2 analysis. Top: Alignment of chicken and crocedile AMEL exon 2 sequences. Four nucleotides are
inserted (red) in chicken ¥-AMEL exon 2 (signal peptide), leading to a shift in the reading frame. Middle: Putative deduced
amino acid sequence from chicken ¥-AMEL exon 2. Bottom: The four inserted codons were removed from the ‘P-AMEL
sequence, which was translated and aligned to the crocodile sequence; both amino acid sequences are highly similar.
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Chicken W-AMEL mRNA
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ex2 ATGGAGGACAGACTATTTATTGACTGCTTGCCTCCTAGGAGCACTGTTTGCTATGCCA

ex3 CTACCCCTTCCCCCTCCTATCTAACACACCCTGGTTTCATCAACTTGAGTTGAG

ex5 GCACAAACACCTTTGAAAAGGCATCAGAGCATGATGACACCCCAG

ex6 TTCCCATTTAATGGTTACAACTAGACAGAAGCTGACAAGAACACCAACCAGTTACAAGCAACATCTACAAR
TGGAGAGCTTACTATCACCCCAGCACACCCCCTTGGTGGCACTCCAGCACCAGCTGATGTAAATTCCCAGGCTAT
TTCCAGTTCTACCACTAGCGCAGCACCTACCAAGCCTGCCAATGCCAGCTCAAACCACACAGCTGCACACAACAA
AAGAGGCCTCAGCATCCTGCAAATCCCAACCCACCGTTGCACCCCAGTGGCTGGGGAGTCCCCATATGCACATGT
GCCCCCTGTCAGGGACTCCTCTGGAGCCAAGGCAGCCAGACAACAAAGCAAAGGAAAACA

ex7 TAT

Chicken W-AMEL protein

MEDRLFIDCLPPRSTVCYAIPLLSNTPWFHQLELRCTNTFEKASEHDDTPVFLF SSHLMVTTRQKTSYKQHLOQME

SLLSPQHTPLLTRTPVALQHQLMZ

Chicken W-AMEL : exon-intron boundaries and intron size

gaagtactttctcctettacttcag ex2 gtgagtattacggtcatcttgcaac

intron 2 = 1163 bp

tatataccagttttgttttttctag ex3 gtaaaatgttttgatctttttgaca

intron 3 = 1319

tttctccttttottecctttagaag ex5 gtatcacacttcagttttcttcage

intron 5 = 702 bp

tggatggctttctecttoctotttag exé gtaagaaagctttggttcttcccee

intron 6 = 735 bp

ttattttctgagttaaatagaacag ex?7

Figure 4

Chicken ‘V-amelogenin mRNA and deduced amino acid sequence. Insertion of four nucleotides (in red) in exon 2
leads to a reading frameshift, which changes the amino acids in the N-terminal region and results in a premature stop codon in
exon 6 (in red). The intren-exon boundary and the intron size are also indicated.

comparison of the chicken and human chromosomal
regions adjacent to 1G], it appears that intrachromosomal
rearrangements have occurred. In the chicken chromo-
some, we idenutfied two inversions in the candidate
region adjacent to [G).

Two regions (14 and 700 kb) were designated as possibly
housing AMBN and ENAM (Fig. 7B). We performed a
sequence similanity search using the well-conserved exon
2 sequences (54 bp) of crocodile AMEN and human
ENAM |32]. No positive hit was obtained in these regions.
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Exon 2

Crocedile CTACTATATTTCGAGAAACGATCCGAGGCCTGC« «ATC« « TTCATCACTTGCCTACTAGGTGCAACATTTCCTATACCA
Chicken ATACTGTAATTATAGAACCATCOACCACACACTATTTATTGACTGCTTGCCTCCTAGCGACCACTCTTTGCTATGCCA
(66,8%) I S SR I S0 S S0 S S S S + teee N R R R FHEAE At e
Exon 3

Crocodile TTGCC---TCCCCATCCA-——=~ ~CATCATCCTGGTTATGTCAACTTCAGT TATGASG

Chicken CTACCCCTTCCCCCTCCTATCTAACA-CACCCTGGTTTCATCAACT TGAGT -~ T'GAG

[63.2" * e ETEEEY wew E EE bbb EERREEY e ha.

Exon 5

Crocedile CTCTTAACACCTTTGAAATGGTACCAGACCCTCATCACGACAACCG

Chicken GCACAAACACCTTTGAAAAGGCATCAGAGCATGATGACACCCCAG

(73.3%) + R R SR SR S N S S B R A A M L

Exon 6 |5' region well conserved)

Crocedile TATTCATCCTATGGGTATGAACCAATGCOCACCATCOC T« ACA« «CCAGCCAA~ «TGTTACCAATAGCCCAACA
Chicken TTCCCATTTAATGOTTAC«AAC« « «TACGACACIAA«CCTCACAACAACACCAACCACTTACAN« «CC««AACK
(54.8%v) + ‘e FEEE S b + + 44+ At e res +HEE 4

Exon 6 (variable) < 50.0%

Exon 6 (3' region well conserved)

Crocodile CATTGCCACCACTGCTGCCGGACATGCCACTAGAACCATGGCGGCCAATGGACAAGACCAAGTARGAGGAAA-TA
Chicken CAT<GTGCCCCCTOTCAGC-COAC««TCCTCTOCAGCCAAGGCAGCCA« « «GACAACA « «AACCIAN -~ ACCIIIIC A
(64.0%) 44+ 44 +44 B I S S S et D A e = = = = = SIS S S S S
Exon 7
Crocedile GAT««TAAAGAAACCAGGAAATCACAANUIN « « « «CCCAMAGCTATTCTAGGCATTCTCACTTCCTTTCAAGAATCCATCATTCC
Chicken AAAAATAGAAAAAAAAAAAA-TARGARRAARAAAAGCAGAAGTATT T TAGGCATTTTCACTTGCTTTC AAAAATCAATC TCCTG
(71.4%) + AR T L S R S R R R N R SRR R R R R R R R R R N TR
Exon 7
Crocodile ACTGGAGTCAGTGGTATGTCCTTCCATTAACTCATTTTATTAGTGAACGC TATAGCTARAGARAAACARA-AACAACTAGCA
Chicken TAGTCAGCAGTGCATGOCTCCATTAACCCCACTTGTTAGT GAGCACTTCARACGGARARAGAGAAGCGTGTAACTAGTAGAA
(36.6%) - + +++ + + +4+ o+ e + + +H444+ ++ 44+ + 2 o+
Exon 7
Crocodile AATAAAAATGTTTAAAAAAAARAAA
Chicken AATAAAAACACTTCOANUIAGAGH
(72.0%) R R 4

Figure §

Comparison of chicken and crocodile amelogenin mRNA, with percentage of nucleotide identity (in brackets).
Start and stop of translation, and polyadenylation sites are underlined. Crocodile = Paleosuchus palpebrosus (accession no:
AF095568).

These genes have been likely deleted from the chicken
genome as a consequence of intrachromosomal rear-
rangements, which have probably occurred in the lineage
that led to the last common ancestor of modern birds. The
recently sequenced lizard genome (Anolis carolinensis) in
which we found the enamel protein genes (Sire et al,
unpublished data) will be useful for determining whether
or not the synteny observed in this region in mammals
was conserved until the divergence of the lepidosaunan
and archosaurnian lineages, 255 mya [24].

Dentin siolophasphoprotein (DSPF)

In human and other sequenced mammalian genomes,
DSPI* belongs to the so-called SIBLING cluster, which
consists of five genes coding for dentin and bone proteins.
It is located on the same autosomal chromosome as
AMBN and ENAM (i.e, chr. 4 in humans), except in the
dog in which the SIBLINGs are mapped on chr. 14 instead
of chr. 13. These five genes are arranged side 1o side on the
chromosome and flanked on the one side by SPARC-like
1 (SPARCL1) and on the other side by polycystic kidney
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Opossum

Phylogenetic analysis of chicken 'Y-AMEL. GenBank accession number: chicken ‘-AMEL, Gaflus galus, EL340348; Croc-
odile (Caiman), Pafeosuchus palpebrasus, AFQ95568. Snake, Elaphe quadriviegata, AFLIBS568. Rhesus monkey, Macoca mulatta,
EF537871. Chimpanzee, Pan voglodytes, ABOS 1 781; Human, Homo sapiens, MB6932. Squirrel monkey, Saimiri sciureus,
ABQS1783; Bushbaby, Otolemur garnetti, ABOS1787. Ring-tailed lemur, Lemur catto, ABO9178S, Rae, Rattus norvegicus, US7 130,
Mouse, Mus musculus, D31769; Horse, Equus coballus, ABO32193. Dog, Canis famibaris, XM_548858; Pig, Sus scrofo, U43405,
Cow, Bos taurus, M63499; Goat, Capra hircus, AF215889; Guinea pig, Cavia porcellus, AJ012200; Opossum, Manodelphis domes-

tica, U43407.

disease 2 (PKD2) (Fig. 8A). DSPP is located between
SPARCLY and DMP'1 (dentin matrnx protein 1).

In the chicken genome, the SIBLINGs are conserved in
synteny and are mapped on chromosome 4 (Fig 8B). The
SIBLING cluster is more than 12 times denser in chicken
than in human genome (40 kb versus 510 kb, respec-
tively), with the genes oriented in the opposite direction
from that in mammals. However, between SPARCL] and
DMP1, the GenBank computer prediction program indi-
cates the presence of neither a putative candidate gene
locus for DSPP, nor a pseudogene, although the 5' UTRs
of these two genes are separated by a DNA region of 10.9
kb, strongly suggesting the possible presence of DSPP
(Fig. 8B).

We extracted this candidate DNA region and performed a
sequence similarity search using human DSPP exon 2 (51
bp). the best conserved exon in mammals (Sire, unpub-
lished results). We obtained a positive hit, located in the
middle region of the intergenic sequence, approximately
5,800 bp from DMP1 (Fig. 8C). This sequence (50 bp)

was found to share 54% nucleotde identity with human
DSPP exon 2, indicatng that we have identified the puta-
tive chicken DSPP exon 2 (Fig 8D). In additon to numer-
ous substitutions of well-conserved residues  in
mammalian DSPP, one nucleotide has been deleted, lead-
ing to a reading frame shift were this sequence to be trans-
lated. Therefore, in chicken, DSPP was invalidated
through pseudogenization. Using the other exons of
human DSPP (exons 3, 4, and 5), we screened the DNA
region located between ‘-DSPP exon 2 and DMI'1 but
did not identify regions having more than 50% nucleotide
identity. Nevertheless, on the one hand, these regions are
more variable than exon 2 in mammals and, on the other
hand, the evolutionary distance between chicken and
human is 310 my | 24]. Additional DSPP sequences in rep-
tiles, and particularly in the lizard Anolis carolinensis (Sire
et al., unpublished data), would allow a better detection
of the other DSPP exons in this target region of chicken
chromosome 4. It is noteworthy, however, that this region
in the chicken genome is very short (10.9 kb), and we did
not find the numerous and typical SDSSD repeats charac-
terizing DSPP exon 5, which strongly suggests that this
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Figure 7

(A) Location of ameloblastin (AMBN) and enamelin (ENAM) on human chromosome 4, (B) Homologous
region on chicken chromosome 4. The position of several gene clusters is different in both chromosomes. Two gene
inversions (curved arrows) have occurred in the candidate region putatively housing AMBN and ENAM leading to ewo likely
locations for these genes on chicken chromosome: either adjacent to sulfotransferase |E| (SULTIEN) or to immunoglobulin |
peptide. See the NCB| website for gene descriptions corresponding to the symbols.

exon has been deleted from the chicken genome. These
numerous mutations in chicken ¥-DSPP exon 2 and the
disappearance of most of the sequence indicate that DSPP
was invalidated for a long evolutionary period, which
could correspond to the loss of weeth in the last ancestor
of modern birds.

Conclusion

Eliciting well-developed, reptilian teeth (ie with enamel
cap) in chicken will remain unachievable because all
genes encoding the structural proteins crucial for enamel
and dentine formation have been invalidated or have dis-
appeared from the chicken genome. The odontogenic
pathway remains inducible in chicken embryos because
the genes required for tooth morphogenesis remain active
in the chicken, involved in many developmental proc-
esses. We can speculate that the tooth germs that form

with experimental reactivation of this pathway or in @’
chicken mutants could develop until an advanced stage of
predentin deposition because the process to this point
requires mainly collagen matrix deposition. However, the
next step of tooth development, during which enamel
matrix proteins are deposited, either could never be acti-
vated or if it was (in the lack of data on the promoter
sequence we cannot demonstrate that the AMEL gene is
not translated) the protein would not be functional, and
enamel will not form.

Another focus of this study is to demonstrate clearly that
the four dental protein genes were tooth specific, at least
in the last common toothed ancestor of modem birds.
After the loss of teeth 100-80 mya, the four dental proteins
became no longer useful, when the functional pressure
relaxed on the coding genes, they started 1o accumulate
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Figure 8

(A) Location of the dentin sialophosphoprotein (DSPP) and other SIBLING genes on human chromosome
4.(B) Homologous region on chicken chromosome 4 and putative location of DSPP. Note that the SIBLING cluster is more
compact in chicken than in human OCI 16 and MEPE are orthologs. (€) Result of the similarity search in the candidate region
between DMPI and SPARCLI using human DSPP exon 2. Chicken ¥'-DSPP exon 2 was found 5,800 bp from DMPI. (D) Align-
ment of chicken and crocedile DSPP exon 2 showing 54% nucleotide identity. See the NCBI website for gene descriptions cor-

responding to the symbols.
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mutations at random. After a period of 100 my, it is not
surpnising that they are now pseudogenes or have disap-
peared after chromosomal rearrangement events. In the
currently ongoing sequencing of the genome of the
zebrafinch, a passeriform, we have found AMEL exon 2,
with a deletion of 12 bases and a base substitution leading
1o a premature stop codon. The AMEL gene mutations in
these two bird species indicate that this crucial gene for
enamel formation has lost its functional constrainsts long
before the split between Passenifformes and Galliformes
(Sire et al, unpublished data).
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Abstract

Background/Aims: Enamel and enameloid were identified
in early jawless vertebrates, about 500 million years ago
(MYA). This suggests that enamel matrix proteins (EMPs)
have at least the same age. We review the current data on
the origin, evolution and relationships of enamel mineraliza-
tion genes. Methods and Results: Three EMPs are secreted
by ameloblasts during enamel formation: amelogenin

Introduction

Living vertebrates possess a great diversity of mineral-
ized clements, comprising not only endochondral and
dermal bone {(including osteoderms and scutes), mineral-
ized cartilage, and teeth (dentin and enamel), but also
scales, fin rays and otoliths, and egg shells [Huysseune
and Sire, 1998; Sire and Huysseune, 2003). The first min-
eralized elements, which have given rise to the current
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skeletal diversity in vertebrates, were identified as carly
as 500 million years ago (MYA) [Sansom et al., 1992,
1994; Janvier, 1996; Donoghue, 1998, 2001]. In fact, the
occurrence of mineralized tissue in vertebrates wasa ma-
jor innovation, which was fundamental to the radiation
of modern vertebrates in relation to the important roles
of the skeletal elements in protection, predation and lo-
comotion |Reif, 1982; Smith and Hall, 1990; Janvier, 1996;
Donoghue, 2002; Donoghue and Sansom, 2002; Dono-
ghue et al,, 2006).

Our understanding of the mechanisms by which or-
ganisms form mineralized elements is still at a rudimen-
tary stage, but we know that biomineralization is medi-
ated by the organic matrix, either through its biological
activity or in controlling nucleation, growth and micro-
architecture of the mineral deposited [Carter, 1990]. It is
assumed that the basic processes of biomineralization are
common to all systems and that mineral formation by
any individual biological system may diverge from this
common pathway. This general definition applies to ver-
tebrates in which the main skeletal elements derive from
common ancestral elements [Huysseune and Sire, 1998;
Sire and Huysseune, 2003] and there is growing evidence
that most proteins currently involved in mineralization
of skeletal tissues (bone, dentin, and enamel) also have
diverged from a common ancestor [Kawasaki and Weiss,
2003; Kawasaki et al., 2004; Kawasaki and Weiss 2006].
The evolutionary analysis of genes coding for these ‘min-
eralizing’ proteins not only has the potential to provide
insight into the debated question of the origin of miner-
alization in vertebrates and of its subsequent diversifica-
tion, but could also bring important information for hu-
mans, as mutations of these proteins lead to genetic dis-
orders (bone [Rowe, 2004]; dentin [Zhang et al., 2001],
and enamel [Stephanopoulos et al., 2005]).

This review is devoted only to our current knowledge
on the origin and evolution of the genes coding for enam-
¢l matrix proteins (EMPs). The reader is referred to the
paper by Kawasaki et al, published in this issue
[pp 7-24], regarding the history of the other mineralizing
proteins in vertebrates.

In living and extinct vertebrates, teeth are protected
by a hypermineralized tissue, either ‘true’ enamel {e.g. in
tetrapods) or ‘enamel-like’ tissue, enameloid (e.g. in car-
tilaginous and ray-finned fish). These hard dental tissues
are identified early in the history of the mineralized in-
tegument. They were present in the dermal skeleton of
various lineages of jawless vertebrates [@rvig, 1967, 1977,
Reif, 1982; Smith and Hall, 1990; Janvier, 1996; Dono-
ghue and Sansom, 2002; Donoghue et al., 2006]. Enamel

26 Cells Tissues Organs 2007,186:25-48

and enameloid are homologous tissues that correspond
to different aspects of the same hypermineralization
process [Donoghue et al., 2006). Enamel has replaced
enameloid in the lineage leading to tetrapods, probably
byaprocess ofheterochrony' [Smith, 1995], but enameloid
was conserved in two important lineages, chondrichthy-
ans’ and actinopterygians’. The close evolutionary rela-
tionships, the similar features of the ameloblasts during
their formation, and the same maturation process strong-
ly indicate that both enamel and enameloid matrices
could contain similar mineralizing proteins, and that
some of them (if not all) were already present in tooth-
related elements of early vertebrates, 500 MYA. Unfortu-
nately, our knowledge on EMP genes is restricted to the
tetrapods, and the road is still long before we will be able
to test the hypothesis of an early origin of EMPs.

In mammals, the enamel matrix is composed of three
specific proteins secreted by ameloblasts: amelogenin
(AMEL), which represents 90% of the matrix deposited,
and enamelin (ENAM)and ameloblastin (AMBN), which
are components of the remaining 10% organic matrix.
Evolutionary analyses have indicated that these three
EMPs constitute a family, which, itself, is included into a
larger family, the secretory calcium-binding phospho-
protein (SCPP) family. This SCPP family comprises oth-
er Ca-binding proteins: some saliva proteins, milk ca-
seins and small integrin-binding ligand, N-linked glyco-
proteins (SIBLINGs) [Fisher and Fedarko, 2003], which
contain five dentin and bone proteins [Kawasaki and
Weiss, 2003). Interestingly, with the exception of AMEL
that 1s located elsewhere (on sex chromosomes X and Y
in placental mammals), all SCPP genes are located in two
clusters on the same autosomal chromosome. This sup-
ports the idea that SCPP genes originated by tandem du-
plication followed by neofunctionalization.

In humans, several types of amelogenesis imperfecta
(AI), leading to enamel hyploplasia or hypomineraliza-
tion, are related to mutations in AMELX (14 X-linked A],
AIH], identified to date [Hart et al., 2002; Kim et al,
2004; Stephanopoulos et al., 2005]) or in ENAM (5 auto-
somal-dominant AI, ATH2 [Hartetal,, 2003; Hu and Ya-
makoshi, 2003; Kim et al., 2005]) genes [review in Steph-
anopoulos et al,, 2005]. In contrast, although being con-

! Heterochrony: developmental changes in the timing of events, leading

10 changes in size and shape from an ancestral state

¥ Chondrichthyans: the cartilaginous fishes, induding sharks, rays and
chimaerax

¥ Actinopterygians the ray-finned fish, which are the dominant group
of vertebrates
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sidered as a candidate gene, AMBN was excluded from a
causative role within the families studied [Mardh et al.,
2001).

Since a few years, we focus our attention on EMP gene
relationships (AMEL, AMBN, and ENAM), and more
precisely on the origin and evolution of AMEL, the best
known member of the family [Delgado et al., 2001; 2005;
Sire et al., 2005; 2006; Delgado et al, in press]. Here, (i)
we summarize these previous data, (1i) we provide new
information on two newly identified genes, amelotin and
APIN protein, that are expressed by the ameloblasts, (1ii)
we provide a date for EMP gene origin and discuss this
result in the light of our knowledge of enamel and/or
enameloid appearance in vertebrate evolution, and (iv)
we show how evolutionary analysis of AMEL can help to
identify structural features that might be important for
the protein function, and to validate mutations respon-
sible for genetic diseases.

Ameloblast Products: EMPs, and Amelotin and APIN
Proteins

In mammals, the synthetic activity of ameloblasts is
divided in two successive phases corresponding to two
stages of enamel formation: secretion and maturation,
separated by a transition stage. To our knowledge, during
the former step ameloblasts deposit four proteins in the
extracellular matrix: three EMPs (AMEL, ENAM, and
AMEN) and a tooth-specific, calcium-dependent pepti-
dase, MMP20 (= enamelysin) [Bartlett et al, 1998;
Bartlett, 2004]. During the transition and maturation
stages, ameloblasts have been shown to produce a fifth
protein, kallikrein 4 (KLK4), a pleiotropic, calcium-inde-
pendent protease, which is involved in the final proteoly-
sis of the remaining organic matrix [Simmer et al., 1998;
Hu et al., 2002; Simmer and Hu, 2002].

Recently, two novel genes were found to be also ex-
pressed by ameloblasts during tooth formation: amelotin
(AMTN, butannotated UNQ689 in human genome build
36.2) [Iwasaki et al, 2005; Moffat et al, 2006b] and
ODAM (‘odontogenic, ameloblast associated’, previously
named APIN or FLJ20513) [Moffat et al,, 2006a). Can the
proteins encoded by these two genesbe considered EMPs?
In other words, although being produced by ameloblasts,
are AMTN and ODAM structural proteins playing a role
in enamel matrix formation and/or mineralization? In
rats, AMTN was localized to the basal lamina of matura-
tion stage ameloblasts [Moffatt et al., 2006b]. This loca-
tion scems to indicate a possible role of AMTN in cell

The Origin and Evolution of Enamel
Mineralization Genes

adhesion, and it also demonstrates the absence of AMTN
participation in enamel matrix formation. In humans,
ODAM was first identified from extracts of amyloid de-
posits obtained from calcifying epithelial odontogenic
tumors [Solomon et al., 2003]. Transcripts of this gene
were also found at a high level in gastric cancer [Aung et
al,, 2006]. In rats, ODAM is specifically expressed in am-
cloblasts during maturation stage [Moffatt et al., 2006a],
but the location of the protein in the extracellular matrix
remains to be shown. However, late expression during
tooth formation does not mean that the secreted ODAM
protein is not incorporated in the enamel matrix at the
end of the mineralization process. Such a location would
not be surprising if one considers that the protein was
first isolated from calcifying tissues of odontogenic tu-
mors [Solomon et al,, 2003). Therefore, if AMTN cannot
be considered an EMP, the few data available to date do
not permit to exclude ODAM from this family.

Interestingly, these two genes are located in the same
clusteras EMPs, and they share structural similarities with
the members of this family (see below). This indicates that
AMTN and ODAM were probably created after duplica-
tion of an ancestral EMP gene and, therefore, that they
belong to the SCPP family [Kawasaki and Weiss, 2006).

In the following, we provide some data on these two
newly identified ameloblast-secreted proteins, although
concentrating on the evolutionary relationships of EMPs
(AMEL, AMBN, and ENAM).

Evolutionary Relationships of AMTN, ODAM, and
EMP Genes

EMPs are evolutionarily related, forming a gene fam-
ily that belongs to a super-gene family called SCPP [Ka-
wasaki and Weiss, 2003). All SCPP genes probably derive
from a common ancestor by gene duplications. The key
gene could be SPARC-likel (SPARCLI, also called HEVIN
or SC1), which was created after a duplication of SPARC
(osteonectin) [Kawasaki et al, 2004]. Four lines of evi-
dence have permitted to establish SCPP relationships,
and SPARCL] may resemble the ancestral form of SCPP:
(i) common gene structure and similar protein character-
istics in the N-terminal region, (ii) in most SCPPs, pres-
ence of an SXY phosphorylation site encoded in the 3'
region of the second coding exon, suggesting Ca-binding
properties, (i1i) location on the same chromosome, and
(iv) presence of SPARCLI on this chromosome, adjacent
to the dentin-bone protein gene cluster [reviewed by Ka-
wasaki and Weiss, 2006).

Cells Tessues Organs 2007,186. 2548
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Fig. 1. Amelotin (AMTN): alignment of 10 complete mammalian amino acid sequences and of the putative an-
cestral sequence (shown at the top). Six sequences were inferred from DNA sequences retrieved in databases
(blastsearch apmsl sequenced genomes). These sequences were checked against three published complete cod-

ing sequences: accession number AY358528; mouse, AK017352, and rat, DQ198381. The pig sequence
was obtained fwm the literature [Moflatt et al,, 2006]. The putative ancestral sﬂru:nce was calculated using

PAUP 4.0 and MacCLADE 3.06. Vertical bars indicate the limits between exons.

The signal peptide 1s in a box.

The total number of residues in each protein is indicated at the end of each sequence. Unchanged residues are
shown on a gray background. - - - - = Identical residue; - - - = indel.

Recent studies on the origin and evolution of AMEL
in tetrapods have extended our knowledge on EMP rela-
tionships [Sire et al., 2005, 2006]. A phylogenetic analysis
using a large set of sequences demonstrated that AMEL
and AMBN are sister genes, and that AMEL was created
from a duplication of AMBN. In addition, it was shown
that both genes are related to ENAM, which was recog-
nized as a more ancient member of the EMP family. The
calculation of putative ancestral sequences of EMP genes
and the use of SPARCLI as an outgroup were helpful for
this phylogenetic analysis. Putative ancestral sequences
permit to go back to the gene origin, while the whole da-
taset of sequences is less informative to reveal possible
relationships. Indeed, although they are phylogenetically

8 Cells Tissues Organs 2007,186:25-48

related, EMP genes show large sequence variations when
comparing evolutionary distant lincages. Moreover, since
their creation, hundreds of million years ago, AMEL,
AMBN, and ENAM have acquired specific functions and
their sequences diverged rapidly. However, currently
available sequences permit to calculate putative ancestral
sequences of EMPs at the origins of the mammals only,
i.c. when monotremes? and therians® diverged, 225 MYA
[van Rheede et al., 2006]. Using amniote or tetrapod se-
quences was not possible because of the few sequences

Y Monotremes: egg-laying Is: extant bers are the echid
and the duck-billed platypus.

* Therians: marsupials and placental (eutherian) mammals
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Fig.2. ODAM (APIN protein): alignment of 10 complete mammalian amino acid sequences and of the putative
ancestral sequence (shown at the top). Seven sequences were inferred from DNA sequences retrieved in data-

bases (blast search against

checked

uenced genomes and trace archive-Whole Genome Shotgun). The sequences were
against three pubhled complete coding sequences: human, NMI17855; rat, DQ198380, and mouse,

NMZ?IZB For further information, see legend to figure 1. * = Unknown residue.

available in reptiles, and amphibians are not representa-
tive enough of EMP evolution in these lineages (see be-
low).

Here, we use the same approach to try to identify the
origins of the two newly identified genes, AMTN and
ODAM, with regard to the EMPs. Ten complete coding
therian [a metatherian (opossum) + nine eutherian spe-
cies] sequences of both genes were retrieved from data-
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bases and the literature. The inferred protein sequences
were aligned using CLUSTALX and hand-checked using
the sequence alignment editor Se-Al 2.0 (fig. 1, 2). The
putative ancestral sequences of therian AMTN and
ODAM (i.c. 190 million years old [van Rheede et al,
2006)) were calculated with PAUP 4.0 (Sinauer, Sunder-
land, Mass., USA), taking into account the current mam-
malian phylogeny [Madsen et al., 2001; Murphy et al.,
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2001; Delsuc et al., 2002; van Rheede, 2006] using Mac-
CLADE 3.06 (Sinauer; fig. 1, 2). Given the small number
of sequences available and the lack of sequences of repre-
sentative species in some important mammalian lineages
(e.g. Perissodactyla, Insectivora, Xenarthra, and prototh-
erians: platypus or echidna), it was not possible to per-
form an evolutionary analysis. However, some findings
from these alignments reveal some interesting points.

AMTN Analysis in Mammals

The amino acid sequences (ranging from 210 to 214
residues) were casily aligned without including numer-
ous gaps (fig. 1). The presence of large conserved regions
when comparing eutherian and metatherian AMTN, and
the large differences with the other members of the fam-
ily suggest that this gene was created long before mam-
malian lineage divergence, which occurred 310 MYA
[Murphy et al., 2001; Hedges, 2002]. As a consequence, a
functional AMTN gene might be found in reptile ge-
nomes. The putative mammalian ancestral sequence
comprised 214 residues. Four residues were lost during
primate evolution. Only a few residues (22%) remained
unchanged during mammalian evolution (47 out of 214,
fig. 1). Such relaxed selective constraints on AMTN sug-
gest that some polymorphism could be encountered in
humans. This idea is supported by the comparison of
chimpanzee and human sequences: four amino acids
(1.9%) were substituted within a time period of 5-7 mil-
lion years, which separates the two lincages [Kumar etal.,
2005]. In addition, most of the unchanged residues are
dispersed through the sequence. This means that the
number of conserved positions will almost certainly drop
when sequences from other mammalian and reptilian
species become available [Sire, unpubl. res.]. However,
three important features emerge from this alignment.

(1) In the N-terminal region encoded by exon 2, 55%
of the residues (10 out of 18) are unchanged. This region
is similarly organized as in the other SCPPs, and it is
mainly composed of the signal peptide, which plays an
important role in the extracellular secretion of the pro-
teins.

(11) In positions 55-58 (exon 4}, an IPLT motif is con-
served, which means that this predicted O-glycosylated
site could be important for the function of AMTN. Two
other predicted O-glycosylated sites (threonines) are also
conserved, but isolated, in exon 8.

(111} In positions 116-120 {exon 6), a SSEEL motif is
well conserved. This is a putative CK2 serine phosphory-
lation site [Moffatt et al., 2006b]. Surprisingly, in contrast
to the condition observed in EMPs, there are no con-
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served residues in the C-terminal region of AMTN. It is
clear that a further study, including new mammalian and
reptilian sequences, is necessary to reveal further details
on gene ancestry and to perform an accurate evolution-
ary analysis.

ODAM Analysis in Mammals

The amino acid sequences, which contain 273-281
residues depending on the species, were easily aligned
without including numerous gaps (fig. 2). The absence of
large sequence variations and the large differences com-
pared with the other members of the family indicate that
ODAM, like AMTN and the EMPs, arose before the
mammalian/reptilian split. The putative ancestral mam-
malian sequence comprised 279 amino acids. Regarding
AMTN, only a few residues (16.8%) are unchanged (47
out of 279, fig. 2), and this low sclective pressure suggests
that some polymorphism could occur in human ODAM
(seven amino acid variations, 2.5%), are found between
human and chimpanzee). Most of the conserved residues
are dispersed along the sequence, but four features
emerged from this alignment:

(i) the N-terminal region (signal peptide) in which
47% of residues (8 out of 17) are unchanged (exon 2);

{ii) in positions 25-33 (exon 3 and beginning of exon
4), a SASNSxELL motif is well conserved; this is a prob-
able phosphorylation site;

(iit) in positions 147-150 {exon 7), a YYPV motif is
kept unchanged, but its function remains to be discov-
ered, and

{iv} in contrast to AMTN, four residues are conserved
in the C-terminal region (exon 11). Here too, further se-
quences from species representative of other tetrapod lin-
cages are needed to perform an accurate evolutionary
analysis.

Relationships of Ameloblast-Expressed SCPP Genes

The structure and organization of the two newly iden-
tified ameloblast-expressed genes, AMTN and ODAM,
were compared to the putative ancestral sequences previ-
ously calculated for the three EMP genes and SPARCLI
(fig. 3). A previous analysis of the putative ancestral se-
quences of EMPs had shown that:

(i) AMEL exon 4 was created during eutherian evolu-
tion (it is present in some cutherian lineages only), and
two additional exons 8 and 9, that are unique to the mouse
and rat, were created by duplication of exons 4 and 5
[Bartlett et al., 2006a];

{ii) AMBN exons 8 and 9 have appeared in primates
only, as duplications of exon 7;
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(111)) ENAM exon 3 can be considered as homologous
to exon 2 of the other genes, and

(iv) although considered the probable ancestor of

SCPPs, the N-terminal organization of SPARCLI is dif-
ferent from that of the EMPs, except for the first coding
exon, exon 2 [Sire et al,, 2005; 2006].

The structural comparison of the six putative ances-
tral genes, i.e. EMPs, AMTN and ODAM, and SPARCLI,
confirms the previous findings that only the first three
coding exons share similarities (fig. 3). As already shown
for human genes, the strongest similarity of the ancestral
sequences concerns exon 2 {exon 3 in ENAM), which en-
codes a well-conserved signal peptide and the first two
residues of the protein [Kawasaki and Weiss, 2003; Ka-
wasaki et al., 2004]. The two following exons in EMPs
and ODAM are small and of roughly the same size (42-54
and 42-48 bp, respectively), with the third exon (exon 4
for ENAM) ending with an SXE phosphorylation motif.
In mammals, such an organization is not observed in
AMTN and in SPARCL], which exhibit a larger third
exon (87 and 177 bp, respectively), and which lack an SXE
motif. The sizes of exon 3 in chicken and teleost fish

SPARCLI are small (54-57 bp), similar to the size of

SPARC exon 3. This suggests that SPARCLI originally
had a small exon 3. However, in the absence of data for
SPARCLI in amphibians, crocodiles and squamates (liz-
ards and snakes) we cannot claim that a small exon 3 was
the condition when actinopterygian and sarcopterygian
lincages separated. Our alignment (not shown) indicates

The Origin and Evolution of Enamel
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that the third exon in AMTN could correspond to the two
short exons 3 and 4 in the other genes. The phylogenetic
position of AMTN suggests that this exon could have
been created by a fusion of these two short exons (sec be-
low). The mere comparison of gene organization already
suggests that these genes belong to a single family [Kawa-
saki and Weiss, 2003]. With the exception of AMTN, the
structure of which is somewhat different from the four
other genes, the N-terminal region of EMPs and ODAM
issimilar. In addition, the organization of ODAM is more
similar to that of ENAM, which suggests closer relation-
ships of ODAM with ENAM than with the other genes
(fig. 3).

lgSinct: 2002, the study of EMP (and SCPP) relationships
has highly benefited from gene mapping in humans, and
new data have progressively accumulated in other tetra-
pod species (but unfortunately mainly in mammals)
[http://www.ncbinlm.nih.gov/]. In humans, SCPP genes
are located on chromosome 4, on which they form two
clusters, separated by 15 Mb: the dentin and bone protein
cluster (4q22, approximately 375 kb), to which SPARCL1
is adjacent, and the saliva, milk and ameloblast-secreted
protein cluster (4ql3, approximately 770 kb; fig. 4). The
only exception is AMEL, two copies of which are found
on the sex chromosomes. The most important copy,
which encodes 90% of the transcripts, resides on chromo-
some X (fig. 4). In humans AMELX is located in anti-
sense in the intron 1 of the ARHGAP6 gene. As AMEL
belongs to the EMP family, it 1s clear that it was translo-
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cated from the ‘EMP family’ chromosome to another
chromosome (ARHGAP6 gene intron), either immedi-
ately after its duplication, or during a particular event,
which occurred some time after a tandem duplication.
ENAM, AMEBN, and AMTN are adjacent genes on chro-
mosome 4, while ODAM is located between C4orf7 (fol-
licular dendritic cell secreted peptide) and LOC401137 (a
hypothetical protein), at some distance from the three
ameloblast-expressed genes, and separated from them by
some salivary protein and milk casein genes (fig. 4). This
syntheny is conserved in the few mammalian species for
which genes are mapped [http://www.ncbi.nlm.nih.gov/
map view/]. In birds, which lost teeth approximately 80-
100 MYA [Huysseune and Sire, 1998], the SIBLING genes
are found in syntheny, while the enamel, saliva, and milk

32 Cells Tissues Organs 2007,186:25-44

protein gene cluster is lacking [Kawasaki and Weiss,
2006). In amphibians (Xenopus) the syntheny is roughly
conserved, but some mineralizing protein genes, known
to be important in mammals, are apparently lacking.
However, this absence could be related to the currently
incomplete assembly of this frog genome [Kawasaki and
Weiss, 2006).

The five ameloblast-expressed genes (ENAM, AMBN,
AMTN, ODAM, and AMEL) were created by tandem du-
plication from a common ancestor [Kawasaki and Weiss,
2003, Kawasaki et al,, 2004; Kawasaki and Weiss, 2006).
These duplications were probably asymmetric, i.c. after
cach duplication one copy kept the former function of the
protein and did not diverge much from the ancestral se-
quence, while the other copy differentiated rapidly and
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acquired new functions (neofunctionalization) [Chung
et al., 2006; Steinke et al., 2006]. These functions were
positively selected, but they are still to be uncovered for
most of these genes. This finding is deduced from com-
parison of the gene structure (fig- 3) and from sequence
analysis (fig. 1, 2and Sire etal. [2006]). Indeed, the rough-
ly conserved features of the N-terminal region suggest
not only a common origin but also some functional sim-
ilarities (they are all ameloblast-expressed proteins). In
contrast, the rest of the sequence (the largest part) houses
the specificities of each protein (i.e. its proper functions)
and, therefore, is strongly divergent. The specific func-
tion of each protein could reside either in this whole se-
quence, as for instance for most part of the region coded
by AMEL exon 6 [Sire et al., 2006] (sce below), orin some
particular important loci, as for instance the conserved
motifs that emerge from the alignment of AMTN and
ODAM mammalian sequences {fig. 1, 2).

The next questions now are: how are these ameloblast-
expressed genes related and which evolutionary scenario
can be proposed for their origins in vertebrates?

AMEL and the Evolutionary Origin of EMP Genes

The current knowledge on the relationships and evo-
lutionary origin of EMPs was acquired in several steps,
and this study represents the last (but not least) one. This
story can be briefly reconstructed as follows.

In 2001, Delgado et al. showed a high sequence simi-
larity of the 5’ region (exon 2, which mainly encodes the
signal peptide) of AMEL, SPARC, and SPARCLI, sugges-
tive of a common origin of this region after duplication.
Using a molecular-clock method to estimate SPARC/
SPARCLI divergence, these authors proposed that AMEL
exon 2 was created >600 MYA (i.c. at the end of the Pre-
cambrian). This meant that AMEL could have been pres-
ent before the origin of vertebrates, 530 MYA [Shu et al.,
1999, 2003], and of the first evidence of mineralized ele-
ments in euconodonts, 500 MYA [Sansom et al., 1992;
1994; Janvier, 1996].

Two years later, taking advantage of the availability of
the sequenced human genome and gene mapping, Kawa-
saki and Weiss [2003] convincingly demonstrated that (i)
EMPs comprise a subfamily, (i1} EMP, milk casein, and
salivary protein families together are regrouped into a
cluster on chromosome 4, forming a larger family, and
(11i) this family also contains the SIBLING gene cluster,
which is located in another locus on the same chromo-
some. The SCPP family was now a fact.

The Origin and Evolution of Enamel
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Another chapter was added to the story when SPAR-
CL1 was proposed to be the common ancestor of SCPP
genes on the basis of its location, adjacent to the SIBLING
cluster on chromosome 4, and of the structure of its N-
terminal region [Kawasaki et al., 2004]. Therefore, al-
though SPARC still remains at the origin of the mineral-
izing protein gene story, it was SPARCLI that gave rise to
the SCPP gene ancestor. SPARC is present in both proto-
stomes and deuterostomes®, where it influences cell be-
havior and interactions with the extracellular matrix,
rather than being involved in the generation of mineral-
ized tissues. Several runs of duplications, and subsequent
sub- and/or neofunctionalization have occurred and led
to the current diversity of this family. Using a molecular-
clock method, the divergence date between SPARC and
SPARCLI was found to be inferior or equal to the current
divergence date of cartilaginous fishes (estimated at 528
*+ 56 MYA using molecular dating [Kumar and Hedges,
1998]). This led to the conclusion that the SCPP genes
probably emerged after this date [Kawasaki et al,, 2004].
This dating is more recent than the >600 MYA previ-
ously calculated by Delgado et al. [2001].

Taken together, these findings suggest that AMEL 1s
more distantly related to SPARC and/or SPARCLI than
hitherto believed before, and that at least five duplication
events took place from SPARC to AMEL [Sire et al,
2006]:

SPARC - SPARCL1 - SCPP ancestor —
ENAM - AMBN - AMEL

Below, we briefly review the current scenario for EMP
gene relationships, which was established in the course of
studies dealing with AMEL origins [Sire et al., 2005,
2006). The previously published dataset 1s completed by
additional information on AMTN and ODAM (fig. 1, 2),
with the aim to clarify the relationships of all ameloblast-
secreted SCPP proteins.

The Evolutionary Origin of AMEL
This study was performed in three steps:

Step 1: Evolutionary Analysis of AMEL Sequences in

Tetrapods

A total of 80 AMEL sequences (including mammals,
reptiles, and amphibians) were compiled {published se-

® Protostomes and deuterostomes the two main divisions of balatersa
mostly comprising animals with bilateral symmetry and three germ layers
{endoderm, mesoderm, and ectoderm)
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Fig. 5. Phylogenetic analysis (distance analysis with maximum
likelihood using neighbor-joining method) of the five ameloblast-
expressed SCPP genes (AMEL, AMBN, AMTN, ODAM, and
ENAM) based on the 5' region (288 bp) of their putative ancestral
sequences. The ancestral sequence of SPARCLI, the probable an-
cestor of SCPP genes, was used to root the tree. Bootstrap values
are indicated (1,000 replicates).

quences, sequences retrieved in the databases, and new
sequences; see Sire et al. [2006] for the species list). The
sequences were aligned as described above for AMTN
and ODAM, and a putative AMEL ancestral sequence
was calculated using PAUP 4.0. The conserved versus
variable regions were determined and used for the next
step.

Step 2: Search for Sequence Similarity in Databases

A PSI-blast search (National Center for Biotechnolog-
ical Information) of statistically significant similar pep-
tides was performed in GenBank [Sire et al,, 2006]. The
well-conserved regions of the putative ancestral AMEL
were used, i.c. the N-terminal region: exon 2 (signal pep-
tide), exon 3, exon 5, and beginning of exon 6. Sequence
similarities were detected with AMBN, then with ENAM
and, finally, with SPARCLI. Itis noteworthy that the first
non-AMEL sequence to be found using PSI-blast was
crocodile AMBN, indicating that the latter is closer to
ancestral AMEL than mammalian AMBN. This would
mean that crocodile AMBN is more conservative of an
ancestral state, and could have been subjected to a slower
rate of evolution than mammalian AMBN after reptile/
mammal divergence. At this time (July 2004), neither
AMTN nor ODAM sequences were available in databas-
es [Sire et al., 2005].

Step 3: Sequence Analysis

The putative ancestral sequences of AMEL, AMBN,
ENAM, and SPARCLI were calculated as described above
for AMTN and ODAM. The dataset comprised AMEL

M Cells Tissues Organs 2007,186:25-48

sequences, 30 AMBN, 28 ENAM, and 20 SPARCLI (en-
tire and partial sequences), and those obtained here from
10 AMTN and 10 ODAM (fig 1, 2). The N-terminal re-
gion of SPARCLI was only used because EMPs and the
other SCPPs are supposed to be derived from this region
[Kawasaki et al,, 2004]. The N-terminal regions of these
putative ancestral sequences were aligned to the same re-
gion of AMEL (1.¢. the first 62 residues, from exon 2 to
the TRAP proteolytic site at the beginning of exon 6) with
CLUSTALX and hand-checked using Se-Al 2.0. The phy-
logenetic analysis was performed using maximum likeli-
hood (neighbor-joining method) in PAUP 4.0 and the
tree was rooted on SPARCLI, since this is the probable
ancestor of the SCPPs. This analysis confirms with a good
statistical support the previous finding that AMEL and
AMBN are sister genes [Sire et al., 2006] (fig. 5). The two
newly identified ameloblast-expressed genes, ODAM and
AMTN, appear as two sister genes (this is well supported
statistically), and their group is the sister group of the
AMEL/AMBN group. ENAM is the sister gene of the two
groups AMEL/AMBN + ODAM/AMTN, and SPARCLI
is the sister gene of the three. However, the relationships
of ENAM and SPARCLI are not strongly supported by
our bootstrap analysis. This phylogenetic analysis means
that AMEL/AMBN and ODAM/AMTN have a common
ancestor, which was probably issued from a duplication
of the ENAM ancestor, itself deriving from a copy of the
SPARCLI ancestor.

This phylogeny corresponds to our relatively weak
knowledge of ameloblast-expressed genes and must be
interpreted with caution. Indeed, even though a large
number of sequences were used, most of them are from
mammals, and even from cutherians only. Only a few
AMEL and AMBN sequences are available in reptilesand
amphibians, and no ENAM, AMTN, and ODAM se-
quences are known in these lineages. This lack of data in
non-mammalian lincages does not allow to obtain repre-
sentative putative ancestral sequences at the amniote and
tetrapod levels. This means that the phylogenetic signal
(i.e. gene relationships) is probably reduced by (i) the long
evolutionary period (hundreds of million years) that sep-
arates cach gene from its closest relative, (ii) the different
evolution rate for each gene in each lineage, and (ii1) the
rapid divergence of some gene regions in relation to their
proper functions. This phylogeny will become more ac-
curate in the near future, when more ameloblast-ex-
pressed SCPP gene sequences will be known in reptiles
and amphibians. Nevertheless, the present analysis sup-
ports AMBN/AMEL relationships and the hypothesis
that both genes derive from ENAM. It furthermore indi-
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Fig. 6. Current probable scenario for the

origin and evolution of SCPP genes and, in

particular, of ameloblast-expressed genes
(AMEL/AMBN, AMTN/ODAM, and
ENAM). Early in deuterian evolution,
SPARC duplicated into SPARCLL. During
successive rounds of genome and gene du-
plication, SPARCLI and its descendants
were copied several times on the same
chromosome, giving rise to two clusters:
the ameloblast-expressed/milk/saliva pro-
tein gene cluster and the bone/dentin pro-
tein gene cluster (SIBLINGs). The ENAM
ancestor duplicated from an SCPP ances-
tor and one ENAM copy was duplicated
again, giving rise to the ancestors of
AMBN/AMEL and of AMTN/ODAM. Af-
ter its duplication from AMBN, AMEL
was translocated to another chromosome.

} Ched

cates that ODAM and AMTN could also be derived from
ENAM. This implies that an additional duplication event
has occurred between ENAM and the other ameloblast-
expressed SCPP genes (fig. 6).

A preliminary, schematic scenario for SCPP evolution
and for the place of the ameloblast-secreted actors (to
which AMTN and ODAM are now added) can be drawn,
but the story is far from complete (fig. 6). In particular,
the relationships between SPARCLI] and the two gene
clusters (SIBLINGs and enamel-milk-saliva protein
genes), and among the SIBLINGs are not established. In
contrast, within the salivary SCPPs, histatins 1 and 3 de-
rive from statherin duplication, and the latter was created
from a copy of a milk casein ancestor (CSN152) [Kawa-
saki and Weiss, 2003]. The evolutionary story of salivary
SCPPs is relatively recent (they are known in some euthe-
rians only), while the origin of milk caseins is more an-
cient in mammalian evolution. Indeed, «-, B- and k-ca-
seins are identified in the milk of metatherians (marsupi-
als) [Ginger et al., 1999; Stasiuk et al., 2000]. Milk casein
family members are also evolutionarily related and, given
their structural similarity with EMP genes, the ancestral
Ca-sensitive casein gene was probably derived from the
duplication of an EMP [Kawasaki and Weiss, 2003],
which remains to be found (fig. 6).

In summary, depending on the branches of the tree,
SCPP relationships are either strongly or weakly support-
ed. Strong relationships are: SPARC/SPARCLI; STATH/
HTHs; CSN/STATH/HTHs; AMEL/AMBN, and AMEL/
AMBN/ENAM. In contrast, there are (i) no clear rela-
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tionships established within the SIBLING cluster, and be-
tween this cluster and SPARCLI; (it) no clearly identified
connection between CSNs and EMPs; (111) weak (lack
of non-mammalian sequences) relationships between
ODAM/AMTN, and ENAM/ODAM/AMTN, and (iv) no
clear relationship between the amecloblast-expressed
genes (AMEL/AMBN, ODAM/AMTN, and ENAM) and
SPARCLL

Sequencing these SCPP genes in non-mammalian spe-
cies [reptiles (crocodiles, lizards, and snakes) and am-
phibians (salamanders, caecilians, and frogs)] will help
to improve our knowledge on the relationships in the
family.

Dating of AMBN/AMEL Duplication

Now that AMEL and AMBN are clearly established
sister genes, the last questions are: was the ancestral gene
AMBN or AMEL and is it possible to date this duplication
event? The stronger support to AMBN ancestry is indi-
rectly suggested by the location of AMEL on sex chromo-
somes. Indeed, it is difficult to imagine that an AMEL
copy (that would have become AMBN) was translocated
by mere chance, on the chromosome housing the other
SCPP genes, and close to ENAM, their close relative. In
contrast, the close location of AMBN and ENAM on the
same autosomal chromosome (fig. 4) strongly supports
that AMBN was created from a copy of ENAM, and, as a
consequence, that AMEL originated after a duplication
of the ancestral AMBN, and then translocated to another
chromosome. One could argue that AMEL translocation
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Fig.7. a Linearized tree obtained from the phylogenetic analysis
of AMBN and AMEL sequences in human, mouse, crocodile, and
Xenopus. The calibration time used is: human/mouse: 90 MYA;
human/crocodile: 310 MYA; human/Xenopus: 360 MYA [Hedg-
es, 2002). b Linear regression of time versus distance {y-x). Each
point has two evolutionary distances of AMBN and AMEL. The
duplication time of AMBN/AMEL can be estimated when we add
the evolutionary distance of duplication to this linear equation,
e it occurred >600 MYA.

occurred after its duplication from the ENAM ancestor
and that the copy remained close to ENAM and differen-
tiated into AMBN. This scenario cannot be maintained
since the similarities found in gene organization (fig. 3)
and in amino acid pattern indicate that AMBEN 1s closer
to ENAM than AMEL is. Therefore, AMBN is the ‘'moth-
er' of AMEL and not the opposite.

In summary, all ameloblast-expressed genes are phy-
logenetically related, and ENAM could be the ancestor of
all of them. AMEL, which codes for the major protein of
the forming enamel matrix in mammals (90% of the pro-
tein content) is the youngest EMP gene. This strongly
suggests that AMEL divergence after AMBN duplication
was an important innovation for enamel, at least in mam-
mals. To date, the relationships of EMP genes with SPAR-
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CL1 are difficult to establish and more data are needed to
test the hypothesis of SPARCLI ancestry.

The availability of AMEL and AMBN sequences in
various mammalian species, in a crocodile and inan am-
phibian (Xenopus) allowed to envisage a molecular dat-
ing of AMBN/AMEL duplication. A phylogenetic tree
was inferred from the amino acid sequences using the
neighbor-joining method (fig. 7a). From the phylogeny, it
is apparent that the duplication event was much carlier
than the speciation events such as the mammal/amphib-
ian split, or the mammal/reptile split, and roughly two
times of these events. To give an approximate estimate of
when this duplication event occurred, we utilized the mo-
lecular dating technique developed by Gu et al. [2002],
calibrated by the fossil record: primate/rodent split
(around 90 MYA), mammal/reptile split (310 MYA), and
amniote/amphibian split (360 MYA) [Hedges, 2002].
Our results are as follows.

1 If the amniote/amphibian split is used alone, the date
of duplication (T) = 627 MYA.
2 If the mammal/reptile split is used alone: T = 896

MYA.

3 If the primate/rodent split is used alone: T = 480

MYA.

4 Ifall three calibrations are used: T = 682 MYA.

This is a molecular dating of gene duplication, so it
should be compared to other molecular date profiling
[Gu et al., 2002]. Here, (2) and (3) are unreliable because
the distance between human-mouse or human-crocodile
differs considerably in AMBN/AMEL genes. In contrast
(1) 1s mostly reliable and (4) takes the average, but both
give similar results, ie. AMBN/AMEL duplication oc-
curred >600 MYA (fig. 7b). This result confirms the pre-
vious dating of AMEL origins during the Precambrian
period [Delgado et al., 2001]. A major peak of genome and
gene duplication occurred around 700-500 MYA [Gu et
al, 2002]. Therefore, like many developmental genes,
EMPs were duplicated during this period, which preced-
ed vertebrate diversification and skeletal mineraliza-
tion.

In summary, two unrelated molecular dating meth-
ods of EMP origins (SPARC/SPARCLI divergence date:
Delgado et al. [2001] and AMBN/AMEL duplication
date: this study) indicate that the genes encoding them
were created from several duplication rounds that have
occurred before the currently accepted dates of the ap-
pearance of the first vertebrates in the fossil record
(>600 MYA). In contrast, the molecular dating of
SPARC/SPARCLI divergence proposed by Kawasaki et
al. [2004] supports an emergence of EMPs after the di-
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vergence of cartilaginous fish (approximately 500 MYA
Kumar and Hedges [1998]). The knowledge of the diver-
gence date of SPARC/SPARCLI is of importance as
SPARCLI 1s considered the probable ancestor of SCPPs.
However, the apparent different evolutionary rates of
SPARC and SPARCLI in various taxa, together with the
fact that various gene regions were compared within
cach species or each clade, does not allow an accurate
prediction of the divergence date. Indeed, these two par-
alogs share a well-conserved C-terminal region which is
not easy to differentiate from one gene to the next in the
vertebrate species examined. In contrast, their N-termi-
nal region is not only extremely different but also, when
comparing this region in various species, difficult to
align due to a large number of sequence variations. Nev-
ertheless, the N-terminal region of SPARCLI is consid-
ered the probable ancestor of SCPPs. The divergence
date of AMBN/AMEL seems to be more reliable because
the relationships of these two genes are now well estab-
lished. Also, the presence of enamel-like tissues in early
vertebrates indicates that the divergence of SCPP genes
might have preceded the origin of vertebrate tissue min-
eralization.

It is important to realize the following.

(1) The molecular dating of AMBN/AMEL duplication
does not indicate the presence of these molecules in form-
ing enamel, 600 MYA. After the duplication, several doz-
ens of millions of years were probably necessary before
one copy acquired its new function (new gene structure
and new expression). This divergence could have oc-
curred before, during or after the vertebrate diversifica-
tion, reported to be in the Cambrian as demonstrated in
the fossil record. Morcover, genetic evidence suggests
that most animal phyla evolved dozens of millions of
years before they started to leave behind fossil evidence,
although this is debated by paleontologists. Given the
lack of a temporal association between the birth of a gene
(e.g. AMEL 600 MYA) and the advent of mineralized
‘teeth” >50-100 millions of years later, the confidence in
the assigned dating should be softened.

(11) Tissue mineralization could not have occurred if
the necessary tools were not already present. This im-
plies that EMPs could have had other functions before
the first enamel/enameloid tissues mineralized and be-
fore EMPs were recruited for mineralization later in ver-
tebrate evolution. This novel trait (mineralization) there-
fore probably evolved by employing already existing ma-

terials.

The Origin and Evolution of Enamel
Mineralization Genes

Enamel/Enameloid and the Origin of EMPs

Morphological studies of enamel and enameloid in
living taxa have shown that they are different in their
mode of formation. The enamel organic matrix is secret-
ed by the ameloblasts, and contains enamel-specific pro-
teins. In contrast, enameloid organic matrix is mostly de-
posited by odontoblasts and contains a large amount of
collagen, but the ameloblasts contribute to its formation,
too [Prostak and Skobe, 1984; Sasagawa, 1984; Prostak
and Skobe, 1988; Prostak et al., 1993; Sasagawa, 1995,
2002]. However, in functional teeth, the structure of both
tissues 1s similar, i.e. highly mineralized with only a little
organic matrix left (<5%). Given the same location, the
same final structure and the same evolutionary origin,
most authors have considered enamel and enameloid as
homologous tissues. Enamel and enameloid matrices are
only partially mineralized when laid down, and their fi-
nal hardness is acquired during a second stage, matura-
tion, during which the matrix is lost through the activity
of proteolytic enzymes. This process creates space, allow-
ing mineral crystal growth to eventually achieve a highly
mineralized structure. Because they are highly mineral-
ized, enamel and enameloid are easily recognizable in the
fossil record and their relationships can be traced back
deep in vertebrate evolution.

The question of which tissue appeared first, enamel or
enameloid, has been long debated and it is not clearly an-
swered yet. It is, however, accepted that enamel progres-
sively replaced enameloid during evolution in various
lineages (e.g. in tetrapods) [Smith, 1995; Donoghue, 2002;
Donoghue and Sansom, 2002; Donoghue et al., 2006].
Odontoblasts progressively reduced their production of
loose collagenous matrix, which characterizes forming
enameloid, while ameloblast activity increased with the
secretion of large amounts of enamel-specific products at
the dentin surface. This evolutionary ‘transition’ between
enameloid and enamel was, in fact, probably an enamel-
oid-dentin transition, as recently demonstrated in the on-
togeny of caudate amphibians [Davit-Beal et al., 2007].
However, enamel did not replace enameloid in all verte-
brate lineages. A particular type of enameloid is present
in chondrichthyans (cartilaginous fish [Prostak et al,
1993; Sasagawa, 2002]), and this supports an ancient ori-
gin for this tissue, at least for the gnathostome lineage.
Enamel and enameloid were certainly present in basal
actinopterygians (ray-finned fish), as in polypterids and
lepisosteids [Sire et al., 1987; Sire, 1990, 1994, 1995]. This
supports the idea that enamel was already present in ear-
ly osteichthyans, which also indicates an ancient origin.
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Fig. 8. Chordate relationships and the origin of the mineralized skeletal elements in vertebrates (adapted from
Shimeld and Holland [2000]). Chordates are deeply anchored in the Precambrian era (3700 MYA). The acqui-
sition of a mineralized skeleton, a major event for vertebrate radiation, occurred 600-500 MYA, a period which
post-dates the two genome duplications [Gu et al,, 2002]. Bone and dental tissues are clearly recognized in ear-
ly, jawless vertebrates, 450 MYA. Skeletal diversification in jawed vertebrates was next favored by the appear-

ance of new genes after tandem duplication.

Enamel is absent in more derived actinopterygian taxa
(teleost fish), which possess enameloid only [Sasagawa,
1984; Prostak and Skobe, 1984; Sasagawa, 1995]. The
large evolutionary distance between allliving representa-
tives of these chondrichthyan and actinopterygian lin-
cages (430-420 MYA, respectively, in the fossil record:
Janvier [1996]) explains why the current structure of
these enameloids is so different.

Enamel and enameloid appear, therefore, to be merely
grades of a hypermineralized tissue that has evolved in-
dependently in a number of vertebrate lineages [Dono-
ghue, 2001]. The origin of these tissues can be traced back
in carly vertebrates, along with the appearance of a bony
mineralized skeleton, one of the four main vertebrate

I8 Cells Tissues Organs 2007,186:25-44

character acquisitions, together with neural crest cells
and their derivatives, neurogenic placodes, and an elabo-
rate segmented brain (fig. 8). These vertebrate innova-
tions appeared after the divergence between tunicates’
(Ciona) and craniates® {recent genetic evidence indicates
that tunicates could be closer to vertebrates than cepha-
lochordates [Graham, 2004]), and probably after the di-
vergence between craniates and vertebrates as witnessed
by the fossil record. The absence of mineralized tissues in
living hagfish and lampreys is probably primitive [Jan-

Tunicates: subphylum of chordates that feed by siphoning plankton
through a filter.
Craniates: animals with skull
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vier, 1996]. Indeed, the most ancient vertebrates discov-
ered in the Lower Cambrian of China (530 MYA), Hak-
ouichthys (which looks like a hagfish) and Myllokun-
mingia (which looks like a lamprey), possessed a skeleton
composed of unmineralized cartilage only [Shu et al.,
1999, 2003].

The first mineralized elements encountered in verte-
brates are the tooth-like organs (conodont apparatus)
composed of enamel-like and dentine tissue found in cu-
conodonts, fossil marine vertebrates known from the
Middle Cambrian (500 MYA) to the Late Triassic (230
MYA) [Sansom et al., 1992, 1994; Janvier, 1996; Dono-
ghue, 1998, 2001] (fig. 9). These minute comb-shaped
denticles are located at the entrance of the pharynx (vis-
cerocranium). Bone appears to be absent from these ele-
ments [Donoghue, 1998].

Enamel, or enameloid, is clearly identified in the skel-
cton of carly jawless vertebrates (e.g. pteraspidomorphs,
heterostracans, thelodonts, and 'ostracoderms’) from the
Early Ordovician (480 MYA) to Late Devonian (380
MYA) periods and of jawed vertebrates (early chondrich-
thyans and osteichthyans) [Janvier, 1996; Donoghue et
al.,, 2006] (fig. 8). The carliest skeleton was a dermal skel-
cton comprising odontodes (tooth-like elements consist-
ing of enameloid and dentine), ornamenting dermal

The Origin and Evolution of Enamel
Mineralization Genes

plates composed of acellular bone [Sansom et al., 2005].
It is noteworthy that our current knowledge of early ver-
tebrates reveals a gap of 30 million years between the ap-
pearance of the first vertebrates (530 MYA) and the first
evidence of vertebrate mineralized elements (500 MYA).

It is clear that numerous gene families expanded by
gene duplication in the vertebrate stem lineage (in par-
ticular gene families encoding transcription factors and
signaling molecules) [Shimeld and Holland, 2000]. The
acquisition of the mineralized skeleton followed the in-
creased genetic complexity (two genome duplications
and several gene duplications) which occurred carly in
vertebrate evolution (during the Precambrian and Cam-
brian periods) [Dehal and Boore, 2005; Panopoulou and
Pouska, 2005]. These large scale genomic events facili-
tated the evolutionary success of the vertebrate lincage
and, probably, led to the diversification of several mem-
bers of the SCPP family. Additional tandem duplications
certainly occurred during the long period of vertebrate
evolution and resulted in new gene differentiation and in
a further diversification of SCPPs into new biological
functions {fig. 8).

The presence of enamel and enameloid tissues in carly
vertebrates strongly suggests that EMPs (and some other
SCPPs) were present in these tissues at least 500 MYA
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(fig. 9). This would mean that SCPPs diversified earlier.
The hypothetical date of this diversification could be not
so distant from the molecular dating of EMP origins
(=600 MYA) if we consider that the duplication could
have occurred long before the divergence of function/ex-
pression of the copies, and that vertebrates possessing a
mineralized skeleton could have lived dozens of millions
of years before any evidence of them in the fossil record.
However,although structurally well-identified enameloid
and enamel tissues are present in the teeth of chondrich-
thyans, actinopterygians, and basal sarcopterygians,
EMP genesare known in tetrapods only (fig. 9). However,
this statement relates to genes only; there is evidence from
immunohistochemical studies or Southern hybridization
that AMEL and/or ENAM proteins could be present in
sharks [Slavkin et al., 1983; Herold et al., 1989], teleost
fish [Lyngstadaas et al, 1990], polypterids [Zylberberg et
al., 1997] and lungfish [Satchell et al., 2000].

Whilst the data on EMP genes (mainly in model mam-
mals) slowly accumulated over a period of approximately
15 years, the last years witnessed a rapid increase in our
knowledge, mainly because of genome sequencing in nu-
merous species, and in particular in mammals. To date
cight well-covered mammalian genomes are available
and seven additional genomes are provided at a low cov-
crage level (see https/www.ensemblorg/). The current
mammalian genome project aims to add 11 mammalian
species to this list in a phylogenetic perspective (http:/
www.broad. mit.edu/mammals). Therefore, within the
next few months, we will have access to at least 26 mam-
malian genomes and, potentially, will be able to perform
evolutionary analyses of any gene in the mammalian lin-
cage. Opposite to this large covering of mammalian phy-
logeny, our knowledge of non-mammalian EMPs is, un-
fortunately, much less advanced (fig. 10). We can see two
reasons: (1) the lack of sequenced genomes and (2) the
divergence of EMP sequences.

The Lack of Sequenced Genomes

In toothed reptiles (crocodiles, snakes, and lizards),
there is still no sequenced genome available, although the
reptilian (sauropsid) lincageis the lincage closest to mam-
mals (fig. 10). However, AMEL sequences are available in
a crocodile [Toyosawa et al., 1998], in a snake [Ishiyama
ct al, 1998], and in two lizards [Delgado et al, 2006;
Wang et al., 2006], and AMBN has been sequenced in a
crocodile [Shintani et al., 2002]. At present, there are no
data on reptilian ENAM but, fortunately, we will soon
have access to a lizard genome (Anolis carolinensis ge-
nome is being sequenced). However, sequencing a croco-
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dile genome (a representative of the lincage closest to
birds) would be also extremely interesting for evolution-
ary analyses.

In amphibians, AMEL [Toyosawa et al., 1998] and
AMBN [Shintani et al., 2003] have been sequenced in the
pipid frog Xenopus laevis, and an AMEL sequence is
available in another frog (Rana pipiens [Wang et al,
2005a]). Moreover, sequencing of a pipid genome (Silu-
rana tropicalis) is well advanced (fig. 10). Surprisingly, al-
though as expected AMEL and AMBN are present in this
genome, to our knowledge ENAM has not been found yet
[Kawasaki and Weiss, 2006]. It is questionable whether
this EMP is really absent from this frog genome. Indeed,
on the one hand our evolutionary analysis indicates that
ENAM is the oldest representative of the EMP family
and, on the other hand, ENAM plays important roles in
enamel structure and organization as illustrated by AIH2
resulting from ENAM mutations. It is also clear that pip-
ids have a well-formed enamel [Sato et al., 1986]. There-
fore, this ‘lack’ is probably related to the fact that the pip-
id genome 1s still not entirely (or correctly) assembled.
One should also take into consideration that pipids are
highly derived anurans and, as a consequence, EMPs
could be divergent compared to more basal amphibian
species. Sequencing another frog, salamander/newt or
caecilian genome would be, therefore, highly informative
for evolutionary analysis.

No EMP is known in basal sarcopterygians, i.c. lung-
fishand coelacanth, norin basal actinopterygians (polyp-
terids and lepisosteids), and there is no sequenced ge-
nome available nor sequencing project running. Howev-
er, these taxa possess enamel and they belong to lineages
that are crucial to improve our understanding of EMP
relationships and evolution. In contrast to this lack of
data, the genome has been sequenced in four teleost spe-
cies, and several SCPPs were identified. However, teleosts
are derived actinopterygian lineages, and the long evolu-
tionary distance (=420 million years) between actinop-
terygians and tetrapods explains the difficulty encoun-
tered when trying to identify homology between teleost
and tetrapod SCPP genes [Kawasaki et al., 2005]. For in-
stance, no EMP gene can be related to these SCPPs.

No SCPP is known in chondrichthyans (sharks and
rays). Here too, the long evolutionary distance (>430 mil-
lion years) between cartilaginous fish and tetrapods
could lead to problems when trying to identify homolo-
gous genes, but the syntheny conservation of SCPP genes
could help [Kawasaki et al., 2005; Kawasaki and Weiss,
2006).
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The Divergence of EMP Sequences

The difficulty to find EMP (and other SCPP) genes us-
ing PCR or RT-PCR resides in their variability. Indeed,
except for the short N-terminal region that is relatively
well conserved in each member of the family, the largest
part of the sequence is variable. For instance, although
they probably conserve their main function, most of the
mammalian AMEL exon 6 sequences (the largest part of
AMEL) cannot be accurately aligned with the homolo-
gous region in reptiles and amphibians due to numerous
substitutions and indels [Sire et al., 2006]. These highly
variable sequences indicate that SCPPs are intrinsically
disordered proteins [Dunker et al,, 2001; Kawasaki etal.,
2005] and there are only a few conserved residues. There-
fore, the only meansto find EMPs in evolutionary distant
species, such as basal sarcopterygians or actinopteryg-
1ans, is to study sequenced genomes or sequences of large
DNA regions suspected to house these genes. For exam-
ple, in a teleost fish (fugu), several SCPP genes were iden-
tified in a DNA region corresponding to the SIBLING
cluster in mammals, meaning that the syntheny of the
SIBLING cluster is conserved between fish and tetrapods
[Kawasaki et al,, 2005; Kawasaki and Weiss, 2006]. These
SCPP genes were found not based on their similarity with
known SCPP sequences but because they are located ad-
jacent to SPARCL]1, and because they share some struc-
tural features with tetrapod SCPPs. Fish SCPP genes are

The Origin and Evolution of Enamel
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so different from tetrapod SIBLINGs that no homology
could be recognized. Fish SCPP genes are expressed dur-
ing tooth formation [Kawasaki et al., 2005] but one can
wonder whether they play the same function as EMPs.
Morecover, SIBLINGs (DSPP, DMP1, IBSP, and SPP1) are
known to be expressed during tooth matrix formation in
tetrapods [Fisher and Fedarko, 2003; Qin et al., 2004].
EMP genes could also be conserved in other regions of
the teleost fish genome, but they remain to be discovered.
Indeed, morphological studies strongly support that
EMPs are present in the enamel-like tissue (ganoine) of
basal actinopterygian lineages, polypterids and lepisoste-
ids [Sire et al., 1987; Sire, 1994; 1995].

To date the information available for the three EMP
genes largely relates to mammals and the few sequences
available (or planned to be so) in other tetrapods are not
sufficient to perform an evolutionary analysis at this lev-
el {fig. 10).

What Can the Evolutionary Analysis of EMP Genes
Tell Us? The Case of AMEL

AMEL Evolution

AMEL is the main component of forming enamel and
it plays crucial roles in enamel structure and mineraliza-
tion [Dickwisch et al., 1993; reviews in Bartlett et al,
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2006b; Margolis et al., 2006]. Mutations of the encoding
gene lead to ATHI [Hart et al,, 2002; Kim et al., 2004].
Given this importance it is not surprising that AMEL is
the best-known EMP. Over the past years, AMEL studies
on model animals have provided information on the gene
structure and supposed functions of the various regions
of the protein [Fincham et al., 1991; Fincham and Mora-
dian-Oldak, 1995; Greene et al,, 2002]. AMEL is subject
to posttranslational modifications [Fincham and Mora-
dian-Oldak, 1993] and it self-assembles to form nano-
spheres that are involved in enamel mineralization [Wen
ctal., 2001; Snead, 2003; Du et al., 2005; Veis, 2005]. The
N- and C-terminal regions interact with mineral [Aoba
ct al, 1989; Aoba, 1996; Hoang et al., 2002; Paine et al.,
2003; Snead, 2003] and are involved in adhesion with the
ameloblast surface through membrane proteins (e.g.
Cd63,annexin A2, and Lampl [Wang et al., 2005b; Tomp-
kins et al., 2006]). AMEL interacts also with some kera-
tins in ameloblasts through ligand-binding properties lo-
cated in the N-terminal region [Ravindranath etal,, 1999,
2000, 2001, 2003). Some splice products have been pro-
posed to be signaling molecules [Veis et al., 2000; Veis,
2003).

From these studies, increasing evidence accumulates
to support the idea that the N-terminal, and to a lesser
degree the C-terminal, regions are the most important
regions for proper AMEL function. This importance is
also revealed by several AIHI, caused by mutations mod-
ifying the functioning of these regions. The question of a
possible role for the central variable region (encoded by
most of exon 6) is completely ignored. Is it useless? Cer-
tainly not. Evolutionary analyses indicate that this core
region of the protein, although intrinsically disordered,
could be responsible for the well-ordered microstructure
of enamel [Delgado et al., 2005; Sire et al., 2005; 2006].
More data arestill needed to understand the relationships
between structure and function of this region and, more
generally, to reveal the amino acid positions and regions
that could play an essential role.

As an alternative to biochemical and in vitro ap-
proaches, an evolutionary analysis of mammalian AMEL
was performed using 56 sequences constituting a dataset
representative of mammalian diversity [Delgado et al.,
2005]. Here, we summarize and complete these results in
proposing two alignments (fig. 11): one, illustrated with
20 sequences of the N- and C-terminal regions only, re-
veals the numerous well-conserved residues that are im-
portant for the proper function of the protein (interac-
tions with the cell membrane and/or with mineral crys-
tals). The other alignment, comprising 51 sequences, is
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centered in the variable central region of exon 6, which
houses, in mammals, a hot spot of mutation. The putative
ancestral sequence has been calculated for both align-
ments. Briefly, this evolutionary analysis reveals the fol-
lowing points.

(i) A total of 56 residues (out of 74 in the full-length
sequence) have remained unchanged in the N- and C-ter-
minal regions of AMEL during mammalian evolution,
i.c. during 225 million years [van Rheede et al., 2006]
(fig. 11a). This indicates that strong functional con-
straints act on these amino acids, meaning that they cer-
tainly play, either alone or with other conserved residues,
an important role. Most variants are found in the C-ter-
minal region of exon 5.

(i1} The hot spot of mutation (large insertions/deletions
of residues) has appeared recently in mammals, and inde-
pendently in several lineages (fig. 11b). Insertions are
found in basal primates (lemurs), in tree shrews, in basal
rodents (squirrel and guinea pig), in bovids (cow and goat)
and cervids (deer), in only one family of carnivores (ur-
sids), in bats (Macrochiroptera), in insectivores (hedge-
hog), in afrotherians {elephant shrew), and in marsupials
(opossums). The perissodactyls (e.g. horse) and proto-
therians (platypus and echidna) are the only important
lineages in which such large insertions are absent. These
insertions contain a variable number of three amino acid
(triplet) repeats (e.g. PIQ-PMQ-PLQ). These triplet re-
peats range from two (in the tree shrew) to 12 (in a fruit
bat), in which a total of 36 residues (108 bp) are inserted.
Within some lineages, e.g. bovids, the number of repeats
can vary in closely related species (8 repeats in the African
buffalo, 7 in cattle, and 5 in the other members of the fam-
ily). Itis noteworthy that AMELY, that is expressed atalow
levelin forming enamel (less than 10% [Salido etal., 1992]),
does not show insertions in this region. This illustrates the
separate evolution of the two AMEL copies on sex chro-
mosomes [Girondot and Sire, 1998], AMELY being sub-
jected to the particular mode of evolution of the Y chro-
mosome [Iwase et al., 2001; Lahn et al., 2001; Iwase et al,,
2003). The lack of triplet insertions in AMELY versus
AMELX exon 6 allows to easily discriminate males from
females in lineages possessing the hot spot of mutation, e.g.
bovids [Weikard et al, 2006] and ursids [Yamamoto et al,
2002]. Large deletions (=9 residues) are found in dolphin,
Weddell seal, panda and roundleaf bat (Microchiroptera).
However, we do not know whether these indels have a con-
sequence on enamel microstructure in these species [Del-
gado etal,, 2005]. It is clear, however, that the conservation
of such large indels during evolution has no negative re-
sults on enamel function as protective tissue.
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Fig. 12. Amino acid sequence of human
amelogenin  highlighting  the residues
which remained unchanged during the
225 million years of mammalian diversifi-
cation. The importance of amino acads is
inferred from the alignment of 60 mam-
malian sequences representative of the
main lineages, as partially shown in figure
11. Exon 4 {14 residues) was not included
because it is missing in several species
studied. Signal peptide is on gray back-
ground. The protein sequence (191 amino
acids) is numbered from methionine {1).
Bold characters (n = 75) indicate residues "
unchanged in mammals, italics (n = 35)
residues that can be substituted by an ami-
no aitblcid from the same group only,
small roman characters residues that can
be substituted, characters on gray back-
ground (n = 5) residues that are known so
far to lead to amelogenesis imperfecta
when substituted, and underlined charac-
ters indicate (n = 31) residues that are un-
changed in amniotes (mammals and rep-
tiles) [Delgado etal., in press].
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(11i) Although this central region of AMEL exon 6 is
variable, it maintains its richness in proline (30%) and
glutamine (20%) in all sequences studied. This means
that this region is also subject to a functional constraint
but that this selective pressure probably acts on the gen-
eral conservation of the P and Q richness rather than on
specific amino acid positions. This strongly suggests that
this region could be subject to polymorphism in hu-
mans.

(iv) The origin of the largest of AMEL exon 6 has to be
found in the repeats of nine nucleotides coding for three
residues (triplets) PXQ or PXX [Delgado et al, 2005].
These repeats have not been blurred by substitutions dur-
ing at least 310 million years of amniote evolution, be-
cause such triplet repeats have been identified in croco-
dile AMEL [Sire et al., 2006]. The triplet insertions found
in the hot spot mutation in mammals are probably remi-
niscent of this mechanism. These repeats are to be found,
probably, in the origin of AMEL after AMBN duplica-
tion, and also constitute the originality of AMEL com-
pared to the other EMPs and to ameloblast-secreted
SCPPsin general. Thisleads to the hypothesis that AMEL
divergence consisted of the loss of most of the C-terminal
region of the AMBN ancestor and of the development of
exon 6 (probably from AMBN exon 5) through several
runs of PXQ triplet repeats. This new protein was posi-

a“ Cells Tissues Organs 2007,186:25-44

tively selected during enamel evolution in vertebrates be-
cause this hydrophobic region, rich in P and Q, improved
the resistance of enamel to wear and microbreaks. This
could explain why today AMEL represents 90% of the
forming enamel matrix in mammals.

Validation of Mutations and Important Residues

The evolutionary analysis of AMEL in mammals re-
veals >70 residues (out of 191) that are certainly impor-
tant for a correct function of AMEL because they have
remained unchanged during 225 million years of evolu-
tion (fig. 12). The number of conserved residues is re-
duced to 34 when reptilian AMELs are added to thisanal-
ysis [Delgado et al., in press]. These 34 positions con-
served during 310 million years of amniote evolution are
considered crucial residues for enamel formation. All of
them are located in the N- and C-terminal regions of
AMEL, known to play an important role in relation with
the environment (interactions with the ameloblast sur-
face and/or with the mineral crystals). The residues con-
served only in mammals could indicate that they play
new, important roles for enamel formation in this lin-
cage.

As a consequence of their long-lasting conservation,
substitution of the important amino acids revealed in this
study could result in enamel defects (ATH1) when substi-
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tuted in humans (fig. 12). The five substitutions leading
to AIHI are validated when using the mammalian, and
four of them when using the amniote dataset. Therefore,
this list of conserved residues in the human AMEL se-
quence (fig. 12) can be useful for the clinical diagnosis of
ATHI since it helps to validate any human AMEL muta-
tion, which could be suspected for ATHI.

Conclusion

Although the origin of enamel can be traced back to
carly vertebrates, at least 500 MYA in the fossil record,
our knowledge of enamel mineralization genes is still re-
stricted to the tetrapod level (350 MYA) for AMEL and
AMEBEN, and to the mammalian level (225 MYA) for
ENAM. The difficulty encountered when looking for
EMP genes in the vertebrate lineages that diverged ear-
lier in evolution (i.c. chondrichthyans, 430 MYA, and ac-
tinopterygians, 420 MYA) resides in their high sequence
variations (intrinsically disordered proteins) and in the
lack of sequenced genomes in basal lineages such as lung-
fish, polypterids and sharks, which do not allow looking
for EMP genes using syntheny. Our approach using puta-
tive ancestral sequences could help to obtain data in
closely related but not in evolutionary distant lincages.
Molecular dating of AMBN/AMEL duplication indicates
that EMP genes probably appeared at the end of the Pre-
cambrian era (>600 MYA) after several rounds of ge-
nome/gene duplications that took place in this period.
ENAM was created first, then AMBN and AMEL. After
AMEN duplication, one copy lost a large part of the an-
cestral 3" region and accumulated PXQ repeats. These
events gave rise to a new protein: AMEL. AMEL was then
positively selected (and constrained), probably because it
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ABSTRACT

We used the evolutionary analysis of amelogenin
(AMEL) in 80 amniotes (52 mammalian and 28
replilian sequences) to ad in the genetic diagnosis
of X-linked amelogenesss imperfecta (AIH1). Ow
of 191 residues, 77 were found to be unchanged in
mammals, and only 34 in amniotes. The latter are
considered crucial ressdues for enamel formation,
while the 43 residues conserved only in mammals
could indicate that they play new, important roles
for enamel formation 1n this lineage. The §
substitunions leading to AIHI were validated when
the mammabian dataset was used, and 4 of them
with the amniote datasetl. These 2 sequence
datasets will facalitate the validaton of any human
AMEL mutation suspected of mvolvement in
AlHL. This evolutionary analysis also revealed
numerous reswdues that appeared o be important
for correct AMEL function, but ther rode remains
1o be elucadated.
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Validation of Amelogenesis
Imperfecta Inferred from

Amelogenin Evolution

INTRODUCTION

A:nclugv:nm (AMEL) 15 the mayor protem of forming enamel. In humans,
he amelogenin genes (AMEL) are located on the X and Y
chromosomes, but 1 males. 90% of the transcripts are expressed from
AMELX (Salido et al. 1992). AMEL plays a crucial role 1n enamel
formation, but its exact functions are not tolally understood (Pane ef al.,
2003). Its importance 1s well-illustrated, however, by the occurrence of a
genetic disease, X-hinked amelogenesis imperfecta (AIHD), resulung from
AMEL mutations leading to vanous hypoplastic and hypomature enamel
phenotypes. To date, 14 mutations leading to AIHL are known (Hart er al..
2002a; Kim et al.. 200d). The charactenization of these mutations helps in
wentifying particular regions, or specific ressdues. that play a crucial role in
AMEL functon (Collier et al., 1997; Ravindranath er al, 1999). However,
the few AMEL mutations Known so far are insufficient to target all important
residues.

Mutatonal analyses are tme-consummng and expensive: analysis of the
indivadual's pedagree. mapping the mutation on a chromosome to wdentify a
candadate gene, sequencing, and sequence analysis to validate the mutation.
Moreover, AMEL polymorphism could lead to diagnostic errors in the
chimeal context, and this possability 1s largely underesumated. Indeed. if a2
person has an enamel defect, and there is a pedigree consistent with an X-
linked mutation, then a polymorphasm in AMELX 15 unlikely 1o be the cause
of the defect.

Evolutionary analysis 1s an alternative for validating the AMEL
mutations responsible for AIH1, and for hughlighting all the residues that
are important for the protein to function correctly (Delgado er al., 2008:
Sire et al., 2008, 2006). Such an analysis 15 based on the following
postulates: (1) Important ressdues must reman unchanged, because their
change or loss could lead to severe enamel defaults; (1) conversely, less
important residues can be substituted without damage to enamel
structure and orgamization, and must therefore be considered
polymorphisms: and (111) given the slow rate of mutations 1in most
lineages, the studied sample must cover a large evolutionary period and
must be representative of the vanous hineages in which the protem has
simtlar functions. This 1s the case i mammals and reptiles (ammotes), i
which enamel structure 15 roughly similar (Sander, 2000), although both
lineages separated approximately 310 mullion years (my) ago (Hedges.
2002). Nevertheless, in reptiles, teeth are contnuously replaced during
life (polyphyodonty). and the constramnts acting on enamel structure
could be less important than in mammals, which are diphyodont or
monophyodont.

In the present study, we compiled 52 mammaban and 28 reptilian
AMEL sequences, with the aim of obtaming datasets that could be useful for
a rapad and accurate validation of the mutations responsible for AIHI.
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MATERIALS & METHODS hisuesih - =
Dermoptera (1) § —
In humans, AMELYX is composed of 7 Seandestla (1) Euarchoatogtires (13)
exons. Exon | 1s not translated; exocn Rodentla (4)
4 15 subjected to alternative splicing Cetartiodactyla ()
(Hu et al., 1996: Yuan e al., 1996, Perissadactyla (4)
2001} and is absent 1n some mammals Pholidota Laurasiatheria (28)
b . . Carnivors (11}
and 1n all reptiles (Ishiyama ef al.. i )
1998 Delgado ef al.. 2006); and exon oA v s
7 codes for a single amino acid Nine Xenarthra -
exons have been identified in rat and Proboscidea (2} ™ Mammalin (52
mouse AMEL (Li et al., 1998), but Hyracoides (1)
exons 8 and 9 are absent in all other Sirenka (1)
species studied so far. Therefore. only Chrysochloridae (1) | Afeotheria (8)
AMEL exons 2, 3, 5. and 6 were Icnmldl:‘lll‘"
et ety B e
- D mo 2) Mesnhera(2)
and 5 (fewer than 60 bp each) are M Prototheria -
well-conserved, we have concentrated Amphisbenia (2) "] ]
our efforts primanly on exon 6 (> 400 Lacertiforseats (3)
bp). which is mare variable. AMELY Teiformata (1)
has evalved separately in various Anguimorpha (1) Scuamat (22)
mammalian lineages (Girondot and Iguania (3) Reptilia (28)
. . s Serpentes (6) -
Sire, 1998). in relation to the X
. Selnciformata (2)
particular pattern of Y chromosome Gebkota (2)
evolution (Iwase et al., 2001, 2003). o _—
" - . ~ Binds
Therefore. AMELY was not included o e _] Amtosuraier
in our study. T
- urthes
Materials A

Several AMEL sequences were found
in GenBank. and one sequence was
aobtained from the literature
(Yamamoto er al., 2002). We com-
pleted this dataset by blasting
sequenced gemomes and by
sequencing AMEL in representative
species of most amniote lineages (Fig. 1). A dataset of 80 sequences
(52 mammals and 28 reptiles) was obtained. References to species
and sequences are found in APPENDIX 1. Taxa which have either
no tecth [e.g.. baleen whales (Mysticets). anteaters (Xenarthra).
pangolins (Pholidota)] or no enamel [e.g., armadillos (Xenarthra),
aardvarks (Tubulidentata)] were not included in this study.

Methods

DNA and RNA Extraction
Genomic DNA was extracted (DNeasy tissue kit: Qiagen-GmBH,
llden, Germany) from soft tissues conserved in ethanol. mRNAs
were obtained from 4 hizards (RNeasy kit: Quagen) and converted
into cDNAs (ReverAid kit: MBI Fermentas, Hanover, PA, USA).

Primers
Primers were defined from the alignment of known AMEL
sequences (see APPENDIX 2).

PCR Amplification
Genomic DNA or ¢cDNA (1 pL) was amplified in a mixture
composed of 5§ pl. Taq buffer (10x) (pH $.8), 3 pL MgCl, 2 mM.
and | pl. ANTP 10 mM, in the presence of sense and antisense
primers, and 0.3 pl. Red Hot polymerase (Advanced
Biotechnologies Ltd.. Foster City, CA, USA). Amplification was
performed in a thermocycler (Genius Techne) for 38 cycles, each

mm 1. Relatonships of the ammote

from Modsen ef

{in bold) for which amelogenin wos used in thes study

o, 2001, Murphy ef of, 2001, Jonke ef af, 2005; Vidol and Hedges,
). The number of species in sach clade s indicated betwsen the brockets, Ses APPENDIX | for
information on the specws ond sequences

cycle consisting of 1 min of denaturation at 94°C, | min of
annealing at 59°C, and | min of extension at 72°C. The final
extension was for 20 min at 72°C.

Cloning

One microgram of PCR product was isolated, ligated to pCR 2.1-
TOPO plasmid vector (Invitrogen SA, Carlsbad, CA, USA) by the
TA-cloning method, then used to transform competent E. coli
TOPIOF bacteria. The trunsformed bacteria were grown overnight
at 37°C in Luria-ampicillin broth, and subjected to lysis in 200 pL
of NaOH 0.2 M-SDS 1%, at 0°C for 5 min. Subsequently, a 150
prL quantity of AcK 3 M was added at (0°C for 5 min to precipitate
the proteins. The plasmids were purified in 2 phenol/chloroform
maxture. Sequencing was done by Genome Express S.A (Meylan,
France).

Molecular Analyses

AMEL sequences were aligned vie Clustal X 181 (Thompson et
al., 1997). and checked by hand with Se-Al v2.0 {available at
hitpfevalve.zoo.ox.ac.ukf).

RESULTS
The Mammalian and Reptilian AMEL Datasets

Of the 250 amino acids (aa) in the alignment of the 52
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2. Amiro-ackd sequence of humon omel dicoh

from the algnment of 52 mommalion sequences JAl ond d 80 omrriole 152
crocediles, and 22 squamates) [B). (The olignments are presented in APPENDIX 2.) Exon 4 [14 resicues)

was not indud use il was cbsent in most species 3|

background. The protein sequence (191 omino oaods| is vwmboud
unchanged, #alics = residues that <on be swbstituled for by
tho same group only. Small characters = residues for which sbstitubon con be moade Boldface

characters = the 5 residues known to lead to amelogeness imperfecia after subs

characlers = residues

mammalian AMEL sequences (including residue insertsons), 77
were unchanged, and 30 were substituted by a resadue from the
same group (APPENDIX 3A). Most of the conserved amino
acids were located m the N- and C-terminal regrons [coded by
exons 2, 3, 5. and the begming of exon 6, up to the TRAP
(tyrosine-rich amelogenin peptide) proteolytic sites (aa 1-64)
and the end of exon 6 (aa 218-250), respectuvely]. In contrast,
the central regron of exon 6 {aa 65-217) showed numerous
vanations, with a particular region characterized by large
sequence deletsons or msertons (aa 130-208). Twelve AMEL
sequences possessed triplet (PXQ or PXX) insertions (up o 10
in the water opossum). while 4 other sequences showed
deletions (up to 17 1n the dolphin). All posttions currently
considered important were unchanged. including the TRAP
proteolytic loci (aa 59 and 61) and the LRAP (leucine-rich
amelogenin peptide) intra-exonic splicing site (aa 223).

In crocodiles, the 6 AMEL sequences were highly similar
(APPENDIX 3B). Of 199 aa mn the alignment, only 11 were
substituted, and most of these were by residues from the same
group. In squamates, the 22 AMEL sequences showed a high

of important residues un‘ovnd

J Dent Res 86(4) 2007

degree of vanation (APPENDIX
3C). Of 217 amino acids in the
alignment, 53 were unchanged, and
I8 were substituted by a residue
from the same group. Most
unchanged residues were located in
the N (aa 1-64) and C (aa 192-217)
terminal regions: nearly all
posttions i the vanable region of
exon 6 {aa 65-191) were
substituted.

When we considered the
complete alignment of amniote
AMEL, we could not align most
parts of exon 6 (from aa 68 onward
in our alignment), due to the high
number of vanations {substitutzons,
deletions, and  nsertions)
{APPENDIX 3D). Only the N- and
C- terminal regions could be
aligned. We found 34 unchanged
residues in these regions and 15
residues that were substituted by a
residue from the same group. The
100 protealytic loct leading 1o TRAP
were conserved, while the intra-
exonic splicing site for LRAP
could not be identafied in most
squamates.

Validation of AIHI Using Two
Sequence Data

The results ubl.nned from the

.Exon £ |

pady

«Exon B

6 analysis of mammalian (52 AMEL)
and ammote (80 AMEL) sequences
were transposed onto the human
AMEL sequence, with indscation of
residues that were unchanged,
subsututed by an amino acid from
the same group, or varable (Figs.
2A. 2B). Of the § residues known
to lead o AIHT when substituted
(MI, Wi, T37. P56, and H63 1n our sequence: p.MIT, p.W4S,
p. TSI p.PT0OT, p.HTTL, respectavely, in the AlHI
nomenclature), 4 were validated (ie., unchanged) in
mammalian and amniote sequence datasets, and all when oaly
AMEL sequences were used. Indeed, the p. HTTL mutation was
not validated by the amntote dataset: Histadine (H: basic group)
was substituted by glutamine (Q: polar) in crocodiles and 1n a
snake. In humans, this AIH1 resulted from substitution by a
leucine (L: non-polar). Most residues known to be important
for a correct function of AMEL were conserved in ammiotes. In
addition, the datasets revealed a high number of unchanged
amino acuds.

poptide is on the grey
om methionine {1). Large
on amino ac

hubon,

DISCUSSION

A genetic diagnosis of AIHI relies, eventually, upon the
sequencing of AMEL and companson of the obtained sequence
with the reference sequence for humans. When an obvious
mutation 1s found (large deletions, reading frameshift leading to
a stop codon, etc.), 1t 1s consadered Lo be responsible for the
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observed phenotype. When the mutation leads to a single
amino acad substitution, the genotype-phenotype relationship 1s
less obvious, and one could envisage this mutation as a
polymorphism, i.e.. the disorder not being related 1o this
mutatzon. Of the 14 AMEL mutations sdentified for X-linked
Al (Hart er al., 2002a; Kim e? al., 2004), § are single-residue
substitutons. I the mutation 15 1 a position conserved in other
species, tas feature supports the genetc diagnosis. Indeed, the
stles of crucial importance for AMEL must be kept unchanged
dunng evolution: otherwise, thesr substitution could lead w a
genetic disease. However, given the high sequence simalanty of
AMEL in closely related mammahian species. at is difficult o
decide whether conserved sites are preserved because they are
highly constramed or because the evolutionary distance
between these lineages 1s oo short to reveal all low-constrained
stles. Species that are too closely related are not relevant i a
decision of evolutonary conservation. To ensure that residue
conservation s related to a functional constrant, one peeds Lo
know AMEL sequences in species that are more distantly
related. This 1s the reason we built these sequence datasels
based on mammalan and reptilian diversaty, to help in AIHI
validation.

We have chosen to present 2 datasets, one based on AMEL
sequences of 52 mammals, and the other on a comptlation of 80
amniote sequences. Indeed. although enamel structure 1s
roughly simalar in mammals and repuiles, some enamel
specificities could have been selected for duning the long
evolutionary pertod (310 my) that separates these lineages. In
contrast o repliles. i which some ancestral characters, such as
polyphyodonty, have been conserved, mammals no longer
replace their teeth continuously throughout life. Furthermore,
from a structural viewpoint, Tomes' processes, a feature of
mammaban ameloblasts related o the prismanc structure of
enamel, do not exist in reptiles, in which enamel is non-
prismatic {Sander, 2000). These two mammalian noveltes
could have led 10 new construnts in the AMEL sequence. We
hypothesized that the 34 AMEL resadues whach are unchanged
ot the amniote level are essentaal for the correct formation and
mineralization of enamel, ie. they are important for AMEL
mteractions with the cell membrane and/or the mineral crysials.
This hypothesis was well-supported: All these conserved
positions were found at the N- and C-terminal regions, which
are known o exert such functions (Pame ef al., 2003; Snead,
2003). We hypothesized also that the 43 residues that are
conserved only 1n mammals are related to the peculiar features
of enamel that were selected for duning mammalian evolution
(180 my). Half of the unchanged positions were found in the N-
and C-terminal regions, reflectng a possible stronger constrant
on the AMEL sequence in these regions i mammals than in
repliles. The other conserved positions were found i the regon
known 1o be vanable (Delgado et al, 2008: Swe et al, 2005,
2006), either close to the N- and C-termunal regrons or in the
central region of exon 6. This could also reflect new constraints
in this regron, but we can also envisage that these positions are
not really important for AMEL function. Perhaps 180 my are
sufficient for random substitution of ammeo acids that are not
really important.

The § amano acid substitutions known to lead o AIHI were
validated by our method wath the mammalian dataset, and 4 of
them with the ammote dataset. In repliles, the substitution of
H63 in our alignment (p.H7TL: Hart e al.. 2002b) by a
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glutamine (Q) could indscate that this locus has probably been
constrained during mammalian evolution only. The presence of
this basic residue probably plays a role in TRAP proteolysis by
enamelysimn (MMP20). Does this mean that there 15 no TRAP in
crocodhiles, or that a polar residue (Q) could replace a basse one
(H)? Amino acids that were replaced by resadues from the same
group were also indicated i the human sequence. Indeed, if
one considers that only the bochemical charactensucs of a
position are important, there would be no problem if the residue
were substituted by an amino acid from the same group.

Our evolutionary analysis of AMEL at the ammote level
confirmed our previous findings, inferred from the comparative
study of mammalian AMEL, 5. lughly conserved residues in
the N- and C-terminal regrons, and a vanable region in exon 6
(Delgado er al., 2008, 2006 Sire et al., 2006). In exon 6, the
intra-exome splicing site, which releases LRAP (a short peptide
mvolved i cell signaling: Veis e el 2000), was well-
conserved 1n mammals, but not in repuiles. The hot spot’ of
mutation (ie., large msertons andlor deletions located in the
central region of exon 6) in mammals (Delgado e al., 2008)
was found in the present study in a few newly sequenced
AMEL of mammalian species, but was absent in reptiles. These
features were acquired recently in mammalian evolution.

In addition to proposed sequence dataset, wheeh will help in
the diagnosis of ATHI. this analysis has revealed 30 unchanged
residues with unknown, but certanly important. function.
These amino acids could be good candsdates for AIHIL of they
were substtuted, and their role in AMEL function should be
evaluated.

Our study showed how evolutionary analysis, when
conducted within a phylogenetic framework, could help both in
validaung mutations m humans and in revealing amino acads
that could play important roles 1n enamel structure and
organization. In dental research, this method could be applied
1o the study of other genes—for instance, enamelin, which 1s
known 1o be responsible for autosomal-dominant Al, and
dentin sialophosphoprotein, responsible for dentinogenesis
imperfecta. The large number of genomes currently being
sequenced in mammals could be taken as an opportunity to
build datasets that could be uvsed to validate mutations
responsible for a genetic disease.
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