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Abstract

Caseins are among cardinal proteins that evolved in the lineage leading to mammals. In milk, caseins and calcium
phosphate (CaP) form a huge complex called casein micelle. By forming the micelle, milk maintains high CaP
concentrations, which help altricial mammalian neonates to grow bone and teeth. Two types of caseins are known. Ca-
sensitive caseins (¢,,- and f-caseins) bind Ca but precipitate at high Ca concentrations, whereas Ca-insensitive casein
(x-casein) does not usually interact with Ca but instead stabilizes the micelle. Thus, it is thought that these two types of
caseins are both necessary for stable micelle formation. Both types of caseins show high substitution rates, which make it
difficult to elucidate the evolution of caseins. Yet, recent studies have revealed that all casein genes belong to the secretory
calcium-binding phosphoprotein (SCPP) gene family that arose by gene duplication. In the present study, we investigated
exon—intron structures and phylogenetic distributions of casein and other SCPP genes, particularly the odontogenic
ameloblast—associated (ODAM) gene, the SCPP-Pro-Gln-rich 1 (SCPPPQT) gene, and the follicular dendritic cell secreted
peptide (FDCSP) gene. The results suggest that contemporary Ca-sensitive casein genes arose from a putative common
ancestor, which we refer to as CSN1/2. The six putative exons comprising CSN7/2 are all found in SCPPPQ1, although
ODAM also shares four of these exons. By contrast, the five exons of the Ca-insensitive casein gene are all reminiscent of
FDCSP. The phylogenetic distribution of these genes suggests that both SCPPPQT and FDCSP arose from ODAM. We thus
argue that all casein genes evolved from ODAM via two different pathways; Ca-sensitive casein genes likely originated
directly from SCPPPQ1, whereas the Ca-insensitive casein genes directly differentiated from FDCSP. Further, expression of
ODAM, SCPPPQ1, and FDCSP was detected in dental tissues, supporting the idea that both types of caseins evolved as Ca-
binding proteins. Based on these findings, we propose two alternative hypotheses for micelle formation in primitive milk.
The conserved biochemical characteristics in caseins and their immediate ancestors also suggest that many slight genetic
modifications have created modern caseins, proteins vital to the sustained success of mammals.
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Introduction

Early amniotes split into synapsids and sauropsids in the
Mid-Carboniferous. Sauropsids led to all modern reptiles
and birds, whereas mammals arose in the synapsid lineage.
Changes in bone and tooth morphology in early synapsids
suggest gradual evolution of many mammalian characters
(Benton 2005). It has been argued that lactation also
evolved gradually in early synapsids and that the transfor-
mation of proto-lacteal fluid into nutritious milk was cor-
related with the evolution of other features that descended
to modern mammals, such as an elevated metabolic rate,
high aerobic capacity, rapid processing of nutrients, and
fast growth rates (Oftedal 2002). Today, all extant mam-
mals, monotremes, marsupials, and eutherians, rely entirely
on milk to nourish the neonate.

Milk is a complex fluid consisting mainly of water, pro-
teins, carbohydrates, lipids, salts, and vitamins (Fox 2009).
In most mammals, most abundant milk proteins are ca-
seins. In milk, caseins and calcium phosphate (CaP) form
a huge complex called casein micelle (De Kruif and Holt
2003; Fox 2003). The caseins are a composite of proteins,

Ca-sensitive and Ca-insensitive caseins (Swaisgood 2003).
Ca-sensitive caseins bind CaPs but precipitate at high Ca
concentrations. However, Ca-insensitive caseins stabilize
the complex by forming micelles.

Ca-sensitive caseins have many Ser-Xaa-Glu/pSer (Xaa
denotes any amino acid; pSer represents phospho-Ser;
SXE) sequences in which the first Ser residue is usually
phosphorylated (Holland 2009). Thus, a contiguous SXE se-
quence (typically SSSEE) forms a pSer cluster. Many pSer
clusters interact with CaPs and assemble together into
a nanometer-size cluster (De Kruif and Holt 2003). In ad-
dition to the protein-salt interaction, both types of caseins
associate mainly through regions rich in Pro and/or Gln (P/
Q), having been also referred to as hydrophobic regions
(Horne 2009). Although Ca-sensitive caseins interact with
CaP, this complex precipitates at high Ca concentrations.
However, in casein micelles, Ca-insensitive caseins interact
with Ca-sensitive caseins and stabilize the complex through
a relatively hydrophilic Ser and/or Thr (S/T)-rich region
that sits on the micelle surface (Schmidt 1982). Caseins
thus form a huge micelle containing approximately 800
CaP nanoclusters (Smyth et al. 2004) and sequester a high
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Fic. 1. Chromosomal location of SCPP genes in the genomes of humans (a), the lizard (b), and stem tetrapods to nonmammal synapsids (c).
Each pentagon illustrates a gene and the transcriptional direction. P/Q-rich SCPP genes, acidic SCPP genes, and SPARCL1 are shown in different
gray scales. Among P/Q-rich SCPP genes, those possessing the entirely UT last exon (the termination codon resides within the penultimate
exon) are shown with a white tail. Gene symbols not shown in the text were summarized previously (Kawasaki and Weiss 2008). (a) SCPP genes
form two large clusters (4q13.3 and 4q22.1) with the exception of the amelogenin gene (AMEL on Xp22.2 and Yp11.2). Asterisks indicate casein
genes. Two distinct CSN1S2 pseudogenes (@) are represented with faded pentagons. (b) Neither SPARCLT nor ODAM has been confirmed in
the lizard genome and is shown by a faded pentagon. (c) The duplication history from CSN1/2 to modern Ca-sensitive casein genes was not
resolved and is shown by dashed lines. In stem amniotes, gene symbols shown in stem tetrapods are omitted. Some P/Q-rich and acidic SCPP
genes are not shown for clarity. Duplications of SCPP genes in early vertebrates were described previously (Kawasaki 2009).

content of CaP in milk, which helps altricial mammalian
neonates to grow bone and teeth.

In all mammals studied to date, the Ca-sensitive casein is
coded by two to four genes (Ginger and Grigor 1999; Rijn-
kels 2002; Rijnkels et al. 2003; Lefevre et al. 2009). For ex-
ample, the mouse genome has four different Ca-sensitive
genes, encoding o-casein (CSN1S7), [-casein (CSN2),
and two distinct o,-caseins (CSN1S2A and CSN1S2B).
However, in the human genome, both CSN1S2 genes are
nonfunctional (fig. 1a), and no CSN1S2 has been found
in marsupials (Lefévre et al. 2007). By contrast, the Ca-in-
sensitive casein is coded by a single k-casein gene (CSN3).

Kawasaki and Weiss (2003, 2006) previously reported
that casein genes were found only in mammalian genomes
and that all casein genes are members of the secretory cal-
cium-binding phosphoprotein (SCPP) gene family. The
SCPP gene family initially arose from SPARCLT (SPARC-like
1) in an early vertebrate (Kawasaki et al. 2007), and, in mod-
ern vertebrates, many SCPPs are involved in mineralization
of bone and teeth (Kawasaki et al. 2004; Kawasaki and
Weiss 2008). In the human genome, we have identified
23 functional SCPP genes of which 22 genes form two large
clusters (fig. 1a) (Kawasaki et al. 2009). These SCPP genes
are characterized by two distinct types; one codes for an
acidic protein and the other for a P/Q-rich protein. Due
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to these biased amino acid compositions, both types of
SCPPs largely adopt flexible open structures (Kawasaki
et al. 2007; Holt et al. 2009). It has been known that proteins
with an open structure can tolerate more mutations than
globular proteins (Holt and Sawyer 1993; Brown et al. 2002).
Indeed, sequence similarities across different SCPPs are
generally limited to the signal peptide (SP) that directs
the mature protein into the extracellular space. However,
SCPP genes have a well conserved and recognizable exon—
intron structure. These and other similarities allowed us to
identify many SCPP genes that evolved by gene duplication
(Kawasaki et al. 2005).

All casein genes are among the P/Q-rich SCPP genes and
are closely related to two tooth enamel matrix genes, ame-
loblastin (AMBN) and enamelin (ENAM) (Kawasaki and
Weiss 2003). More recently, however, it was further dem-
onstrated that some P/Q-rich SCPP genes have the entirely
untranslated (UT) last exon. This exon was identified in all
casein genes as well as the odontogenic ameloblast-asso-
ciated (ODAM) gene, the SCPP-Pro-Gln-rich 1 (SCPPPQT)
gene, and the follicular dendritic cell secreted peptide
(FDCSP, also called C40RF7) gene (Kawasaki 2009). Phylo-
genetic distributions of these and other SCPP genes in tet-
rapod and teleost genomes suggested that ODAM was
initially located close to acidic SCPP genes and that both
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SCPPPQ1 and FDCSP arose from ODAM by tandem gene
duplication. However, an intrachromosomal rearrange-
ment split this original cluster into two isolated genomic
regions before the divergence of synapsids and sauropsids,
and, among P/Q-rich SCPP gens, only SCPPPQ1 remains
clustered with acidic SCPP genes in the lizard and mamma-
lian genomes (fig. 1) (Kawasaki 2009). In this report, we ar-
gue that the Ca-sensitive casein genes originated from
SCPPPQ1, whereas the Ca-insensitive casein gene differen-
tiated from FDCSP. Thus, all casein genes share ODAM as
a common ancestor.

Materials and Methods

Bioinformatic Analyses of Nucleotide and Amino
Acid Sequences

We identified segments of lizard (Anolis carolinensis)
SCPPPQ1 and FDCSP using the gene prediction program
“GENSCAN" (http://genes.mit.edu/GENSCAN.html) (Burge
and Karlin 1997) in the genomic regions syntenic to their
eutherian orthologs. The SP cleavage site was predicted
using both “PSORT 1I” (http://psort.ims.u-tokyo.ac.jp/)
(Nakai and Horton 1999) and “SignalP 3.0” (http://
www.cbs.dtu.dk/services/SignalP/; hidden Markov model)
(Emanuelsson et al. 2007).

Nucleotide sequences of casein and other genes and de-
duced amino acid sequences of their protein products were
retrieved from GenBank, and their sequence similarities
were studied through the National Center for Biotechnol-
ogy Information (NCBI) website (http://www.ncbi.nlm.-
nih.gov/). Accession numbers of the sequences used in
this study are shown in the legend of supplementary figure
S$1, Supplementary Material online. Amino acid sequences
of various SCPPs were aligned using “Tcoffee” (http://
www.tcoffee.org/) (Notredame et al. 2000) and manually
corrected based on exon—intron borders. The exon—intron
borders of various genes were determined by searching for
sequence similarity between cDNA sequences and genomic
sequences at the University of California, Santa Cruz web-
site (http://genome.ucsc.edu/) or the NCBI website (whole-
genome shotgun reads and trace archives). Likewise, the
nucleotide sequences of gray short—tailed opossum (Mono-
delphis domestica) CSN2 and elephant CSN2 and CSN3 were
reconstructed from their genomic sequences by searching
for similarities using already known cDNA sequences (sup-
plementary fig. S1, Supplementary Material online). For all
these exon—intron borders, the splice donor/acceptor sites
and the polypyrimidine tract located upstream of the splice
acceptor were confirmed. Versions of the genome sequen-
ces used in this study are shown in the legends of supple-
mentary figures.

Cloning and Sequencing of Lizard SCPPPQT and
FDCSP

Parts of lizard SCPPPQ1 and FDCSP were amplified by re-
verse transcription-polymerase chain reaction (RT-PCR)
using total RNA molecules extracted from the lower jaw,
and their full-length nucleotide sequences were deter-

mined as described previously (Al-Hashimi et al. 2010).
PCR primers used to amplify an internal region, a 5’-
end, or a 3’-end were designed based on the gene predic-
tion analysis described above. The nucleotide sequences of
these primers are as follows: 5’-
TGAAGCTGCTTGTTCTTCTTTC-3" and 5'-GCAGGAT
TTACAGGAAATGGTC-3" for the internal region of
SCPPPQT; 5'-CAGCTCAACCAAACGTTCCTCCACAGA-3’
and 5'-GATATCCTTTTCCGGGCGCTTATCCTG-3" for
the 5'-end of SCPPPQ1; 5'-CGTTTGGTTGAGCTG-
GAAACTGAGGTG-3" and 5'-ACGCTCTTCACTGGAGCT
TGCTGACCT-3’ for the 3’-end of SCPPPQT; 5'-GAAGG
CTCTACTTGTGCTTGC-3" and 5'-TGAAGATGTGGAAA
ACAGCAC-3’ for the internal region of FDCSP; 5'-CAAG-
GAAAGAAGGGGGTACCGTCCAC-3" for the 5'-end of
FDCSP; and 5'-TCCTTGCTTCCACTTCTGCTGCCACT-3’
and 5'-GAGAACCAAAAGGCAGGCAAGCACAAG-3’ for
the 3’-end of FDCSP. The nucleotide sequences of these
two genes are available through GenBank (accession num-
ber, GU944675 for SCPPPQ1 and GU944674 for FDCSP).

Results

Internal Duplications in Ca-Sensitive Casein Genes

All mammalian Ca-sensitive casein genes, CSN1S7, CSN1S2,
and CSN2, share a characteristic exon—intron structure
with the other SCPP genes (Kawasaki and Weiss 2003). Al-
though these genes vary considerably in number of exons,
the exons coding for most of the mature protein (excluding
each two 5'- and 3’-exons) consist of only four distinct
types: a, b, ¢, and P/Q-rich (fig. 2). Among these, type-a,
-b, and -c exons are small in size, coding for 9 residues, in-
cluding many charged amino acids and forming a Ca-bind-
ing pSer cluster at the 3’ end (type-a), 8 residues, including
three or four charged amino acids (type-b), and 14 residues,
including five or seven charged amino acids (type-c; see
supplementary fig. S1, Supplementary Material online for
deviations from these standards). Similar exons have been
identified in bovine CSN1S2 and CSN2 (Groenen et al.
1993). However, our result demonstrates that all small
exons found in the middle of the Ca-sensitive casein genes
studied to date can be classified into only type-g, -b, or -c.

Among these small exons, the type-a exon is the smallest
in number and is often followed by a type-b exon and then
by a type-c exon, with type-b and -c exons being separated
by a small intron (103 nucleotides or less; underlined in fig.
2). For example, platypus CSN1S7 contains three tandem a-
b-c exon units. The a-b-c exon unit is shared among differ-
ent Ca-sensitive casein genes in eutherian, marsupial, and
monotreme lineages, suggesting that the common ances-
tor of these genes had this exon unit. Subsequent duplica-
tions and deletions of genome segments led to more
complicated, gene-specific and lineage-specific arrange-
ments of these exons.

In addition to these small exons, Ca-sensitive casein
genes have one (CSN1S7 and CSN2) or two (CSN1S2) rel-
atively large P/Q-rich (~25% P/Q) exon, which also codes
for many aromatic residues, mostly Phe and/or Tyr (F/Y), in
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Fic. 2. Exon—intron structure of CSN1S7 (a), CSN152 (b), and CSN2 (c) in representative mammals. Each separate box represents a single exon.
Filled arrowheads represent the position of the initiation codon or the termination codon and delimit the translated region. An open
arrowhead indicates the cleavage site of the SP. The entire SP is coded within exon 2 and shown with a light gray scale. The penultimate exon
usually codes for the termination codon (the termination codon extends over two adjacent exons in eutherian CSN1S7 genes). The 5'- or 3'-
UT region is shown by a blank box. Type-a, -b, and -c exons and P/Q-rich exons (PQ) are illustrated in different gray scales (see the bottom).
Skipped exons or pseudoexons are shown in gray outline. Some type-b and -c exons that are separated by a small intron (103 nt or less) are
underlined. High sequence similarity is detected between monotreme CSN2A and CSN2B in exons 2-6, which are indicated with dashed
underlines (c). Exon numbers for the cow casein genes and echidna CSN2B are shown at the top or bottom. The scale for exon length is shown
at the bottom. Trichosurus is the brushtail possum. See supplementary fig. S1, Supplementary Material online for alignments of the amino acid

sequences.

the 3’ -half (supplementary fig. S1, Supplementary Material
online). The P/Q-rich exon of CSN2 varies in size but is
larger than that in other Ca-sensitive casein genes (fig.
2¢). This difference is partly due to different numbers
and sizes of intraexonic duplication as shown for eutherian
CSN2 genes (Holt and Sawyer 1993). Intraexonic duplica-
tions are also detected even in the smallest P/Q-rich exon
of monotreme CSN2A genes (CSN2 ortholog; supplemen-
tary fig. S1c, Supplementary Material online), suggesting
that the P/Q-rich exon of CSN2 was originally small and
hence shares a common ancestor with P/Q-rich exons
of the other Ca-sensitive casein genes.
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Recently, CSN2B was identified in monotremes (Warren
et al. 2008). CSN2B shows a high sequence similarity to
monotreme CSN2A in exons 2—-6 but is more similar to eu-
therian CSN17S2 in the chromosomal location and the small
size of the P/Q-rich exon (fig. 2). These findings led to the
suggestion that CSN2B is a chimera of CSN2 and CSN1S2
(Lefevre et al. 2009). In our analysis, significant sequence
similarity was not detected between monotreme CSN2B
and eutherian CSN1S2 in their possibly orthologous P/Q-
rich sequences (supplementary fig. S1b, Supplementary
Material online). In fact, no significant similarity has been
identified across monotreme, marsupial, and eutherian
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Ca-sensitive caseins in their orthologous P/Q-rich sequences.
By contrast, within eutherian CSN1S2 genes, two different
P/Q-rich exons code for similar sequences (Stewart et al.
1987) (supplementary fig. S1b, Supplementary Material on-
line). These findings demonstrate that the two P/Q-rich
exons in CSN1S2 arose by a relatively recent duplication
in the eutherian lineage. This result is consistent with a pre-
vious hypothesis about the evolution of CSN1S2 (Groenen
et al. 1993).

Ca-Sensitive Casein Genes Likely Arose from
SCPPPQ1

Above we suggested that an ancient Ca-sensitive casein
gene had the a-b-c exon unit and a single P/Q-rich exon
and that many redundant exons arose by duplica-
tion. In addition, different Ca-sensitive casein genes share
similarly-sized 5'- and 3’-exons, similar positions of the
initiation and termination codons, and similar cleavage
sites for the SP (fig. 2 and supplementary fig. S1, Supple-
mentary Material online). These findings suggest that all
Ca-sensitive casein genes arose from a putative common
ancestor that consisted of eight exons (referred to as
CSN1/2 in fig. 3a): a small entirely UT exon 1, SP-coding
exon 2, the a-b-c unit in exons 3-5, P/Q-rich (partly F/Y-
rich) exon 6, a small exon 7 coding for N-terminal one to
three residues and the termination codon, and a large
entirely UT exon 8. CSN1/2 is thus reminiscent of
CSN2, especially in Monodelphis, although CSN2 has
a larger P/Q-rich exon, as described above (fig. 3a).
The a-b-c exon unit has been found only in Ca-sensitive
casein genes among SCPP genes. Thus, similarities in the
small size and coded amino acid composition (charged
residues) across type-a, -b, and -c exons further suggest
that these exons originated by duplication and that the
earliest precursor of CSN1/2 consisted of six exons (re-
ferred to as proto-CSN1/2 in fig. 3a). This analysis reinfor-
ces previous hypotheses based on rodent casein genes
(Hobbs and Rosen 1982; Jones et al. 1985).

Jones et al. also suggested that all exons in a primordial
Ca-sensitive casein gene that corresponds to proto-
CSN1/2 were separately recruited from different genes.
However, we found that exons showing similar character-
istics are all present in both mammalian and lizard
SCPPPQ1 genes (fig. 3a; exons 1-4, 9, and 10). Lizard
SCPPPQ1 has type-a-like exon 3 coding for a potential
pSer cluster and relatively large P/Q(F/Y)-rich exon 4,
and hence, proto-CSN1/2 is more similar to lizard
SCPPPQ1 rather than to mammalian SCPPPQ1 (fig. 3a).
As we describe below, SCPPPQ1 was initially located ad-
jacent to ODAM in some stem amniote, although these
genes are separated today (fig. 1¢) (Kawasaki 2009). Thus,
our new finding supports the idea that proto-CSN7/2
arose by tandem duplication from ancient SCPPPQ1 that
was similar to the contemporary lizard ortholog. CSN1/2
(or proto-CSN1/2) was subsequently separated from
SCPPPQ1 by a chromosomal rearrangement before the
divergence of synapsids and sauropsids, much earlier
than the origin of lactation. Although we have been un-

able to find CSN1/2 in the genomes of the lizard or birds,
this gene could be retained in other sauropsids.

CSN3 Arose from FDCSP

As shown in figure 3b, CSN3 is comprised of entirely UT
exons 1 and 5, SP-coding exon 2, a small exon 3 coding
for 11 residues, and a relatively large P/Q-rich exon 4.
All these five exons are also found in FDCSP, although
a small exon 3 was not identified in lizard FDCSP. A notable
structural difference between these two genes resides in
the cleavage site of their SPs. The size of the SP is 20 residues
in most K-caseins, whereas it is 16 residues in FDCSP (sup-
plementary fig. S3, Supplementary Material online). How-
ever, their first 20 amino acid sequences show similarities,
suggesting that a slight change in the sequence shifted the
end of the SP. Indeed, both SignalP and PSORT Il predicted
that a substitution of Ser to Pro within the SP in platypus
K-casein would shorten the length of SP to 16 amino acids,
identical to that of FDCSP.

In addition to the exon—intron structure, k-casein is also
similar to FDCSP in the modular structure. Both proteins
consist of three distinct modules: an N-terminal region pos-
sessing many charged amino acids, coded by exon 3 and the
5'-end of exon 4; an intermediate P/Q(F/Y)-rich region;
and a C-terminal hydrophilic S/T-rich region (fig. 3b).
The S/T-rich region of both proteins is also characterized
by a low P/Q content and by almost no F/Y (or Trp) res-
idues. In monotreme CSN3 genes, the 5'-end of exon 4 co-
des for a potential pSer cluster (S** in fig. 3b). A similar pSer
cluster is also present in FDCSP in mammals and the lizard,
whereas no pSer residue has been found in marsupial or
eutherian x-caseins (supplementary fig. S3, Supplementary
Material online). Consequently, in our position-specific
iterated Blast search against GenBank, the N-terminus of
platypus x-casein (including the SP) showed a higher se-
quence similarity to the corresponding region of human
FDCSP rather than to human k-casein (score = 37.0
and 31.2 bits, respectively). These findings collectively sug-
gest that CSN3 was derived from ancient FDCSP (fig. 1c).

Two Types of Casein Genes Arose from ODAM
Through Two Different Pathways

Among P/Q-rich SCPP genes, only ODAM has been iden-
tified in both teleost and tetrapod genomes, although this
gene has not been found in the lizard genome (fig. 1)
(Kawasaki 2009). ODAM has an entirely UT last exon in
the zebrafish, frog, and rodents, but such an exon has
not been found in the amelogenin (AMEL) gene, AMBN,
ENAM, or the amelotin (AMTN) gene in any tetrapods
studied to date (fig. 1). Although the entirely UT last exon
could be secondarily lost, creation of such an exon would
be a rare event. Indeed, no such exon has been identified in
any acidic SCPP genes found to date. Thus, the phyloge-
netic distribution of P/Q-rich SCPP genes possessing the
entirely UT last exon suggests that ODAM is the common
ancestor of SCPPPQ1 and FDCSP. ODAM is located imme-
diately downstream of SPARCL1 in the fugu and the frog
genomes (Kawasaki 2009) and hence, probably also in
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S1c, Supplementary Material online) could be phosphorylated, as reported for some Thr residues forming a TXE sequence in other caseins
(Holland 2009). In the lizard SCPPPQ1, exons 7 and 8 are both F/Y-rich (25% or more). CSN1/2 was reconstructed as discussed in the text. The
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S2, Supplementary Material online for amino acid sequences of SCPPPQT1. (b) A Cys residue coded by the 5’-end of human CSN3 is represented by
C. The position coding for the pSer cluster in mammalian FDCSP extends from exon 3 to exon 4. See supplementary figure S3, Supplementary
Material online for amino acid sequences of FDCSP and k-casein. (c) The structure of ODAM is illustrated based on the nucleotide sequences of
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the stem tetrapods (fig. 1c). In the lizard and mammalian
genomes, SCPPPQ1 is separated from all the other P/Q-rich
SCPP genes and is located immediately downstream of
SPARCL1, whereas ODAM—-FDCSP is linked to AMTN-
AMBN-ENAM (fig. 1a and b). Moreover, the arrangement
of non-SCPP genes located immediately downstream of
SCPPPQ1 (HSD17B11 and KLHL8) are common to the lizard
and mammalian genomes. The arrangement of these genes
suggests that the original SCPP gene cluster split by a chro-
mosomal rearrangement before the divergence of synap-
sids and sauropsids and that SCPPPQ1 originated from
ODAM by tandem duplication before this rearrangement.

ODAM shares different types of exons with SCPPPQ]1, pu-
tative proto-CSN1/2, FDCSP, and CSN3 (fig. 3). However,
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CSN3 is more similar to FDCSP than to ODAM in the or-
ganization of all five exons, as described above (fig. 3).
In addition, a relatively large exon coding for charged res-
idues at the 5’-end, followed by a P/Q(F/Y)-rich sequence
and an S/T-rich sequence has been identified in FDCSP and
CSN3 but not in ODAM (fig. 3 and supplementary fig. S3,
Supplementary Material online). It is unlikely that this type
of complicated exon evolved as the result of convergence.
Thus, it appears that CSN3 originated from FDCSP, rather
than from ODAM.

Similarly, we found that SCPPPQ1 has all of the six distinct
types of exons that are assumed to have constituted puta-
tive proto-CSN1/2. By contrast, exon 3 of ODAM is less sim-
ilar to type-a, -b, or -c exons in size or the distribution of pSer
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residues, and the penultimate exon of ODAM codes for
larger numbers of amino acids than that of Ca-sensitive ca-
sein genes and SCPPPQ1 (fig. 3). These characteristics of
ODAM are conserved even in teleost orthologs. Thus, it is
likely that proto-CSN1/2 arose from SCPPPQT1, although, if
all the similarities in exon 3 and in the penultimate exon
of these two genes are the result of convergence, proto-
CSN1/2 could have arisen directly from ODAM more re-
cently. Collectively, our findings suggest that all casein genes
evolved from ODAM via two different pathways; Ca-sensitive
casein genes likely originated through SCPPPQ1, whereas the
Ca-insensitive casein gene differentiated from FDCSP (fig. 1c).

Discussion

The Origin of Ca-Sensitive and Ca-Insensitive
Caseins
We have argued that the casein genes evolved from ODAM
through two different pathways; Ca-sensitive casein genes
likely originated directly from SCPPPQ1, whereas the Ca-in-
sensitive casein genes directly differentiated from FDCSP.
Expression of ODAM has been detected in epithelial cells
that cover the tooth surface in both mammals and teleosts
(Moffatt et al. 2008; Kawasaki 2009). A similar expression
pattern has been also reported for SCPPPQT in the rat
(Moffatt et al. 2006). These studies suggest that both
ODAM and SCPPPQ1 are used in mineralization of the
tooth surface. Further, FDCSP has been found in periodon-
tal ligament, a soft connective tissue surrounding the roots
of teeth, where it is thought to prevent spontaneous CaP
precipitation (Nakamura et al. 2005). It thus appears that
the immediate ancestors of caseins modulated mineraliza-
tion of the tooth through association with Ca ions via a pSer
residue or cluster at the N-terminus (fig. 3) and that both
types of caseins have evolved as Ca-binding proteins.
This view is inconsistent with the hypothesis proposed
decades ago (Jolles et al. 1978; Jolles and Henschen 1982)
that x-casein (known as a milk clotting factor; supplemen-
tary fig. S3, Supplementary Material online) was derived from
p-fibrinogen, a blood coagulation factor. This hypothesis
largely depends on supposed amino acid sequence identities
between human y-fibrinogen and cow and sheep x-caseins
(31.4-34.1%). However, in a similar analysis (supplementary
fig. S4, Supplementary Material online), no high sequence
identity was detected for Monodelphis k-casein (8.8%)
and platypus k-casein (4.3%). Moreover, the supposed sim-
ilar regions are coded only by exon 4 in CSN3, whereas these
regions are coded by six different exons in the y-fibrinogen
gene (supplementary fig. S4, Supplementary Material on-
line). Given our new results, we conclude that x-casein is
evolutionarily distinct from y-fibrinogen.

Conserved Modular Structures of Caseins and
Micelle Formation in Primitive Milk

Milk of all modern mammals studied to date contains both
os1- and f-caseins. However, CSN1S7-null goats and CSN2-
deficient mice and goats all produce milk containing casein
micelles (Kumar et al. 1994; Chanat et al. 1999). It is also

known that f-casein is the principal Ca-sensitive casein in
human milk (Nagasawa et al. 1970). These studies indicate
that micelle formation does not require specific Ca-sensi-
tive caseins. This conclusion is consistent with the fact that
orthologous Ca-sensitive caseins have different numbers
and sizes of pSer clusters and various lengths of P/Q-rich
regions (fig. 2 and supplementary fig. S1, Supplementary
Material online). It is thus possible that ancient CSN1/2,
which is similar to ff-casein (comprised of an N-terminal
pSer cluster and a following P/Q-rich region; fig. 3a), already
had the potential to form a primitive casein micelle in the
presence of x-casein.

Similarities between monotreme x-casein and FDCSP, as
we described above, suggest that ancient x-casein was sim-
ilar to the monotreme ortholog, comprised of f3-casein-like
modules (N-terminal pSer cluster and P/Q-rich region) and
a C-terminal S/T-rich region (fig. 3b). This modular struc-
ture suggests that ancient k-casein interacted with CaP
through the pSer cluster. By contrast, all marsupial and eu-
therian k-caseins studied to date have one or two Cys res-
idues, instead of the pSer cluster (C in fig. 3b). These Cys
residues form disulfide bonds to different k-caseins or Ca-
sensitive caseins, and these crosslinks are thought to stabi-
lize the casein micelle (Rasmussen et al. 1999). Hence, our
result suggests that the interaction between k-casein and
CaP was originally important for micelle formation, but this
interaction was replaced by the disulfide bond in marsu-
pials and eutherians. That is, x-casein became specialized
to the micelle-stabilizing Ca-insensitive casein. It was exper-
imentally shown that dephosphorylated f3-casein stabilizes
a complex of a;-casein and CaP more efficiently than na-
tive ff-casein, especially at higher temperatures (Yoshikawa
et al. 1975). We thus speculate that the loss of the pSer
cluster in k-casein was important for efficient micelle for-
mation in marsupials and eutherians, which may be corre-
lated with their increased body temperature.

Ancient K-casein probably had all three modules, impor-
tant for micelle formation. This structure implies that an an-
cient k-casein alone had the potential to form a primitive
casein micelle. It is known that k-casein-rich milk has smaller
micelles (Donnelly et al. 1984; Dalgleish et al. 1989); and
these and other studies led to the notion that k-casein
on the micelle surface terminates the growth of the micelle
(Schmidt 1982; Horne 2009). Given this idea and if a primitive
micelle consisted of only x-casein as a principal protein com-
ponent, the micelle could have been small, perhaps formed
around a single CaP nanocluster. Expression of FDCSP has
been detected in the lactating mammary gland (Rijnkels
et al. 2003), which supports an ancient origin of k-casein
in milk. CSN1/2 might have been co-opted later for micelle
formation and contributed to increased CaP concentrations.

However, it is also possible that both ancient x-casein and
CSN1/2 initially inhibited spontaneous CaP precipitation in
primitive milk (or proto-lacteal fluid) without forming mi-
celles, similar to many other SCPPs in various tissues and
biofluids (Kawasaki and Weiss 2006; Holt et al. 2009; Kawa-
saki et al. 2009). Subsequently, a primitive casein micelle was
formed by these two caseins, when milk evolved to contain
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higher concentrations of CaP and caseins. Evolution of larger
P/Q-rich regions in both caseins (fig. 3a and b) may have
enhanced casein—casein interactions and stabilized the mi-
celle. The early origin of CSN1/2 (fig. 1c) appears to corrob-
orate this model. The potential for micelle formation by
ancient k-casein and CSN1/2 could be experimentally tested
by synthesizing such proteins.

Early Origins of Caseins Before Lactation
Ancient proto-lacteal synapsids had only partially calcified
parchment-shelled eggs, and Ca had to be supplied primarily
from the egg yolk (Brawand et al. 2008). However, it was
argued that additional Ca could be supplied from cutaneous
glandular secretions through the eggshell and complement
the needs of the hatchling in these synapsids (Oftedal 2002).
This possibility would be supported if ancient casein(s) in-
hibited spontaneous precipitation of CaP in such proto-lac-
teal secretions. Oftedal also suggested that large casein
micelles may block the passage of CaP through eggshell
pores. Yet, ancient caseins may have formed small micelles
or may not have formed micelles at all, as described above;
and hence, these caseins could have facilitated the supply of
CaP to the embryos through the eggshell surface. In addition,
ancient caseins may have inhibited calcification of eggshell
pores and maintained the integrity of the eggshell surface.
Extremely high substitution rates in casein genes and
their immediate ancestors do not allow us to estimate
the divergence dates of these genes. However, our results
suggest the possibility that an unexpectedly early origin of
CSN1/2 before the divergence of synapsids and sauropsids.
In addition, similarities between CSN2 and SCPPPQT1 as well
as between CSN3 and FDCSP illustrate that many slight ge-
netic modifications of ancestral genes have created caseins,
proteins vital to the sustained success of mammals.

Supplementary Material

Supplementary figures S1-S4 are available at Molecular Biol-
ogy and Evolution online (http://www.mbe.oxfordjournals.
org/).
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