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Summary Several proteins associated with mineralised tissue (teeth and bone) or
involved in calcium phosphate stabilisation in the body fluids, milk and saliva have
been mapped to the q arm of human chromosome 4. These include the dentine/bone
proteins dentine sialophosphoprotein (DSPP), dentine matrix protein 1 (DMP1), bone
sialoprotein (BSP), matrix extracellular phosphoglycoprotein, osteopontin (OPN),
enamelin, ameloblastin, milk caseins, salivary statherin, and proline-rich proteins.
The proposed function of those that are multiphosphorylated is: (i) the stabilisation of
calcium phosphate in solution (e.g. casein, statherin) preventing spontaneous pre-
cipitation and seeded-crystal growth or (ii) promoting biomineralisation (e.g. the
phosphophoryn domain of DSPP), where the protein described as a template macro-
molecule, is proposed to act as a nucleator/promoter of crystal growth. The genes of
these proteins have been subjected to conserved chromosomal synteny during
mammalian evolution. The multiphosphorylated proteins statherin, caseins, phos-
phophoryn, BSP and OPN have been characterised as intrinsically disordered. The
codon usage patterns for the amino acid serine reveal a bias for AGC and AGTcodons
within the human genes dspp, dmp1 and bsp, mouse dspp and dmp1 but not
significantly for statherin or caseins. This pattern was also observed in the gene
encoding hen phosvitin that also contains stretches of multiphosphorylated serines
and in the dmp1 gene sequences of mammalian, reptilian and avian classes. In
conclusion, these intrinsically disordered multiphosphorylated proteins are the
translation products of genes displaying examples of codon usage bias, internal
repeats and conserved chromosomal synteny within the mammalian class.
# 2005 Elsevier Ltd. All rights reserved.
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Introduction

Several proteins involved in the stabilisation of
calcium phosphate in body fluids and/or associated
with mineralised tissue (teeth and bone) are
encoded on chromosome 4 in the human genome
(Table 1 and Fig. 1). These include the phospho-
phoryn domain and dentine sialoprotein domains of
the dentine sialophosphoprotein (DSPP),1 dentine
matrix protein 1 (DMP1),2 bone sialoprotein (BSP),3

matrix extracellular phosphoglycoprotein (MEPE)4

and osteopontin (OPN)5 generally found in hard
tissues; enamelin (ENAM)6 and ameloblastin
(AMBN)7 found in enamel; statherin (STATH),8 his-
tatin (HTN)9 and proline-rich proteins (PROL)10

found in saliva11; and the caseins (CSN)12 found in
milk. Most of the proteins are post-translationally
modified being phosphorylated and/or glycosylated.
Many of those phosphorylated proteins contain
multiple phosphoseryl residues in clusters. The
proposed functions of the multiphosporylated
proteins are: (i) the stabilisation of calcium phos-
phate in solution (e.g. casein, statherin) preventing
spontaneous precipitation and seeded-crystal
growth and/or (ii) biomineralisation (e.g. phospho-
phoryn), where the protein, described as a template
macromolecule, is proposed to act as a nucleator/
promoter of crystal growth. The tissue distribution,
post-translational modifications and proposed
functions of these proteins are summarised in
Table 1. Some of the proteins are proposed to have
multifunctions and these are discussed in more
detail later.
Dentine and bone extracellular proteins
(the SIBLING family)

Within a 375 kb region on human chromosome 4q21
(Fig. 1), there is a cluster of genes coding for the
proteins DSPP, DMP1, BSP, MEPE and OPN that have
similar exon structures. Exon 1 is non-coding. Exon 2
encodes for the leader sequence plus the first two
residues of the mature protein. Exons 3 and 5 often
contain the consensus sequence for casein kinase II
phosphorylation (SSEE). Exon 4 is usually proline-
rich. The last one or two exons encode the vast
majority of the protein and usually contain the
integrin-binding tri-peptide Arg—Gly—Asp (RGD).
Since BSP and OPN (both �300 aa) and DMP1
(513—657 aa) are small molecules, these proteins
are known as the Small Integrin-Binding LIgand N-
linked Glycoprotein (SIBLING) family.13,14 This ter-
minology has limitations as ‘‘OPN typically may not
be N-glycosylated’’15 and the sizes of the DSPP
protein can vary with the species as shown in
Fig. 2. It has been suggested that the genes coding
for the proteins DSPP, DMP1, OPN, BSP and MEPE
have arisen from a common ancestor.7,14

Enamel matrix proteins

Two enamel matrix proteins ENAM and AMBN are
coded by genes located on human chromosome
4q13.3. The human AMBN gene has 13 exons coding
for a small protein of 447 residues. The human ENAM
gene has eight exons coding for a protein that is rich
in prolines. The third protein believed to be involved
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Table 1 Proteins associated with mineralised tissue or calcium phosphate stabilisation in body fluids.

Group Protein Abbreviation Gene Proposed
function

Predominant tiss
distribution

Post-translational
modification

Chromosomal
location

References

SIBLING proteins Dentine phosphophoryn/dentine
phosphoprotein

DPP dspp Te Dentine/bone Pha 4q21.3 62

Dentine sialoprotein DSP dspp Un Dentine/bone Ph, Gl 4q21.3 62

Dentine matrix protein 1 DMP1 dmp1 Mu Dentine/bone Phb 4q21.3 3,36,37,63

Bone sialoprotein BSP bsp Mu Bone, dentin Phc, Gl 4q21.3 3,37

Osteopontin OPN opn/spp1 Bone/milk Phc, Gl 4q21.3 3,15,37

Matrix extracellular
phosphoglycoprotein

MEPE mepe Mu Dentine/bone Ph 4

Enamel matrix proteins Ameloblastin AMBN ambn Mu Enamel 4q13.3 16,64,65

Enamelin ENAM enam Mu Enamel Ph, Gl 4q13.3 6

Calcium-sensitive caseins as1-Casein CSN1S1 csn1s1 Mu Milk Phb 4q13.3 21,38

as2-Casein CSN1S2 csn1s2 Mu Milk Phb 4q13.3 21,38

b-Casein CSN2 csn2 Mu Milk Phb 4q13.3 21,38

Salivary proteins Statherin STATH stath Mu Saliva Phc 4q13.3 8,10

Proline-rich proteins PROL prol Mu Saliva Ph 4q13.3 8,10

Histatin HTN htn1, htn3 Mu Saliva Ph 4q13.3 9

Te represents template proteins; Un represents unknown function; Mu represents multiple functions; Ph represents phosphorylat ; Gl represents glycosylation.
a Contains clusters of DSS, where S is phosphorylated.
b Contains SSSEE, where S is phosphorylated.
c Contains SSEE, where S is phosphorylated.
ue

ion
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Figure 1 Conserved chromosomal synteny observed within the primates (human), artiodactyls (cow, sheep and pig) and
rodents (mouse and rat) for the genes encoding the following proteins: milk casein (csn), osteopontin (opn), bone
sialoprotein (bsp), dentine matrix protein 1 (dmp1), dentine sialophosphoprotein (dspp) and ameloblastin (ambn) and
statherin (stath).
in the crystallisation of hydroxyapatite (HA) in
enamel is amelogenin (AMEL)16 which is coded by
genes located on both X and Y chromosomes. For all
three genes, the introns are phase class 0, i.e. no
coding triplet is interrupted by exon boundaries.
Due to the structural similarities of the genes, it has
been suggested that ENAM, AMBN and AMEL genes
have arisen from an ancestral ‘‘enamel matrix pro-
tein gene’’.7 Possibly, the first gene duplication
generated the AMEL gene that was translocated
subsequently and the precursor of the AMBN/ENAM
genes remained on the same chromosome.7 On the
basis of the structure and chromosomal localisation
of the ENAM gene, the ENAM protein may be con-
sidered as a distantly related member of the SIBLING
protein family.14
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Figure 2 Correlation between the number of repeats as measured by the Internal Repeat Finder and total length of
protein. The value in parenthesis indicates the number of residues within a repeat.
Calcium-sensitive caseins

The caseins, located on human chromosome 4q13,
are present in a genomic cluster spanning 250—
350 kb depending on the species. This gene cluster
is very AT-rich (<37% GC) and has a below average
repeat content.17 Comparative analysis of genomic
sequences within the gene cluster reveal that the
organisation and orientation of the genes is highly
conserved. Within the three genes csn1s1 coding for
as1-casein, csn1s2 coding for as2-casein and csn2
coding for b-casein, the homology between species
is greater than between the genes (csn1s1, csn2,
csn1s2).17,18 The conservation between species is
mainly in the 50 and 30 untranslated regions, the
signal peptide and the major phosphorylation
sites.18 Like the enamel matrix proteins, the casein
gene introns are phase class 0. The structure of the
csn2 gene is the most conserved between the spe-
cies. It has been speculated that the csn2 gene most
closely resembles the ancestral gene sequence.19

The number of exons in the CSN1S1-like genes is
almost identical and the exon sizes are similar. The
variation in mRNA and protein size is mainly due to
alternative splicing, duplication, insertion/deletion
events and nucleotide substitutions. It is believed
that the duplication of the as2-casein-like ancestor
occurred before the radiation of the artiodactyla-
containing clade and the human- and rodent-con-
taining clades. It is possible that the ancestral
Ca-sensitive gene was derived from the ancestral
‘‘enamel matrix protein gene’’.7

Salivary proteins

The genes for the proline-rich proteins, statherin
and the histatin family are also located within this
4q13 region, such that it is possible that the
statherin/histatin ancestral gene evolved from
the caseins.7,20,21

In summary, evidence suggests that the genes
coding for the enamel matrix proteins (AMEL, AMBN,
ENAM), milk caseins and salivary proteins descended
from a common ancestor, the ancestral ‘‘enamel
matrix protein gene’’, by tandem gene duplica-
tion.7,14 It has been further hypothesised that during
the evolution of the mineralised skeleton, saliva and
lactation, all the bone/dentine genes coding for
DSPP, DMP1, OPN, BSP and MEPE and the ancestral
‘‘enamel matrix protein gene’’ arose from a com-
mon ancestor by gene duplication and diversifica-
tion.7,14. Consequently, all these proteins appear to
belong to a ‘‘secretory calcium-binding phosphopro-
tein gene cluster’’.7

The aim of this review therefore was to compare
the protein structure and gene organisation for
proteins encoded on human chromosome 4 that
are associated with mineralised tissue (teeth and
bone) and calcium phosphate stabilisation. Within
the subset of these proteins that are multipho-
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sphorylated, a further objective was to examine the
repeat incidence and codon usage patterns to gain
insight into their evolutionary relationships.

Conserved chromosomal synteny of DSPP,
OPN, BSP, CSN, AMBN, and STATH genes

The csn and opn genes are located on human
chromosome 4, sheep and bovine chromosome
6, pig chromosome 8, rat chromosome 14 and
mouse chromosome 4 as shown in Fig. 1. The gene
loci are available in the following databases:
http://bos.cvm.tamu.edu/sheeparkdb.html,
http://bos.cvm.tamu.edu/bovgbase.html, http://
www.genome.iastate.edu/pig and http://www.
ensembl.org/. The stath gene was identified within
the DNA sequence Btau00000000.project_vbaa_AB
(AC134934) from bovine chromosome 6 (http://
hgsc.bcm.tmc.edu/). However, the exact chromo-
somal position is not yet known. The conserved
chromosomal synteny supports the hypothesis of a
‘‘secretory calcium-binding phosphoprotein gene
cluster’’ arising from the duplication and diversifi-
cation of ancestral genes during the evolution of the
mineralised skeleton, saliva and lactation.7 The
conservation of chromosomal synteny allows the
prediction of the location of these genes in other
species. For example, as bovine csn and dmp1 are
located on chromosome 6, then it is reasonable to
predict that the bovine dspp gene1 will also be
located on chromosome 6.

Inversions and translocations of genes

During the evolution of the ungulates (cow, sheep
and pig) and rodent (rat, mouse) there have been a
number of breakpoints and chromosomal rearrange-
ments in the region of genes corresponding to
human chromosome 4.22,23 For example, on human
chromosome 4, the gene order is csn—ambn—enam—
dspp—dmp1—bsp—mepe—opn. In rat, the order is
opn—mepe—bsp—dspp—ambn—csn. In mouse, the
order is csn—dmp1—dspp—bsp—opn—dmp2—. In
pig, the order of loci on chromosome 8 is —opn—
ambn—csn—.

Prevalence of intrinsic disorder of proteins

The dominant view of protein structure—function is
that the amino acid sequence specifies a three-
dimensional structure that is a pre-requisite for
protein function. However, many proteins do not
adopt stable folded structures and, furthermore,
display functions requiring intrinsic disorder.24 It
has been predicted that there are over 1000 proteins
with long unstructured regions in the SWISS-PROT
protein database.25 The incidence of disordered
proteins have been examined in genomes of 22
bacteria, 7 archea and 5 eukaryotes.26 The propor-
tion of the genome encoding disordered proteins
was found to increase with the complexity of the
organism.26 Recently, it has been predicted that
more than 30% of eucaryotic proteins have disor-
dered regions of >50 consecutive residues.27

Of the SIBLING proteins, BSP and OPN have been
reported to be completely unstructured and flexible
in solution based on NMR spectroscopy studies.13

Dentine phosphophoryn consists of the tandem
repeats Asp—(Ser(P))n, where n = 1—3. Using NMR
spectroscopy, we have recently studied the protein
dynamics of the bovine phosphophoryn domain
encoded by the dspp gene and have demonstrated
that this large (�150 kDa) protein is a uniformly
flexible molecule which is consistent with its rela-
tively featureless sequence in the mammalian gene
family.28,29 Caseins, containing clusters of phospho-
serines have also been designated as disordered
proteins on the basis of Raman optical activity
studies.30—32 Salivary proline-rich proteins contain-
ing two phosphoserines at the N-termini were desig-
nated disordered proteins on the basis of circular
dichroism and fluorescent spectroscopy studies.31,33

The functional repertoires of unstructured pro-
teins have been recently examined.24 Molecular
recognition is a common function involving binding
to other proteins and nucleic acid polymers (DNA,
RNA). It was suggested that the lack of structure can
confer useful properties in molecular recognition.
Disordered regions enable high specificity coupled
with low affinity because the free energy arising
from the contacts of protein with ligand is reduced
by the free energy needed to fold the intrinsic
disorder. Furthermore, the disorder enables one
protein to bind to differently shaped partners by
structural accommodations at the binding inter-
faces. Also, different disordered sequences can fold
to bind a common binding site, and very large
interaction surfaces can be created by the unstruc-
tured molecule as it wraps-up or surrounds its part-
ner. In addition, faster rates of association can be
achieved by reducing dependence on orientation
factors and by enlarging target sizes and faster rates
of dissociation may be achieved by unzippering
mechanisms.24

Multifunctionality of proteins

The properties displayed by disordered proteins
explain the multifunctionality reported for the SIB-
LING proteins, caseins, statherin and proline-rich
proteins. For example, phosphophoryn is believed to
be responsible for nucleation and regulation of the

http://bos.cvm.tamu.edu/sheeparkdb.html
http://bos.cvm.tamu.edu/bovgbase.html
http://www.genome.iastate.edu/pig
http://www.genome.iastate.edu/pig
http://www.ensembl.org/
http://www.ensembl.org/
genbank:AC134934
http://hgsc.bcm.tmc.edu/
http://hgsc.bcm.tmc.edu/
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growth of HA during dentinogenesis and for the
reported CD44-mediated differentiation of pulp
cells to odontoblast-like cells.34 Similarly, OPN
and BSP are able to rapidly associate with a number
of different binding partners, e.g. integrin and fac-
tor H, as well as the mineral phase of bones and
teeth35. The propensity for multifunctionality of
OPN may also be reflected in its broad tissue dis-
tribution. Similarly, DMP1 was found to be localised
and expressed in the non-mineralised tissues includ-
ing liver, brain, pancreas and kidney.36 In contrast,
BSP was believed to be restricted to mineralised
tissues until BSP, OPN and DMP1 were demonstrated
to be expressed in salivary glands of mice and
humans along with the three different matrix metal-
loproteinases (MMP-2, MMP-3 and MMP-9, respec-
tively) that are activated by these three SIBLING
proteins.3 This suggested that the SIBLINGs have
additional functions involving local activation of
MMPs. Some of the functions of the SIBLING proteins
are dependent on the degree of post-translational
modification including phosphorylation, glycosyla-
tion and proteolytic processing as reported in a
recent review.37

The milk caseins also display multifunctionality
by releasing a range of bioactive peptides during
proteolysis in the gut as well as providing peptides/
amino acids for nutrition.38 The functions of these
bioactive peptides include enhancement of nutrient
absorption, calcium phosphate transport, immuno-
modulation and opioid activity.38 Salivary proline-
rich proteins bind tannins, in addition to their role of
inhibiting the secondary precipitation (seeded-crys-
tal growth) of HA.39 Salivary statherin is also a
multifunctional molecule,8,40 as in addition to inhi-
biting both the primary and secondary precipitation
of HA in saliva, it also has lubricating and hydrating
properties for oral surfaces.

Amino acid composition

The sequence complexity of structured proteins
decreases in the order globular proteins > coiled
coil > collagen > silk.41 Analysis of these disordered
sequences revealed that they tend to be of low
complexity, over-represented in polar or charged
residues and conversely, under-represented in
hydrophobic residues.25,31 The disordered proteins
are enriched in Arg, Lys, Gly, Gln, Glu, Pro and Ser
residues known as disorder-promoting residues.27,42

The caseins, BSP and OPN and phosphophoryn are
rich in polar and charged residues1 and the salivary
proteins are rich in prolines.

Although the coiled coils and fibrous proteins are
enriched in disorder-promoting residues, these pro-
teins are also enriched in specific amino acids that
correspond to their repeating motifs, e.g. Ala, Gly
andPro (silk), Gly andPro (collagen) andArg,Gln, Glu
(coiled coils). It is interesting to note that the Asp
residue is considered to be neither order promoting
nor disorder promoting.27 In contrast, sites of che-
mical modification, e.g. phosphorylation, are found
to occur preferentially at regions of disorder.43 The
caseins, BSP and OPN have multiphosphorylated
motifs whereas phosphophoryn is a highly phosphory-
latedmolecule comprising of the repeating sequence
motif Asp—(Ser(P))n, where n = 1—3.

High incidence of repeats

Eukaryotic proteins have been reported to be three
times more likely to have internal repeats than
prokaryotic proteins.44 A recent analysis of 126
known disordered proteins, revealed that the per-
centage of proteins with tandemly repeated motifs
is higher within disordered proteins (39%) compared
with the overall percentage of tandem repeats in
either the yeast (18%) or the human genomes
(28%).45 Casein, OPN and BSP show phosphorylated
repeat units, e.g. SSSEE, SGSSEE, whereas phospho-
phoryn has phosphorylated motifs of DSS.

Low complexity and compositionally biased
regions have been observed to evolve rapidly by
recombinatorial repeat expansion, replication slip-
page and substitution mutations within the
DNA.46,47 This has led to a recent proposition that
disordered proteins evolve by repeat expansion.45

The Internal Repeat Finder (http://www.doe-
mbi.ucla.edu/Services/Repeats) was used to calcu-
late the number of repeats in several species of
DSPP, DMP1, casein and statherin.44 Fig. 2 shows the
correlation between numbers of repeats and length
of the protein sequence for DSPP, DMP1, casein and
statherin. The number in brackets indicate the
number of residues involved in the repeat. Phylo-
genetic analysis suggests that exon 6 of DMP1 is able
to tolerate non-frame shifting insertion and deletion
events without loss of function.48,49 Nevertheless,
within the avian, reptilian and mammalian classes,
the DMP1 protein overall varies in length between
513 and 657 amino acids, therefore displaying a
conservation of protein size. Hence there is a lack
of correlation between the number of repeats and
length of protein sequence for DMP1.

In contrast, DSPP reveals a linear relationship
between the number of repeats and total length
of sequence. The size of the DSP domain of DSPP is
relatively constant within the human, mouse and rat
species. Hence, the size variation is provided by the
phosphophoryn domain of DSPP. In this case, the
protein DSPP supports the recent hypothesis that
disordered proteins evolve by repeat expansion.45

http://www.doe-mbi.ucla.edu/Services/Repeats
http://www.doe-mbi.ucla.edu/Services/Repeats
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Codon bias

Unequal usage of codons is a universal feature of the
genomes. The bias in the usage of synonymous
codons correlates with the abundance of the corre-
sponding tRNAs and this correlation is particularly
strong for highly expressed genes.50,51 Serine is
coded by the six codons AGC, AGT, TCA, TCT,
TCC, TCG. However, unequal codon usage is pre-
valent for serine within the human and mouse
genomes. Codon usage was examined using the
Graphical Codon Usage Analyser (http://gcua.
schoedl.de/seqoverall.html). Examination of the
coding regions of the proteins listed in Table 1
revealed a bias for AGC and AGT codons within
the human genes dspp, dmp1 and bsp and in mouse
dspp and dmp1 as shown in Fig. 3A. Although it has
been suggested that the dmp1 gene is rapidly evol-
ving and is able to tolerate non-frame shifting inser-
tion and deletion events, strong codon bias was still
observed for the coding regions of the dmp1 gene
Figure 3 Codon usage for the amino acid serine in multiph
codons AGC and AGT in preference to the codons TCA, TCC,
genomes with the coding regions of the genes dspp (dentine si
(bone sialophosphoprotein) and hen (phosvitin). (B) Compariso
protein 1) within mammalian, reptilian and avian species.
within the avian, reptilian and mammalian
classes.48,49 Similarly, codon bias was observed in
the phosvitin domain of the chick vitellogenin
gene52 that also contains stretches of multipho-
sphorylated serines. Significant codon bias was
not observed for the serines within statherin or
caseins.

Our analyses of the coding regions of these pro-
teins indicate that the codon bias is more pro-
nounced for serines in regions of tandem repeats.
This may be explained by the slippage hypothesis
that allows elongation and shortening of DNA repeat
sequences composed of 1—6 bp long units.53 DNA
polymerase slippage involves the transient dissocia-
tion of the replicating DNA strands, followed by
misaligned reassociation.53 The repeat units are
inherently flexible and can generate a variety of
hairpin, triplex or quadruplex arrangements of DNA
strands.54 Repeat elongation or shortening pro-
cesses lead to the increase in biological complexity
which is considered to be the hallmark of biological
osphorylated proteins. There is a significant bias for the
TCG and TCT. (A) Comparison of the human and mouse
alophosphoprotein), dmp1 (dentine matrix protein l), bsp
n of the coding regions of the gene dmp1 (dentine matrix

http://gcua.schoedl.de/seqoverall.html
http://gcua.schoedl.de/seqoverall.html
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evolution.55 Hence, repeats that are able to form
alternative DNA conformations are expected to be
generated more frequently than others.56

A survey of sequence repeats consisting of 1—6 bp
within several eukaryotic groups has confirmed that
the preferred sequence repeat types in exons as well
as in other genomic regions are taxon dependent.56 In
addition, repeat abundance and expandability was
found to rarely correlate in the case of trinucleotide
repeats.56 Furthermore, trinucleotide repeats in
exons exhibited uniformly low expandability. In fact,
AGC, coding for serine, is the only trinucleotidemotif
forwhich repeats longer than24 bpcanbe found inall
taxa with expandability values for exon AGC varying
between 3% in arthropods and 57% in rodents.56 A
more recent study of tandem repeats in protein
coding regions in primate genes has shown that over-
all, there is no correlation between codon bias and
codon propensities in repeat formation.55

Nevertheless, our investigations suggest that
there is a correlation between codon bias and codon
propensities in repeat formation within the genes
coding the multiphosphorylated proteins involved in
the biomineralisation of hard tissues. This codon
bias has survived since the clades split 80—100
million years ago. However, it is unclear what the
selection pressure is to maintain the existing codon
bias. Perhaps, the codon bias in the ancestral pro-
tein reflected translational efficiency, and this bias
has been propagated through repeat formation.

Current theories of protein folding proceeding
co-translationally, imply a possible influence of
mRNA sequence and structural elements on the
subsequent protein 3D structure.57,58 In mammals,
synonymous codon families coding for the same
residue were reported to have non-random distribu-
tion frequencies between protein structure types a-
helix, b-structure and the rest including turns and
coil (disordered) regions.59,60 Furthermore, the
relationship between mRNA folding propensities
for stem and loop structural elements and the
known 3D structures of 105 H. sapiens proteins
and 88 E. coli proteins was investigated to reveal
that helices and strands are preferably coded by
mRNA stems, whereas the protein coil (disordered)
regions are preferably coded by the mRNA loop
region.61 Consequently, the mRNA organisation
could have evolved with its codon usage bias to
preserve the secondary structures of proteins.
Conclusion

The genes of the multiphosphorylated proteins
statherin, caseins, DSPP, DMP1, BSP and OPN that
are mapped to the q arm of human chromosome 4,
have been subjected to conserved chromosomal
synteny during mammalian evolution. Except for
DMP1, all have been experimentally demonstrated
to be intrinsically disordered. The codon usage
patterns for the amino acid serine reveal a bias
for AGC and AGT codons within the human genes
dspp, dmp1 and bsp, mouse dspp and dmp1, and the
gene coding for the hen phosvitin protein that also
contains stretches of multiphosphorylated serines.
Furthermore, there is a correlation between codon
usage and codon propensities in repeat formation
within the genes coding the multiphosphorylated
proteins involved in the biomineralisation of hard
tissues.
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