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Abstract
Genes for tetrapod fibrillar procollagen chains can be divided into two clades, A and B, based on
sequence homologies and differences in protein domain and gene structures. Although the major
fibrillar collagen types I–III comprise only clade A chains, the minor fibrillar collagen types V and
XI comprise both clade A chains and the clade B chains pro-α1(V), pro-α3(V), pro-α1(XI) and pro-
α2(XI), in which defects can underlie various genetic connective tissue disorders. Here we
characterize the clade B procollagen chains of zebrafish. We demonstrate that in contrast to the four
tetrapod clade B chains, zebrafish have six clade B chains, designated here as pro-α1(V), proα3(V)
a and b, pro-α1(XI)a and b, and pro-α2(XI), based on synteny, sequence homologies, and features
of protein domain and gene structures. Spatiotemporal expression patterns are described, as are
conserved and non-conserved features that provide insights into the function and evolution of the
clade B chain types. Such features include differential alternative splicing of NH2-terminal globular
sequences and the first case of a non-triple helical imperfection in the COL1 domain of a clade B,
or clade A, fibrillar procollagen chain. Evidence is also provided for previously unknown and
evolutionarily conserved alternative splicing within the pro-α1(V) C-propeptide, which may affect
selectivity of collagen type V/XI chain associations in species ranging from zebrafish to human. Data
presented herein provide insights into the nature of clade B procollagen chains and should facilitate
their study in the zebrafish model system.
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1. Introduction
The 29 known tetrapod collagen types (Myllyharju and Kivirikko, 2004; Soderhall et al.,
2007; Veit et al., 2006) can be divided into two major groups, based primarily on protein domain
structure and types of macromolecular structures formed. Nonfibrillar collagens form varied
macromolecular structures, have triple-helical regions differing greatly in length and
containing numbers of non-triple helical interruptions, and are encoded by genes with limited
conservation of intron/exon organization (Myllyharju and Kivirikko, 2004; Sandell, 1990). In
contrast, fibrillar collagen types I–III, V, and XI, share a similar protein domain structure,
comprising an uninterrupted triple-helical domain of ~1000 amino acids flanked by N- and C-
terminal globular domains, and are encoded by genes with similar intron/exon organizations,
denoting evolutionary kinship. The “major” fibrillar collagens, I–III, are among the most
abundant ECM proteins, whereas collagens V and XI are designated “minor” fibrillar
collagens, due to abundance levels markedly lower than those of I–III. Collagen V is widely
distributed in tetrapod tissues as an α1(V)2α2(V) heterotrimer (Fessler, 1987), but is also found
as an α1(V)α2(V)α3(V) heterotrimer in placenta, uterus, skin, synovial membranes, peripheral
nerves (Abedin et al., 1982; Brown et al., 1978; Chernousov et al., 2000; Fessler, 1987; Sage
and Bornstein, 1979), and perhaps in ligaments and skeletal muscle, in which expression of
the α3(V) chain gene has been reported (Imamura et al., 2000). Collagen V can also be
expressed as α1(V)3 homotrimers (Haralson et al., 1980). Collagen XI was originally
characterized as an α1(XI)α2(XI)α3(XI) heterotrimer, constituting a minor component of
cartilage ECM (Morris and Bachinger, 1987).

Collagen V α1(V)2α2(V) heterotrimers are incorporated into fibrils of the much more abundant
collagen I, and regulate properties of the resultant heterotypic fibrils (Birk et al., 1990). Thus,
defects in either α1(V) or α2(V) chain genes result in the genetic disorder classic Ehlers-Danlos
syndrome, characterized by collagen I/V fibrils of abnormal geometry and diminished tensile
strength (De Paepe et al., 1997; Nicholls et al., 1996; Richards et al., 1998; Toriello et al.,
1996; Wenstrup et al., 1996). Collagen XI appears to interact with collagen II, the major fibrillar
collagen of cartilage, in a manner similar to that in which collagens V and I interact in other
tissues (Mendler et al., 1989), as evidenced by the abnormal collagen II fibrils and
chondrodysplasia that can result from collagen XI defects (Li et al., 1995).

Although collagens V and XI were originally characterized as separate collagen types, findings
of α1(XI) chains in bone (Niyibizi and Eyre, 1989), of α1(XI)α1(V)α3(XI) and α1(XI)2α2(V)
heterotrimers in cartilage (Wu et al., 2009), and of heterotrimers comprising α2(V) and α1(XI)
chains in non-cartilage tissues (Kleman et al., 1992; Mayne et al., 1993) have now made it
apparent that collagen V and XI chains in fact constitute a single collagen type in which
different combinations of chains can associate in a tissue-specific manner. In tetrapods, the
pro-α1(V), pro-α3(V), proα1(XI), and pro-α2(XI) chains constitute a subgroup among fibrillar
procollagen chains on the basis of sequence similarities, structures of cognate genes, size and
configuration of N-propeptides, and modes of biosynthetic processing (Greenspan et al.,
1991; Imamura et al., 1998; Kimura et al., 1989; Takahara et al., 1995; Takahara et al., 1991;
Unsold et al., 2002; Vuristo et al., 1995; Yoshioka and Ramirez, 1990; Zhidkova et al.,
1993). These chains have been designated the clade B fibrillar procollagen chains, whereas the
related but distinct clade A fibrillar procollagen chains comprise the major fibrillar collagen
type I–III chains, and the pro-α2(V) chain (Boot-Handford and Tuckwell, 2003). The pro-α3
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(XI) chain is also a clade A chain, as it is encoded by the same gene that encodes the pro-α1
(II) chain of type II collagen, with the two chains differing only in post-translational
modifications (Morris and Bachinger, 1987; Wu and Eyre, 1995).

Zebrafish (Danio rerio) are of great utility in studying functional roles of gene products, due
to the almost ideal amenability of this species to combined embryological, molecular and
genetic analyses (Kimmel et al., 1990; Mullins et al., 1994; Solnica-Krezel et al., 1994;
Streisinger et al., 1981). Here we report that unlike tetrapods, which have four clade B
procollagen chains, zebrafish possess six clade B chains, designated here pro-α1(V), pro-α3
(V)a, pro-α3(V)b, pro-α1(XI)a, pro-α1(XI)b, and pro-α2(XI). Evidence is provided for
proposed orthologous relationships between the 6 zebrafish and 4 tetrapod chains. Full-length
sequences are provided for the zebrafish clade B chains, and intron-exon organizations are
provided for the cognate genes, designated here col5a1, col5a3a, col5a3b, col11a1a,
col11a1b, col11a2, respectively. Spatiotemporal gene expression is also provided.
Importantly, evidence is provided of evolutionarily conserved alternative splicing within the
pro-α1(V) C-propeptide, which may affect selectivity of collagen type V/XI chain associations
in species ranging from zebrafish to humans. Data presented herein provide resources for
furthering insights into roles of clade B fibrillar procollagen chains in normal biological and
disease processes.

2. Results and Discussion
2.1. Identification/characterization of six zebrafish clade B type V/XI collagen genes

A protein BLAST search of zebrafish genome databases, using murine pro-α3(V) sequences
(Imamura et al., 2000), identified 6 loci that seemed reasonable candidates for zebrafish clade
B collagen genes, based on partial sequence homologies and intron/exon structures. Despite
the numerous differential genomic rearrangements that have occurred in zebrafish and
mammalian genomes since their divergence, attempts to establish synteny between the 6
zebrafish loci and mammalian type V/XI collagen genes were sufficiently successful (Fig. 1)
to suggest correspondence of the human pro-α1(XI) gene COL11A1 with both loci
NM_001083844 and XM_677653, human pro-α2(XI) gene COL11A2 with locus
NM_001079992, human pro-α1(V) gene COL5A1 with XM_685787, and human pro-α3(V)
gene COL5A3 with both XM_001921860 and XM_688785; leading to provisional designation
of the zebrafish loci as col11a1a, col11a1b, col11a2, col5a1, col5a3a and col5a3b,
respectively.

Using the loci listed above as starting points, we confirmed, corrected, and completed coding
sequences, UTRs and intron-exon structures of the zebrafish clade B procollagen chain genes.
Sequences are available via GenBank accession numbers GQ485664, pro-α1(XI)a; GQ485665,
pro-α1(XI)b; GQ485666, pro-α2(XI); GQ485668, pro-α3(V)a; GQ485669, pro-α3(V)b; and
GQ485667, pro-α1(V). Only pro-α1(V) sequences are incomplete, lacking signal peptide and
5′-UTR sequences. The six cognate genes col11a1a, col11a1b, col11a2, col5a3a, col5a3b, and
col5a1 have 67, 67, 66, 67, 65, and 65 exons, respectively. Comparison of coding sequences,
intron-exon organization, and other features of the zebrafish genes (below) confirmed
relationships with the 4 mammalian clade B collagen genes suggested by synteny.

2.2 NH2-terminal globular sequences and corresponding portions of cognate genes
Sequences NH2-terminal to the main collagenous (COL1) domain in mammalian clade B
procollagen chains show similarities of size, sequence, and domain structure (Greenspan et al.,
1991; Imamura et al., 2000; Tsumaki and Kimura, 1995; Zhidkova et al., 1993) that are
conserved in the zebrafish clade B chains (Fig. 2). Immediately NH2-terminal to COL1 is the
NC2 (noncollagenous 2) linker region, and immediately NH2-terminal to this is the short
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collagenous COL2 domain (Zhidkova et al., 1993). Although COL2 has been described as
three small triple helical motifs divided by two short noncollagneous interruptions (Fichard et
al., 1995), the central block of Gly-X-Y repeats, fixed at 17 repeats in all zebrafish and
mammalian clade B chains, is probably the only portion capable of triple helix formation. In
all mammalian and zebrafish clade B chain genes, COL2 is encoded by 42-, 63-, and 75-bp
exons, with the exception of zebrafish Col5a3b (Fig. 3), in which the 42-bp exon has apparently
fused with an upstream 51-bp exon to form a 93-bp exon. Col5a3a is the only clade B gene
with a 51-bp exon adjacent to the 42-bp COL2 exon, further supporting relatedness of
col5a3a and col5a3b.

Between COL2 and the signal peptide of all mammalian clade B chains is a large globular NC3
region that can be divided into two domains: an NH2-terminal “PARP” domain, with some
sequence similarity with the thrombospondin heparin-binding domain (Bork, 1992) and similar
domains in FACIT collagens, and a COOH-terminal “variable” domain, lacking discernable
homology even between different clade B chains (Imamura et al., 2000; Zhidkova et al.,
1993). The same domain structure is conserved in all zebrafish clade B chains (Fig. 2), each
of which contains a PARP subdomain encoded by four exons similar in size to corresponding
exons of the mammalian clade B chain genes (Takahara et al., 1995) (Fig. 3). As in mammals,
each PARP domain has four invariant cysteines, the two most COOH-terminal of which form
a cluster that approximately separates PARP and variable regions. These four cysteines were
shown to form two intramolecular disulfide bonds in mammalian pro-α2(XI) chains (Neame
et al., 1990). Notably, the zebrafish pro-α3(V)b PARP domain differs in having an extra
cysteine (Figs. 2 and 3), the function of which remains to be determined. Residues perfectly
conserved in PARP subdomains of all zebrafish and mammalian clade B chains (Fig. 2) may
represent a consensus or signature clade B PARP domain sequence.

We previously noted that isoelectric points (pIs) of the human clade B PARP domains differ
in ways that might reflect differences in physical and functional properties (Imamura et al.,
2000). Interestingly, these differences are conserved in the zebrafish clade B chains: pro-α2
(XI) has a basic pI (8.64), pro-α1(XI)a, pro-α1(XI)b, and proα1(V) have somewhat acidic pIs
(5.31, 5.99, and 6.26, respectively), and pro-α3(V)a and pro-α3(V)b have more markedly acidic
pIs (4.54, and 4.66, respectively). The characteristically different pIs may thus be important in
providing distinct functional properties for each chain type across species.

Mammalian pro-α1(XI) and pro-α1(V) PARP domains are cleaved by bone morphogenetic
protein-1 (BMP1) -like proteinases (Imamura et al., 1998; Pappano et al., 2003; Unsold et al.,
2002), and some residues flanking the cleavage sites are conserved at corresponding positions
in mammalian pro-α2(XI), but not pro-α3(V) chains (Imamura et al., 1998). The same residues
are conserved in zebrafish pro-α1(XI)a, pro-α1(XI)b, pro-α1(V), and pro-α2(XI), but not pro-
α3(V)a or pro-α3(V)b (Fig. 2), consistent with the possibility that cleavage by BMP1-like
proteinases occurs at this site in all clade B chains except pro-α3(V), across species. The latter
possibility is consistent with experimental evidence that mammalian pro-α3(V) chains are not
cleaved at this site [(Gopalakrishnan et al., 2004), and unpublished data].

Comparison of PARP sequences shows zebrafish pro-α1(V) to be most homologous to
mammalian pro-α1(V), and zebrafish pro-α1(XI)a and pro-α1(XI)b to be most homologous to
mammalian pro-α1(XI), consistent with relationships derived from synteny (Table 1).
However, zebrafish pro-α2(XI), pro-α3(V)a and pro-α3(V)b PARP domains are not highly
homologous to any mammalian clade B chain (Table 1). Thus fixed PARP domain sequences
may be less important to pro-α2(XI) and pro-α3(V) function, or functions of these chains may
have diverged more than those of the other chains between zebrafish and mammals.
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NC3 variable domains are retained on the mature forms of clade B chains, subsequent to PARP
cleavage (Broek et al., 1985; Imamura et al., 1998; Kumamoto and Fessler, 1981; Linsenmayer
et al., 1993; Moradi-Ameli et al., 1994; Neame et al., 1990; Niyibizi and Eyre, 1993; Rousseau
et al., 1996; Thom and Morris, 1991; Unsold et al., 2002; Zhidkova et al., 1993), and thus likely
contribute to functional properties in the ECM. However, there is little homology between
variable domains of different zebrafish clade B chains (Fig. 2), or between variable domains
in the same chain type in zebrafish and mammals (not shown). Nevertheless, some features are
retained. Mammalian proα1(V), pro-α1(XI) and pro-α2(XI) variable regions are highly acidic
and sequence diversity is increased and pI modulated via alternative splicing of pro-α1(XI)
and proα2(XI) variable region sequences (Greenspan et al., 1991; Oxford et al., 1995; Zhidkova
et al., 1995). Similarly, the zebrafish pro-α1(XI)a variable domain is acidic (pI = 3.59), with
evidence of alternative splicing yielding forms that contain both, one, or neither of 297- and
87-bp exons (Fig. 3). Zebrafish pro-α1(XI)b and pro-α2(XI) variable domains are also acidic
(pIs = 3.73 and 3.78), but show no evidence of alternative splicing. There is no evidence for
alternative splicing within mammalian (Greenspan et al., 1991; Zhidkova et al., 1995) or
zebrafish pro-α1(V) regions. The zebrafish pro-α1(V) variable region is acidic (pI = 3.86) and,
like the mammalian pro-α1(V) variable region and variable regions of zebrafish and
mammalian pro-α1(XI) and pro-α2(XI) chains, is rich in tyrosines. Corresponding tyrosines
in chick pro-α1(V) and pro-α1(XI) variable regions are sulfated (Fessler et al., 1986), further
acidifying the domain. Interestingly, the zebrafish pro-α1(V) variable domain, encoded by
large 591- and 468-bp exons, is considerably larger than, and contains large tracts of serines
not found in its mammalian counterpart (Figs. 2 and 3). Functional significance of these serines
is unknown, though post-translational modification by O-sulfonation (Medzihradszky et al.,
2004), phosphorylation or glycosylation could affect the pI and/or other properties of this
region.

There is no evidence of alternative splicing in mammalian pro-α3(V) variable regions which,
unlike those of the other mammalian clade B chains, is highly basic and lacks tyrosines
(Imamura et al., 2000). In contrast, zebrafish pro-α3(V)a and pro-α3(V)b variable regions are
acidic (pIs = 4.78 and 3.97, respectively) and have tyrosines, indicating that basicity and lack
of tyrosines in this region is not crucial to pro-α3(V) function in all vertebrates. However, the
pro-α3(V)a variable region also contains an alternatively spliced 447-bp exon (Fig. 3) encoding
basic (pI = 8.05) and highly charged (26 acidic and 28 basic) residues, such that domain
properties would be quite different in the presence/absence of these sequences. The relatively
short variable domain of proα3(V)b is encoded by an area of col5a3b apparently missing an
exon, compared to corresponding regions of other zebrafish clade B chain genes (Fig. 3).

Lysines involved in homotypic covalent crosslinking are located 24 residues NH2-terminal of
COL1 and at COL1 residue 924 in mammalian pro-α1(V), pro-α1(XI) and pro-α2(XI); whereas
lysines involved in heterotypic crosslinking between types V and I and between types XI and
II collagen are at pro-α1(V) and pro-α1(XI) COL1 residue 84 (Niyibizi and Eyre, 1994; Wu
and Eyre, 1995). All six zebrafish clade B chains have lysines at COL1 positions 84 and 924,
and all except pro-α3(V)b have lysines 24 residues NH2-terminal of COL1 (Fig. 2). Thus,
although all zebrafish clade B chains appear capable of both homotypic and heterotypic
crosslinking, pro-α3(V)b-containing heterotrimers should have decreased homotypic
crosslinking, functional consequences of which are presently unclear.

A phylogram derived from comparison of sequences NH2-terminal to COL1 in the six zebrafish
clade B chains supports a relatively close phylogenetic relatedness between pro-α1(XI)a, pro-
α1(XI)b, and mammalian pro-α1(XI) chains; between proα3(V)a, pro-α3(V)b, and mammalian
pro-α3(V) chains; between zebrafish and mammalian pro-α1(V) chains; and between zebrafish
and mammalian pro-α2(XI) chains (Fig. 4A).
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2.3 COL1 domains
Mammalian pro-α3(V) COL1 domains are 3 residues shorter than the 1014-residue COL1
domains of the other mammalian clade B chains (Imamura et al., 2000). Similarly, zebrafish
pro-α3(V)a and pro-α3(V)b COL1 domains are 1011 residues long, shorter at their C-termini
by one Gly-X-Y triplet than the COL1 domains of the other zebrafish clade B chains, consistent
with designation of pro-α3(V)a and pro-α3(V)b as homologues of mammalian pro-α3(V). A
shortened mammalian pro-α3(V) COL1 domain and lower number of imino acids than in
mammalian pro-α1(V) and pro-α2(V) COL1 domains may contribute to a lower melting
temperature of α1(V)α2(V)α3(V) compared with α1(V)2α2(V) heterotrimers (Imamura et al.,
2000). Consistent with conservation of lower α1(V)α2(V)α3(V) melting temperatures in
zebrafish, numbers of imino acids in pro-α3(V)a and pro-α3(V)b COL1 domains (173 and 164
Pro codons, respectively) are reduced compared to those found in zebrafish pro-α1(V), pro-α1
(XI)a, pro-α1(XI)b, and pro-α2(XI) (226, 221, 194, and 197 Pro codons, respectively).

Fibrillar collagen COL1 domains are characterized by uninterrupted Gly-X-Y repeats, a feature
thought necessary for normal fibrillogenesis. Surprisingly, the zebrafish pro-α1(XI)a COL1
domain has Ala rather than Gly in what corresponds to the 205th Gly-X-Y COL1 triplet of
other clade B chains (see Fig. 5B). Such an imperfection would be expected to destabilize the
triple helix, and such Gly substitutions in type I–III collagen COL1 domains can result in severe
and pathogenic effects (Myllyharju and Kivirikko, 2004). However, few disease-causing
defects in mammalian clade B chain genes are COL1 Gly substitutions (Malfait and De Paepe,
2005), and it is unclear what effect this imperfection may have on ability of α1(XI) chains to
regulate properties of type II/XI heterotypic fibrils. It should also be noted that the clade C pro-
α1(XXVII) chain, with a domain structure similar to that of clade B chains, has multiple COL1
imperfections and yet can form fibrils (Boot-Handford et al., 2003;Plumb et al., 2007).

Mammalian collagen V has a heparin/heparan sulfate binding site localized to clustered basic
amino acid residues in the α1(V) COL1 domain (Delacoux et al., 1998; LeBaron et al., 1989;
Mizuno and Hayashi, 1996; Yaoi et al., 1990). Mammalian type XI collagen binds heparin,
presumably due to high basicity in the corresponding region (Yaoi et al., 1990), but mammalian
α3(V) chains do not bind heparin, perhaps due to less basic and more acidic residues in this
region (Imamura et al., 2000). The zebrafish α1(V) chain is identical to human in numbers/
placement of basic and acidic residues at this site (Fig. 5A) and zebrafish type XI clade B chains
have similar numbers of basic residues, and no acidic residues, in the corresponding region.
However, although mammalian α3(V) chains have 6 basic and 3 acidic residues at this site
(compared with 9 basic and 0–2 acidic residues for other mammalian clade B chains) (Imamura
et al., 2000), zebrafish α3(V)a has 8 basic and two acidic residues, and zebrafish α3(V)b chain
has 8 basic, and no acidic residues (Fig. 5A). Thus, zebrafish and mammalian α3(V) COL1
domains may differ in ability to bind heparan sulfate proteoglycans.

Intron-exon organization of COL1 regions of mammalian clade B and clade A chain genes are
similar, in that early evolution of both appears to have involved tandem duplication of a 54-
bp ancestral element (Takahara et al., 1995; Vuristo et al., 1995), but differ in ways that reflect
divergence of the two clades (Takahara et al., 1991; Vuristo et al., 1995). COL1 intron-exon
organization of mammalian and zebrafish clade B chain genes are generally conserved (Fig.
5B). Mammalian and zebrafish pro-α1(V) gene COL1 regions differ from other clade B genes
in containing a 108-bp exon, apparently resulting from fusion of two 54-bp exons found in the
other clade B genes [Fig. 5B and (Takahara et al., 1995)]. Zebrafish col11a2 has unique COL1
198-bp and 162-bp exons, apparently resulting from fusion of 108-bp and 90-bp exons, and of
54-bp and 108-bp exons, respectively, found in the other clade B genes (Fig. 5B).

Zebrafish pro-α1(V) COL1 amino acid sequences are most similar to mammalian pro-α1(V),
zebrafish pro-α1(XI)a and pro-α1(XI)b sequences are most similar to mammalian pro-α1(XI),
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and zebrafish pro-α2(XI) is most similar to mammalian proα2(XI) (Table 1), consistent with
synteny. However, zebrafish pro-α3(V)b and proα3(V)a COL1 sequences are less homologous
to those of mammalian pro-α3(V) than are some other zebrafish clade B procollagen chains
(Table 1). Thus, fixed COL1 sequences may not be as important to pro-α3(V) function as they
are for other clade B chains, or pro-α3(V) function may have diverged more than functions of
the other clade B chains.

2.4 C-propeptides
Fibrillar procollagen C-propeptides have 7 or 8 cysteines at fixed positions (Dion and Myers,
1987; Imamura et al., 2000). The most C-terminal four cysteines are invariant in number and
are thought to form intrachain disulfide bonds, necessary to proper tertiary configuration and
to trimer formation (Bernard et al., 1988; Dion and Myers, 1987). The more NH2-terminal 3
or 4 cysteines are thought to form interchain disulfide bonds (Bernard et al., 1988; Dion and
Myers, 1987). Pro-α1(V) has eight C-propeptide cysteines in both zebrafish (Fig. 6) and higher
vertebrates (Gordon et al., 1999; Greenspan et al., 1991; Takahara et al., 1991; Wu et al.,
1998). Zebrafish proα1(XI)a and pro-α1(XI)b C-propeptides both contain seven cysteines, as
in human, rat and mouse pro-α1(XI) (Bernard et al., 1988; Yoshioka et al., 1995), but differing
from the 8 cysteines reported for chick (Nah et al., 1992). Interestingly, zebrafish pro-α3(V)a
and pro-α3(V)b C-propeptides have 8 cysteines, in contrast to the 7 C-propeptide cysteines of
human, mouse and rat pro-α3(V) (Chernousov et al., 2000; Imamura et al., 2000). Similarly,
the zebrafish pro-α2(XI) C-propeptide contains 7 cysteines, unlike the 8 cysteines of
mammalian pro-α2(XI) (Kimura et al., 1989; Lui et al., 1996). Thus, either the changed
numbers of cysteines change the functions of zebrafish pro-α3(V) and pro-α2(XI) C-
propeptides compared to mammalian counterparts, or these changes do not have marked
functional consequences. It has been speculated that a full complement of 8 C-propeptide
cysteines enables procollagen chains to form both homo- and hetero-trimers, whereas
procollagen chains with 7 C-propeptide cysteines are restricted to incorporation into
heterotrimers (Bernard et al., 1988). However, although this correlation appears to hold for
major fibrillar collagen types I–III, and for mammalian type V collagen chains (Bernard et al.,
1988; Fichard et al., 1997; Gopalakrishnan et al., 2004; Imamura et al., 2000; Imamura et al.,
1998), mammalian pro-α2(XI) chains, with 8 C-propeptide cysteines (Kimura et al., 1989), are
not known to form homotrimers, and addition of an eighth cysteine to the proper position
(position 2) in the pro-α2(I) chain is not sufficient for homotrimer formation (Lees and Bulleid,
1994). It thus remains to be determined the extent to which differing numbers of C-propeptide
cysteines may affect function in pro-α3(V), pro-α1(XI), and pro-α2(XI) chains of different
species.

In contrast to the major fibrillar procollagens, in which C-propeptides are cleaved by BMP1-
like proteinases (Kessler et al., 1996; Scott et al., 1999), mammalian proα1(V), pro-α3(V), and
pro-α1(XI) C-propeptides are cleaved by furin-like proprotein convertases (PCs) at canonical
RX(K/R)R sites (Gopalakrishnan et al., 2004; Imamura et al., 1998; Pappano et al., 2003;
Unsold et al., 2002). Similar sites in mammalian proα1(XI) and pro-α2(XI) chains align with
the pro-α1(V) and pro-α3(V) PC cleavage sites (Imamura et al., 2000). All zebrafish clade B
chains have sequences that fit the necessary requirements for cleavage by PCs (Fig. 6); an
invariant Arg in the P1 position, and basic residues at the P2 and P4 positions (Nakayama,
1997), and all of these sites align with the demonstrated and putative PC cleavage sites of the
mammalian clade B chains (not shown). Thus, it seems likely that zebrafish clade B procollagen
C-propeptides are cleaved by PCs, the major proprotein processing enzymes of the constitutive
secretory pathway. Human, pro-α1(V) C-propeptides can be cleaved in vitro with BMP1
(Kessler et al., 2001). However, the site at which such cleavage occurs does not align with
potential BMP1 cleavage sites in zebrafish pro-α1(V), consistent with the probability that in
vivo cleavage of clade B procollagen C-propeptides is via PCs across species.
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A potential Asn-linked glycosylation site preceding cysteine 6 is the only such site in clade A
C-propeptides, and has been suggested to be of functional significance (Dion and Myers,
1987). This site is also conserved in mammalian pro-α1(V) and proα1(XI) (Bernard et al.,
1988; Greenspan et al., 1991; Takahara et al., 1991), and in zebrafish pro-α1(V), pro-α1(XI)a
and pro-α1(XI)b (Fig. 6), suggesting functional significance in these chains. However, the site
is absent in mammalian pro-α2(XI) (Kimura et al., 1989), but present in zebrafish pro-α2(XI),
and is in human, but not mouse pro-α3(V) (Imamura et al., 2000) or zebrafish pro-α3(V)a or
pro-α3(V)b. Thus the site does not appear to be either necessary or detrimental to pro-α2(XI)
or pro-α3(V) function. A potential glycosylation site (NQT) conserved between cysteines 6
and 7 in human and mouse pro-α3(V) C-propeptides, and not found in any other fibrillar
procollagen C-propeptide, is absent in zebrafish pro-α3(V)a and pro-α3(V)b, indicating that
glycosylation at this site is not necessary to pro-α3(V) function in zebrafish. A potential NFT
glycosylation site conserved immediately downstream of cysteine 4 in all mammalian clade B
procollagen C-propeptides (Imamura et al., 2000), but missing from all clade A chains, is
conserved in all zebrafish clade B chains (Fig. 6), consistent with the possibility that
glycosylation at this site marks a fundamental structural/functional difference between clade
A and B fibrillar procollagen chains.

The mammalian pro-α2(XI) C-propeptide is shortened between cysteines 5 and 6, relative to
other mammalian clade B chains (Imamura et al., 2000; Kimura et al., 1989), due a shortened
penultimate exon of the cognate gene and absence of a 69 bp exon found in mammalian pro-
α1(V) and pro-α1(XI) genes [(Takahara et al., 1995), NT_039240]. Interestingly, zebrafish
pro-α2(XI) does not a shortened C-propeptide (Fig. 6), as the penultimate 237-bp col11a2 exon
is not reduced in size compared to the corresponding 234-bp exons in other zebrafish clade B
genes (Fig. 8B); and because the 69-bp exon missing from mammalian pro-α2(XI) genes is
present in col11a2, as in all other zebrafish clade B collagen genes (e.g. Fig. 8B). Thus, absence
of sequences missing in mammalian pro-α2(XI) chains is not necessary to pro-α2(XI) function
in zebrafish.

Zebrafish pro-α1(V) C-propeptide amino acid sequences are most similar to mammalian pro-
α1(V); pro-α1(XI)a and pro-α1(XI)b are most similar to mammalian pro-α1(XI); zebrafish pro-
α2(XI) is most similar to mammalian pro-α2(XI); and proα3(V)b and pro-α3(V)a are most
similar to mammalian pro-α3(V) (Table 1). Thus, C-propeptide sequence homologies are in
perfect agreement with predictions of relatedness based on synteny. As shown for NH2-
terminal sequences (Fig. 4A), a phylogram comparison of C-propeptide sequences supports
close phylogenetic relatedness between pro-α1(XI)a, pro-α1(XI)b, and mammalian pro-α1(XI)
chains; between pro-α3(V)a, proα3(V)b, and mammalian pro-α3(V) chains; between zebrafish
and mammalian proα1(V) chains; and between zebrafish and mammalian pro-α2(XI) chains
(Fig. 4B).

In all fibrillar collagen genes a junctional exon encodes the end of COL1 and the beginning of
the C-propeptide (Takahara et al., 1991) (Fig. 8B). The relative shortness of the zebrafish pro-
α3(V)a and pro-α3(V)b COL1 domains is reflected, as in mammalian pro-α3(V) chains, in the
presence of only 9 bp of COL1-encoding sequences in the cognate junctional exons, compared
to 18 bp in the junctional exons of all other mammalian and zebrafish clade B collagen genes,
again consistent with relatedness of pro-α3(V)a, pro-α3(V)b, and mammalian pro-α3(V)
chains.

2.5 Alternative splicing in the pro-α1(V) C-propeptide
In previous RT-PCR screens of dermal fibroblasts from human subjects (unpublished data),
we identified a subset of cloned pro-α1(V) cDNAs in which the reported 69 bp sequence of
COL5A1 exon 64 (Greenspan et al., 1991; Takahara et al., 1995; Takahara et al., 1991) is
replaced by an alternate 69 bp sequence (Fig. 7A, exon B). To assay for possible alternative
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splicing in COL5A1 at this site, direct sequencing was performed on cDNA synthesized from
human heart, brain, placenta, lung, liver, skeletal muscle, kidney, and pancreas RNA. In each
human tissue, superimposed sequences of both exons A and B, flanked by single sequences
from upstream and downstream exons provided clear evidence for alternative splicing in all
tissues examined, with some differences in ratios of A and B sequences suggesting a degree
of tissue-specificity (not shown). Restriction with EcoRI, which cleaves within human exon
A but not B sequences, and with SexAI, which cleaves within exon B but not A, demonstrates
different ratios of exons A and B sequences in human placenta and liver (Fig. 7B).

Only 63 bp separate COL5A1 exon 64A from exon 64B (Fig. 8A), suggesting a mechanism of
mutually exclusive use of one or the other exon in a given mRNA (Fig. 8B), as a minimum
intron length of 70–80 nucleotides is thought necessary for splicing in higher eukaryotes
(Ruskin et al., 1985;Wieringa et al., 1984). To determine whether similar alternative splicing
might be conserved across species, we examined equivalent areas in the pro-α1(V) genes of
zebrafish and other species. Potential alternative exons are found a short distance downstream
of the exon corresponding to COL5A1 exon 64 in all species examined (Figs. 7A and 8A). In
addition, in all species examined intervening sequences between exons A and B are shorter
than the ~70–80 nucleotides thought necessary for splicing (Fig. 8A), consistent with
conservation of the mechanism for alternative splicing first suggested by COL5A1 sequences.
Interestingly, some sequence homology exists between exons A and B in the various species
(Fig. 7C), suggesting derivation of one exon from the other during evolution, perhaps via exon
duplication. Importantly, amino acid sequences are highly conserved across species not only
between the various exons A, but between the exons B as well (Fig. 7C), consistent with
functional significance for sequences encoded by both exons in each species.

To assay for alternative splicing in zebrafish col5a1, direct sequencing was performed on
cDNA synthesized from RNA of 24, 48, 72, and 96 hpf embryos, and adults. Sequences from
embryos of all stages showed superimposed exon A and B sequences, flanked by single
sequences from upstream and downstream exons (not shown), providing clear evidence for
alternative splicing. A and B sequence ratios were similar in 24–72 hpf embryos, with a slightly
increased ratio of A to B at 96 hpf, and a more obvious increase of A to B sequences in adults
(not shown). PCR amplification with primers specific for exon A or exon B sequences shows
the presence of both A and B sequences in 24–96 hpf embryos and adults (Fig. 8C). At tailbud
stage (10 hpf), PCR detected exon A, but not B sequences (Fig. 8C), suggesting that exon A
may be of more importance at earlier developmental stages, when col5a1 expession is at
considerably lower levels than at later stages (Fig. 9).

Potential exons separated by small introns were not observed 5′ or 3′ of exons corresponding
to exon A in any other zebrafish clade B chain gene, suggesting alternative splicing of C-
propeptide sequences to be unique to pro-α1(V). Alternative splicing has not previously been
reported for fibrillar procollagen C-propeptides, but such could have profound effects upon
biosynthesis. Procollagen chains first associate into trimers via their C-propeptides, which
provide the selectivity necessary to ensure that only correct combinations of chains bind each
other, and C-propeptides then guide correct alignment and registration of chains, resulting in
correct C- to N-terminal triple helix propagation (Lees et al., 1997; Prockop, 1990). Sequences
encoded by exon A or B lie between proα1(V) C-propeptide cysteines 5 and 6 (Fig. 6), which
are conserved in all fibrillar procollagen chains, and appear to be involved in intrachain
disulfide bonding important to correct folding and C-propeptide function (Olsen, 1982). Also
between these two cysteines and only 4 amino acids C-terminal to exon A or B sequences are
the molecular recognition sequences thought to be involved in fibrillar procollagen chain
selection (Lees et al., 1997). Thus, alternative splicing of exons A and B may influence pro-
α1(V) function by affecting presentation of the molecular recognition sequence, perhaps via
local effects on tertiary structure, thus affecting chain selectivity. In mammals, α1(V) chains
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can be found in α1(V)2α2(V), α1(V)α2(V)α3(V), and α1(XI)α1(V)α3(XI) heterotrimers, or in
α1(V)3 homotrimers (Fichard et al., 1995; Haralson et al., 1980; Wu et al., 2009). It will be of
interest to determine whether alternative splicing of exons A and B influences preferential
incorporation of pro-α1(V) chains into one type of trimeric association or another, across
species.

2.6 Spatiotemporal expression patterns of zebrafish clade B procollagen genes
Temporal expression of zebrafish clade B chain genes was examined via quantitative real time
RT-PCR, using RNA from embryos of developmental stages ranging from 1.25 to 72 hpf (Fig.
9). In early embryos, col5a3 is unique in having levels of expression that approach those seen
later in development, while readily detectable transcripts are also detected for Col11a1b. Thus,
the clade B chains encoded by these genes may play early roles in embryogenesis. In fact, RNA
transcripts from these two genes found at 1.25 hpf (8-cell stage) are likely to be maternally
transmitted, as most zygotic transcription does not commence until the midblastula transition
(MBT) at ~2.75 hpf (Kane and Kimmel, 1993;Mathavan et al., 2005). During the segmentation
period (10–24 hpf), during which the embryo elongates and somites, muscle cells, notochord,
central nervous system primordium, and rudiments of primary organs develop, expression of
all six clade B chain genes increases to maximal or near maximal levels, with robust detection
of all genes by 24 hpf (Fig. 9). Relatively high levels continue from 24 through 72 hpf (Fig.
9), during which time the fins and circulatory system form. All clade B chain genes are thus
at relatively high levels during formation of definitive cartilage (stainable with Alcian blue),
as earliest formation of such cartilage begins in cranial cartilage during the late pharyngula
period (~45 hpf), with most cartilage differentiation (fins, jaws, and chondrocranium)
occurring during the 48 to 72 hpf “hatching” period (Kimmel et al., 1995;Schilling and Kimmel,
1997). Interestingly, all type XI clade B chains are at maximal levels towards the end of this
time interval, during the period at which most cartilage is formed. In contrast, col5a3 expression
actually declines from 24 to 72 hpf, consistent with the probability that this gene does not play
a major role in cartilage formation.

Spatial expression of col11a2, col11a1a, and col11a1b was analyzed by whole mount in situ
hybridization of 30, 48, and 72 hpf embryos, using probes from low homology sequences from
within each gene (see Experimental Procedures), to avoid cross-hybridization. Col11a2 and
col11a1a were both readily detected at 30 hpf, with strong expression evident throughout the
notochord, similar to that seen for the type II collagen gene col2a1, whereas signal for
Col11a1b was less readily detected, more diffuse, and confined to the caudal notochord, thus
showing divergence of spatial expression in notochord for this chain, compared to the other
two collagen XI chains (Fig. 10A). At 48 hpf, expression in the notochord persisted for both
col11a2 and col11a1a. However, although col11a2 expression persisted throughout the entire
length of the notochord, Col11a1a expression seemed sequestered to the caudal notochord at
this stage. Col11a1b expression was not readily detected in the notochord at 48 hpf (not shown).
At 72 hpf, expression of all three genes was detected in notochord, with col11a1b and
coll11a2 expression persisting throughout the notochord, and col11a1a expression remaining
confined to the caudal notochord. Expression of col11a1a, col11a1b, and col11a2 in notochord
is consistent with their identification as collagen type XI genes, as collagen type II is similarly
expressed in zebrafish notochord, as shown in Fig. 10A and as reported (Yan et al., 1995), and
as collagens II and XI are thought to interact and form heterotypic fibrils (Mendler et al.,
1989). Also consistent with identification of col11a1a, col11a1b, and col11a2 as collagen XI
genes was their expression in cartilaginous structures of the head and fins at 48 and 72 hpf,
and in the otic vesicle, in which type II collagen is similarly expressed (Supplemental Fig. 1)
(Yan et al., 1995).
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While in higher vertebrates collagen XI is, in large part, co-expressed with collagen II in
cartilage (Mendler et al., 1989; Morris and Bachinger, 1987), collagen V is more broadly
expressed, co-localizing in various tissues with collagen I, with which it interacts (Birk et al.,
1990; Fessler, 1987). The zebrafish type I collagen gene col1a1 has been shown to be expressed
in cells surrounding the notochord and between the myotomes at 72 hpf (Fisher et al., 2003).
Thus, it is consistent with designation of col5a1 as a collagen V gene that strong col5a1
expression co-localizes with that of col1a1 in cells surrounding the notochord and between
myotomes at 48 and 72 hpf (Fig. 10B), a pattern not seen with zebrafish collagen XI genes
(Fig. 10A). Col5a3a expression was not detected at 48 or 72 hpf. At 30 hpf, col5a1 expression
seemed limited to the caudal portion of the notochord, whereas col1a1 was expressed
throughout the length of the notochord (Fig. 10B, panels a and d). At this time col5a3a
expression was strongest in the caudal notochord, but was detectable throughout the length of
the notochord (Fig. 10B, panel b), as detected by a probe corresponding to exons 1-5 and 7,
sequences found in all col5a3a transcripts. In contrast, col5a3a expression detected by a probe
specific for alternatively spliced exon 6, found in only some col5a3a transcripts, was, like
col5a1 expression, limited to caudal notochord (Fig. 10B, panel c). Thus, it is possible that
forms of pro-α3(V)a containing exon 6 sequences co-distribute with pro-α1(V), whereas forms
of pro-α3(V)a lacking exon 6 sequences associate with chains other than proα1(V).
Interestingly, although col1a1 expression is high in the caudal fin fold (Fisher et al., 2003)
(Fig. 10B, panels e and g), neither col5a1 nor col5a3a expression was observed in this structure
(Fig. 10B, panels a–c, f and h), suggesting that a postulated function of type V collagen in
providing a nucleation event for collagen I fibril formation (Wenstrup et al., 2004) may not
occur in this structure. In the head region at 48 hpf, col5a1 and col1a1 are similarly expressed
in mesenchyme investing neural tissue and in the hyoid process (Supplemental Fig. 1A).
However, by 72 hpf, col5a1 expression overlapped that of the type XI collagen genes
(Supplemental Fig. 1B), perhaps reflecting ability of collagen V and XI chains to form cross-
type heterotrimers in cartilaginous and non-cartilaginous structures (Niyibizi and Eyre, 1989;
Wu et al., 2009), or perhaps reflecting expression of type V and XI collagen chains in ossified
and non-ossified portions of the same skeletal structures. Col5a3b expression was not readily
detected at 30, 48, or 72 hpf, despite attempts with four different probes directed against UTR,
NH2-terminal globular, and variable domain sequences.

2.7 Summary/perspectives
Here we have shown zebrafish to have 6 clade B collagen chain genes, in contrast to the 4 clade
B chain genes possessed by tetrapods. Full-length coding sequences and intron-exon
organizations were determined for each zebrafish gene. Moreover, probable syntenic
relationships, sequence homologies, features of protein domain and gene structures, and
spatiotemporal expression patterns were used to determine phylogenetic relationships between
tetrapod and zebrafish clade B collagen chain genes. Data presented here will be of value in
determining relationships between structural features and functions of the different clade B
procollagen chains across species. In addition, evidence is presented for evolutionarily
conserved alternative splicing in pro-α1(V) C-propeptide sequences, with the potential to affect
selectivity of collagen type V/XI chain associations. Recently, Baas et al reported phenotypic
effects of down-regulating a zebrafish gene identified by them as col11a1 (Baas et al., 2009).
However, data presented herein show the down-regulated gene to be col11a2. Thus, the current
report can represent a useful guide to researchers interested in studying clade B procollagen
biology in zebrafish, as it not only characterizes many features of these procollagen chains and
their cognate genes, but also clearly defines phylogenetic relationships between zebrafish and
tetrapod clade B procollagen chains and their cognate genes.
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3. Experimental procedures
3.1. Determination of Full-length Zebrafish Clade B Procollagen Sequences

See supplementary data for detailed methodology for how full-length cDNA sequences were
obtained for zebrafish loci XM_001921860, XM_685787, XM_688785, NM_001083844,
NM_001079992, and XM_677653.

3.2 Phylogenetic analysis
Aligned propeptide sequences were subjected to Bayesian phylogenetic analysis using
MrBayes 3.1 (Huelsenbeck and Ronquist, 2001; Ronquist and Huelsenbeck, 2003)
implemented through the CIPRES portal (Miller, 2009). We ran two MCMC runs each
comprising four linked chains (heat=0.2) of one million generations, with sampling every
thousand generations. We used the WAG model of amino acid evolution and modeled site-to-
site rate heterogeneity using a discrete approximation to a gamma distribution with four rate
categories. The first 250 trees from the posterior sample of each run were discarded as burn-
in, and the remaining trees were used to generate a majority rule consensus tree with posterior
probabilities.

3.3 Restriction and RT-PCR examination of alternative splicing in COL5A1 and col5a1
Total RNA was extracted with Trizol (Invitrogen), and SuperScriptIII reverse transcriptase
(Invitrogen) was used to synthesize cDNA. For restriction analysis of COL5A1 sequences,
PCR was with forward primer 5′-CAAGGATGCTCCAGGGATTCCTTCAAGGTTTAC-3′,
corresponding to exon 63 sequences, and reverse primer 5′-
CATGCTGAGGTACGAGGTTGCTCT-3′, corresponding to 3′-UTR sequences, to produce
a ~600 bp product. This was gel purified and restricted with EcoRI or SexAI. For analyzing
alternative splicing in zebrafish, PCR employed a common forward primer from exon 54 (5′-
AGGGAGAGAAGGGAGACCGAGGCT-3′) and a reverse primer specific for exon 64A (5′-
GTTTACCACGTTTGTATTCACTGA-3′) or 64B (5′-
TTGACCCTCTCTTGTAGCGACTAT-3′). In both cases, a ~650-bp product was obtained.

3.4 Examination of spatiotemporal expression patterns
In situ hybridization probes for clade B chain genes were made by PCR, using an adult zebrafish
cDNA library as template. For col11a1a, a 299-bp 3′-UTR probe was made using primers 5′-
ATACCAATAACTTGGCTGGGTAGGA-3′ (forward) and 5′-
GCACTGCACCGTTGAGAGGTCCT-3′ (reverse); for col11a1b, a 610-bp 3′-UTR probe was
made using primers 5′-TCATTCCAAAAGCCAAGGAGTGCG-3′ (F) and 5′-
GTTTCTCAGTGCATGTTCAGAACA-3′ (R); for col11a2, a 656-bp 3′-UTR probe was made
using primers 5′-AGTTGCACACGAACTACACACCCA-3′ (forward) and 5′-
GTACAGCGAGTGTTGGTTGTTTTC-3′ (reverse); for col5a1, an 850-bp probe
corresponding to sequences from exons 7, 8, and part of 9 (variable subdomain sequences),
using vector primer 1644 and reverse primer 5′-TTTCTCTCCTCTCAGACCATCCA-3′; for
col5A3a, a 447-bp probe corresponding to exon 6 (variable subdomain) sequences, was made
using primers 5′-GCCAGTCTCATCCATAACCTTGAT-3′ (forward) and 5′-
CTTTGGGGACTCAGAAAATGCAG-3′ (reverse), and a 891-bp probe corresponding to
exons 1-5 and 7 (but lacking exon 6 sequences) was made using primers 5′-
GGCTTGTGGTGTTTGTGAGTGGTA-3′ (forward) and 5′-
GCACATTGTGCTGATCGCCGTAAA-3′ (reverse). For each anti-sense probe, a
corresponding sense probe served as a control for specificity. Col1a1 and col2a1 probes were
as previously described (Fisher et al., 2003; Yan et al., 1995). In situ hybridization was
performed as previously described (Pelegri and Maischein, 1998).
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For quantitative real-time RT-PCR, embryos were collected from various stages (1.25 to 72
hpf) followed by total RNA extraction and reverse transcription, as described above. Real-time
PCR was performed using Power SYBR Green Master Mix (Applied Biosystems) on an ABI
7300 instrument, under default cycling conditions (95°C 15 s followed by 60°C 1 min for 45°
C cycles). Relative expression levels were determined by real-time RT-PCR from a standard
curve of serial dilutions of cDNA samples and were normalized to β-actin expression. Primer
sets used for real-time PCR are described in Supplemental materials.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Apparent syntenic relationships between zebrafish and human clade B collagen genes.
Apparent conserved synteny is dispayed for human gene COL11A1 with zebrafish loci
NM_001083844 and XM_677653, of the human gene COL11A2 with locus NM_001079992,
of the human gene COL5A1 with XM_685787, and of the human gene COL5A3 with both
XM_001921860 and XM_688785; leading to provisional designation of the zebrafish loci as
col11a1a, col11a1b, col11a2, col5a1, col5a3a and col5a3b, respectively. Changes in the order
of genes in some instances between human and zebrafish is presumably due to differential
chromosomal rearrangements during evolution. To determine conservation of synteny between
zebrafish and human clade B procollagen chain genes, upstream and downstream genes on
respective chromosomes in the NCBI ENTREZ D. rerio Tubingen and H. sapiens genome
projects were manually compared.
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Fig. 2.
Alignment of NH2-terminal sequences of zebrafish clade B procollagen chains. NH2-terminal
sequences were aligned using the EMBL-EBI ClustalW2 server. Dashes represent gaps
introduced for optimal sequence alignment. Vertical arrows mark the approximate site of signal
peptide cleavage and cleavage by BMP1-like proteinases, based on predicted and demonstrated
sites in mammalian clade B chains (Gopalakrishnan et al., 2004; Greenspan et al., 1991;
Imamura et al., 2000; Imamura et al., 1998; Unsold et al., 2002). PARP, and variable (VAR)
subdomains of noncollagenous domain 3 (NC3) are labeled, as is collagenous domain 2
(COL2), and noncollagenous domain 2 (NC2). The extent of COL2 is marked by brackets.
Noncollagenous interruptions in the COL2 domain are underlined. Cysteines are circled.
Tyrosines between the PARP and COL2 domains are boxed, as are potential Asn-linked
glycosylation sites. Residues found at the pro-α1(V) BMP1-cleavage site and conserved in
zebrafish clade B chains are in boldface type. Asterisks and dots at the bottom of the alignment
signify extent of similarity of aligned sequences, with asterisks denoting identity at a given
position in all six zebrafish clade B chains. Residues identical in all six zebrafish and all
reported mammalian clade B procollagen chains (Imamura et al., 2000) are shaded.
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Fig. 3.
Comparison of the intron/exon organizations of NH2-terminal sequence-encoding regions of
zebrafish clade B procollagen genes. Boxes represent exons. Numbers represent lengths in
basepairs. Shaded and open regions of boxes represent triple-helix and non-triple helix coding
sequences, respectively. Dashed lines demarcate PARP-, Variable-, COL2- and NC2-encoding
regions. Hatched boxes represent alternatively spliced exons. Sequences encoding cysteines
and potential Asn-linked glycosylation sites are marked by broad bands and the letters “C” and
“N”, respectively.
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Fig. 4.
Bayesian majority-rule consensus phylograms for the NH2-terminal and C-propeptide regions
of zebrafish and mammalian clade B procollagen chains. These midpoint rooted trees provide
estimates of phylogenetic relationships among the N-terminal globular (A) and C-propeptide
(B) amino acid sequences of these chains, with branch lengths drawn in proportion to the
average number of substitutions per site on a given branch (scale bar provided). Numbers
represent posterior probability values. Z and M designate zebrafish and mammalian chains,
respectively. Mammalian sequences used were from human pro-α3(V) and pro-α1(V), and
murine pro-α1(XI) and pro-α2(XI) chains. Both trees are consistent with hypothesized
relatedness of the various genes hypothesized in the text. Agreement between the NH2-terminal
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and C-propeptide trees is very high, with identical topologies except for one polytomy in the
NH2-terminal tree and one discrepancy in the relationships among pro-α3(V)a, pro-α3(V)b,
and mammalian pro-α3(V). The NH2-terminal tree but not the C-propeptide tree is consistent
with the hypothesis that the zebrafish pro-α3(V)a and pro-α3(V)b paralogs trace back to the
whole genome duplication event that occurred early in the radiation of ray-finned fish.
Although the optimal C-propeptide tree would seem to contradict this likely hypothesis, the
posterior probability of the C-propeptide tree is low enough (0.95) that the hypothesis supported
by the NH2-terminal region tree remains plausible. Comparison of branch lengths with
associated scale bars for the two trees indicates different rates of evolutionary change,
consistent with differences in the intensity of purifying selection for NH2-terminal and C-
propeptide sequences.
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Fig. 5.
Features of the COL1-encoding regions of zebrafish clade B procollagen genes. (A) An
alignment is shown of zebrafish clade B procollagen COL1 sequences corresponding to the
human α1(V) heparin-binding domain. Basic and acidic residues are blue and red, respectively.
(B) White, black, hatched, dark grey, light grey, checkered and stippled boxes represent 54-,
45-, 108-, 198-, 36-, 90-, and 162-bp exons, respectively. Dashed lines indicate fusion of 108-
and 90-bp exons found in other clade B chain genes to form a 198-bp exon in zebrafish
col11a2, fusion of two 54-bp exons found in other clade B chain genes to form a 108-bp exon
in human COL5A1 and zebrafish col5a1, and fusion of 54- and 108-bp exons found in other
clade B chain genes to form a 162-bp exon in zebrafish col11a2. An asterisk marks the exon
encoding an imperfection of the triple helix in zebrafish col11a1a.
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Fig. 6.
Alignment of C-propeptide sequences of zebrafish clade B procollagen chains. C-propeptide
sequences were aligned using the EMBL-EBI ClustalW2 server. Dashes represent gaps
introduced for optimal alignment. Ends of COL1 domains are marked by brackets. Consensus
sites for cleavage by proprotein convertases are underlined, and a vertical arrow marks the
predicted site for cleavage. Cysteines are circled and potential Asn-linked glycosylation sites
are boxed. Asterisks and dots at the bottom of the alignment signify extent of similarity of
aligned sequences, with asterisks denoting identity in all six zebrafish clade B chains. Residues
identical in all six zebrafish and all reported mammalian clade B procollagen chains (Imamura
et al., 2000) are shaded.
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Fig. 7.
Alternative splicing in the COL5A1 C-propeptide region and conservation of alternatively
spliced exon sequences across species. (A) Amino acid sequences are shown for exons A and
B for human mouse, chick and zebrafish. (B) Restriction with EcoRI, which cuts within exon
A, but not exon B sequences, or SexAI, which cuts within exon B but not exon A sequences,
demonstrates varying ratios of exon A and B sequences in human placenta (P) and liver (L).
The first two lanes are uncut cDNA. (C) Percentages of similarity and identity (parentheses)
between the amino acid sequences of exons A and B in the pro-α1(V) genes of human, mouse,
chick, and zebrafish were obtained by alignment using the BLAST Basic Local Alignment
Search Tool.
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Fig. 8.
(A) Mutually exclusive alternative splicing of exons A and B in pro-α1(V) genes of zebrafish
and other species. Sequences are shown of splice junctions and introns separating exons A
(blue) and B (red) in the C-propeptide regions of pro-α1(V) genes of human, mouse, chick,
and zebrafish. Exonic sequences are uppercase and intronic sequences are lower case.
Invariable 5′ gt and 3′ ag ends of introns are in boldface type. (B) A model is shown for the
proposed mutually exclusive alternative splicing of exons A and B. (C) RT-PCR with exon A-
and B-specific primers demonstrates expression of both exons in col5a1 transcripts of zebrafish
embryos and adults. PCR of plasmids containing cloned zebrafish exon A and B sequences (A
plasmid and B plasmid, respectively) demonstrates specificity of the primers.
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Fig. 9.
Temporal distribution of clade B procollagen gene expression throughout embryogenesis. Real
time quantitative RT-PCR analysis of RNA levels of all zebrafish clade B procollagen genes
was performed for harvested embryos from 1.25 hpf (8-cell), 4 hpf (sphere), 6 hpf (shield), 10
hpf (bud), 24 hpf (prim-5), 48 hpf (long-pec), and 72 hpf (protruding mouth) stages. Levels of
expression of each gene are given, relative to the stage at which they are maximally expressed,
and normalized to expression of the β-actin housekeeping gene.
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Fig. 10.
Spatial distribution of clade B procollagen gene expression in caudal regions of 30, 48 and 72
hpf embryos. (A) Whole mount in situ hybridization shows expression of col11a1b,
col11a1a and col11a2, and col2a1 as a control, in the notochord of 30 (a-d), 48 (e and f), and
72 (g-i) hpf embryos. (B) Whole mount in situ hybridization shows expression of col5a1,
col5a3a and col1a1 as a control, in the notochord of 30 (a-d), 48 (e and f) and 72 (g and h) hpf
embryos. Note similar localization of col5a1 and col1a1 expression surrounding the notochord
and between myotomes at 48 and 72 hpf (panels eh). Col1a1 (arrowhead), but not col5a1,
expression, is strong in the caudal fin fold. A probe corresponding to Col5a3a exons 1-5 and
7 sequences detected expression at 30 hpf throughout the length of the notochord (panel b),
whereas a probe corresponding to alternatively spliced Col5a3a exon 6 (splice) only detected
expression in the caudal notochord (panel c) at this time.
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