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Characterization of two genes coding for a similar four-cysteine motif
of the amino-terminal propeptide of a sea urchin fibrillar collagen
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We report the characterization of the 5" region of the gene coding for the 2« fibrillar collagen chain
of the sea urchin Paracentrotus lividus. This sequence analysis identified the intron/exon organization of
the region of the gene coding for the signal peptide, the cysteine-rich domain and the 12 repeats of the
four-cysteine module of the unusually long amino-propeptide. This still unknown four-cysteine motif is
generally encoded by one exon, which confirms that the distinct amino-propeptide structures of the fibril-
lar collagens arise from the shuffling of several exon-encoding modules. Moreover, Southern-blot analysis
of the sea urchin genome and sequencing of selected genomic clones allowed us to demonstrate that
several sea urchin genes could potentially code for the four-cysteine module. Curiously, one of these
genes lacks the exons coding for four repeats of this motif while, in another gene, the same exons are

submitted to an alternative splicing event.
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Collagens constitute a large family of structural proteins of
the extracellular matrix present in metazoan organisms (van der
Rest and Garrone, 1991; Mayne and Brewton, 1993). These pro-
teins form a large spectre of supramolecular aggregates, i.e. the
cross-striated fibrils for the fibrillar collagens (type I, II, IIL, V
and XI), sheet-like structures, hexagonal lattices, beaded fila-
ments and anchoring fibers for some of the non-fibrillar colla-
gens (van der Rest and Garrone, 1991; van der Rest and
Bruckner, 1993). The most wel known and homogeneous group
is the so-called fibrillar collagens. All of the fibrillar collagen
molecules are composed of three identical or similar a chains,
each being made of an uninterrupted series of Gly-Xaa-Yaa trip-
lets (approximately 338) forming the collagenous domain,
flanked by two non-collagenous extensions, the amino-propep-
tide and the carboxyl-propeptide (van der Rest and Garrone,
1991; Vuorio and de Crombrugghe, 1990). The assembly of
these three a chains allows the formation of the precursor pro-
collagen molecule. During the maturation of collagens, the
amino-propeptide and the carboxyl-propeptide parts are gen-
erally removed (Vuorio and de Crombrugghe, 1990).

Among the vertebrate fibrillar collagen chains, the most con-
served domain is the non-collagenous C-propeptide, whereas the
central triple-helical domain is well conserved in size, although
its sequence is variable (Vuorio and de Crombrugghe, 1990).
The last domain, the N-propeptide, represents the most variable
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part of the fibrillar collagen chains and three distinct N-propep-
tide configurations have been characterized (Lee et al., 1991).
They ditfer from each other in size and organization. All of the
N-propeptides contain a short triple-helical segment and a non-
collagenous amino-telopeptide. Between the signal peptide and
the short triple-helical region, a cysteine-rich globular domain,
also called the thrombospondin 2 (tsp-2) motif (Bork, 1992) is
present in structure [; it is absent in structure Il and replaced in
structure I1I by a long globular region with an acidic subdomain
and a basic subdomain. The N-propeptide looks like a mosaic
of peptide motifs which can be submitted to alternative splicing
at the messenger RNA level and/or exists in other extracellular
components. The alternatively spliced form of the pro-al1(Il)
chain entirely lacks the cysteine-rich globular domain (Ryan and
Sandell, 1990; Ryan et al., 1990). This cysteine-rich region is
present in two thrombospondin molecules (Lawler and Hynes,
1986; Adams and Lawler, 1993). Drosophita sog and Xenopus
chordin proteins contain four repeats of a cysteine-rich motif
which is distantly related to the cysteine-rich globular region of
the fibrillar procollagen chains and the thrombospondin mole-
cules (Francois et al., 1995; Sasai et al., 1995). The basic part
of the long globular region present in the N-propeptide of struc-
ture 111 is also called the thrombospondin 1 (tsp-1) motif (Bork,
1992) or the PARP domain (proline/arginine-rich protein; Zhid-
kova et al., 1993). The PARP domain of the fibrillar pro-a1(V),
pro-a1(X1) and pro-c2(XI) chains (Zhidkova et al., 1993;
Greenspan et al., 1991; Takahara et al., 1991: Yoshioka and
Ramirez, 1990) is also present in the non-fibrillar collagen types
IX, XII, XTIV and XVIII (Rehn and Pihlajaniemi, 1994) and in
thrombospondin molecules (Lawler and Hynes, 1986; Adams
and Lawler, 1993). More recently, different isoforms of the
chicken and rat pro-a1(XI) collagen chains (Zhidkova et al,
1995; Thom Oxford et al., 1995) and human and mouse pro-
a2(XT) collagen chains (Zhidkova et al., 1995; Tsumaki and Ki-
mura, 1995) have been characterized. These isoforms result from
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Fig. 1. Schematic representation of the N-propeptide configurations
of fibrillar procollagens. Note that the various subdomains are not rep-
resented in scale. In vertebrate, the N-propeptide of structure 1 included
the pro-a1(1), pro-a1(Il), pro-a1(Ill) and pro-«2(V) chains (Vuorio and
de Crombrugghe, 1990; Woodbury et al., 1989). The pro-62(I) chains
and the alternatively spliced form of the pro-al(ll) chains represented
the N-propeptide configuration of structure IT (Vuorio and de Crombrug-
ghe, 1990; Ryan and Sandell, 1990). The N-propeptide of structure III
included the pro-al(V), pro-a1(XI) and pro-a2(XI) chains (Greenspan et
al., 1991; Takahara et al, 1991; Yoshioka and Ramirez, 1990; Zhidkova
et al., 1993).

a complex alternative splicing system which involves the se-
quence coding for the acidic subdomain of the N-propeptide.

The fibrillar collagens are also well represented in inverte-
brate species. Information concerning the primary structure of
fibrillar collagens was obtained in a fresh water sponge
(Exposito and Garrone, 1990; Exposito et al., 1993), in a deep
sea worm (Mann et al., 1992) and in sea urchin (D’ Alessio et
al., 1989; Exposito et al., 1992a,b). These data clearly indicated
that the fibrillar collagen gene family had evolved relatively lit-
tle. Moreover, the data concerning the sea urchin fibrillar colla-
gen chain emphasized the variability of the N-propeptide struc-
ture and the mosaic organization of this domain (Exposito et al.,
1992a,b). A new N-propeptide configuration was characterized
(Exposito et al., 1992b). This new N-propeptide configuration,
or structure 1V, consists of a structure I, in which a new domain
is located between the cysteine-rich region and the short triple-
helical segment. This new domain contains 12 repeats (R1—
R12, from the amino to the carboxyl part) of a still unknown
four-cysteine motif. The consensus sequence of this 140—145-
amino-acids  motif is X, GXLLWX,,GXGX,3,CXCX,L/
FX23CXw,CX, (where numbers in parentheses represents an
average number of residue). Several alternatively spliced iso-
forms of these sea urchin fibrillar collagen chains differ in dis-
tinct combinations of this four-cysteine motif. One of the iso-
form lacks the four-cysteine repeats R2—RS5, and another lacks
the four-cysteine motifs R6—R8.

In our study, we present data concerning the gene organiza-
tion of the sequence coding for this new N-propeptide configura-
tion. Genomic analysis confirmed the mosaic structure of the N-
propeptide domain and allowed us to show that a family of
genes could potentially code for this new protein module.

MATERIALS AND METHODS

Materials. Restriction enzymes and modified enzymes were
purchased from Promega. [¢-32P}ACTP at 3000 Ci/mmol,
[35S]dATP[aS] at 1000 Ci/mmol and {y-32P]ATP at 3000 Ci/
mmol were obtained from New England Nuclear.

Cloning and DNA sequencing. For genomic isolation,
2X10° recombinant phages from a Strongylocentrotus purpu-

ratus (Exposito et al., 1992a) or Paracentrotus lividus (kindly
provided by Dr Christian Gache, station marine, Villefranche
sur mer, France) genomic library were screened under cross-
hybridizing conditions using S. purpuratus cDNA coding for the
N-terminal part of the 2a fibrillar collagen chain (Exposito et
al., 1992b). Purification and analysis of genomic recombinants
were carried out according to standard protocols (Sambrook et
al., 1989). Restriction fragments of the genomic clones were
subcloned into the pBluescript SK vector (Stratagene) and se-
quenced using the Sequenase TM enzyme (U.S. Biochemical
Corp.) with the dideoxynucleotide chain termination procedure
on double-stranded DNA (Zagursky et al., 1986). In some cases,
synthetic oligonucleotides primers purchased from [soprim were
used. All the coding sequences were determined from both
strands.

Computer analysis. The sequences were analyzed by the
computer programs DNAid (Dardel and Bensoussan, 1988) and
Antheprot (Geourjon and Deléage, 1993). Evolutionary trees
were calculated with the programs PHYLIP and the maximum
likehood method (Golding and Felsenstein, 1990).

RESULTS

Previous studies have led us to characterize two sea urchin
fibrillar collagen chains by cDNA cloning. The first, 1a, repre-
sented a vertebrate homolog of the pro-a2(I) collagen chain
(Exposito et al., 1992a), whereas the second, the 2« chain, con-
sisted of a new fibrillar collagen class, with a unique N-propep-
tide configuration, which we previously called structure IV
(Exposito et al., 1992b; Fig. 1).

Genomic organization of the gene coding for P. lividus 2a
chain COLL2a gene. To elucidate the gene organization of this
new class of fibrillar collagen genes, but also to obtain data
about the promoter region, a genomic library from the sea urchin
P. lividus was screened, using as a probe the F6 ¢cDNA insert
that contains part of the 5’ untranslated region and the sequence
coding for the signal peptide, the cysteine-rich domain and the
repeats R1—R5 and R9—R11 of the 2« chain of the sea urchin
S. purpuratus. This switch was decided since P. lividus, a Medi-
terranean sea urchin species, is more easily available in France.
Among the 10 genomic clones isolated with the cross-species
screening, four of them were more extensively analyzed after
preliminary blot studies using selected part of the F6 ¢cDNA in-
sert (Figs 2A and 3). The overall identity between the amino-
terminal part of the 2« chain from the two sea urchin species was
about 85%. The same inter-species identity had been previously
shown for the carboxyi-terminal region of this chain (Exposito et
al., 1992b). The 35-kb sequence overlapped by the four genomic
clones included the 18 5" exons of COLL2a¢. The most 5° geno-
mic clone contained the 5’ exon or exon 1 of this gene, with the
5" untranslated region and the 97-bp sequence coding for the
signal peptide. Exon 2, of 219 bp, coded for the cysteine-rich
region. The same genomic organization had been established for
the gene coding for the vertebrate pro-al(I), pro-¢1(Il), pro-
a1(I1D) and pro-a2(V) chains (D’Alessio et al., 1988; Ryan et
al., 1990; Benson-Chanda et al., 1989; Truter et al., 1993). All
the repeats, except R1, R3 and RS, were encoded by one exon,
which began with the two last bases of a codon. The repeats R1,
R3 and R5 were coded by two exons, with the intronic se-
quences at the same location as for repeats R3 and R5 (Fig. 4A).
Surprisingly, two exons could potentially code for repeat R4.
These two exons shared nearly 100% identity, whereas the
flanking intronic sequences are more divergent (Fig. 4 B). Since
two overlapping genomic clones showed the same genomic or-
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Fig. 2. Partial restriction map of the sea urchin 2« (A) and 5a (B) procollagen genomic clones together with the relative position of the
exons. (A and B) Exons are represented with empty boxes below the genomic clones. For each exon, the top and the bottom numbers indicate the
numbering, 5" to 3, of the genes and the corresponding name of the coded repeat, respectively. For repeats R1, R3 and R5 of the 2a chain and r1
of the 5a chain, which are coded by two exons, A and B indicated the amino-terminal and the carboxyl-terminal part, respectively. E, EcoRL.

Table 1. Sequence identities between the different repeats of the 2a chain and repeats rl and r8 of the S« chain.

Identity Identity for
for

R1 11 R2 R3 R4 R5 R6 R7 R8 8 R9 R10 R11 R12
R1 * 58.5 293 34.8 25.7 28.8 221 241 21.4 26.6 30.1 20.7 21.8 243
r1 * 29.5 29.0 259 232 243 243 23.0 23.0 26.6 20.9 241 225
R2 * 22.5 70.9 20.7 39.0 279 31.1 324 2741 29.2 229 29.3
R3 * 21.6 64.0 273 23.0 23.7 25.9 331 26.6 30.9 26.1
R4 * 20.1 39.0 28.6 35.0 338 31.2 30.3 27.0 271
RS * 28. 8 254 20.9 223 28.1 27.3 324 26.1
R6 23.7 357 331 229 34.8 27.0 28.6
R7 * 261 26.1 34.5 271 26.4 25.2
R8 * 69.8 27.9 479 24.5 26.6
8 * 26.6 44.6 27.5 26.8
R9 * 30.5 33.8 27.0
R10 * 29.1 28.6
R11 * 28.1

ganization, we suggest that duplication of repeat R4 is not a
cloning artefact. At this time, we do not know if the two repeats
are used, and in which configuration. Nevertheless, sequencing
of one reverse-transcribed RNA, amplified by PCR, revealed
that the R4-2 repeat is expressed at the pluteus stage.
Alignment studies of the 12 repeats (Table 1) revealed that
the identity is 20—48%, except for repeats R2 and R4 (71%
identity) and R3 and RS (64 % identity). One of the alternatively
spliced isoforms previously characterized lacked these four re-
peats (Exposito et al., 1992b). With this study, we can separate
the 12 repeats into two more homologous classes, i.e. the uneven
and the even repeats (Fig. 5). From these different approaches,

we could elaborate the putative steps leading to the formation
of the genomic region coding for these 12 repeats (Fig. 6). The
first step was the duplication of a primordial exon (genetic unit
1) coding for a four-cysteine motif flanked by these intronic
sequences. This led to the formation of a region, or genetic unit
2, coding for an uneven repeat and an even repeat. After four
sets of duplication of this genetic unit, a first intron insertion in
repeat R1 occurred. A second intron insertion led to the forma-
tion of a new genetic unit, genetic unit 3. Duplication of genetic
unit 3 led to the formation of the exons coding for repeats
R2—R5. As discussed later, the order of the different steps can-
not be clearly established.
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Fig. 3. Comparison of the amino-terminal part of the 2¢ and 5« chains. Residues are numbered from the initiation site of translation and from
the cysteine-rich region for the 2¢ and the S« chains, respectively. Black lozenge symbols indicate the relative positions of the exon boundaries.
When these boundaries are included in a codon, two numbers on the left of the lozenge symbol indicate the exact location of the intervening
sequence. On the right of the lozenge symbol, the name of the repeat of the four-cysteine motif is indicated. Vertical bars and horizontal doted lines
indicate amino acids identities and gap inserted to obtain the best alignment, respectively. Only one of the R4 repeats was included.
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A
tatctaa-about 0.3 kb-atacccag
Rl ...GGA TCA AG A TTC GGC TAC GTA AGT CAG ACC CTG...
G S R F G Y v s Q T L
R3 ...GGA CGC CGC TTC AGT GAG AGA TCA CAG; {GTIC CTC...
G R R F S E R S Q v L
Jtatatat-about 0.6 kb-atccacag
ttagttc-about 0.5 kb-atacgaa
R5 ...GGA CAA CGC TTC AGT GAG CGA AGA CAG' 'GTG CTC...
G Q R F S E R R Q v L
B
intron 7 ...ccatttcctccatgectaaacttgaaaaatttaaactgttatgtaacag
[ [ | CEEEEetr rrrrerrrrsnt
intron 8 ...accttctgtgaatttccccatgctaaaatttatgetgttatgtaacag
R4-1 (exon 8)

GTGTGACTGCCCGAGGTTTGAGCTGGCGATACACAGCATCAAACATCATTGCTGGTATGG
FOTTTE e T et ettt b bt bt e et rerresrrert
GTGTGATTGCCCGAGGTTTGAGCTGGCGATACACAGCATCAGACATCATTGCTGGTATGG
R4-2 (exon 9)

AGAATGAGCTTCAGATAACTGCCTCTGCAATCTTCACCTCAACATCTCCTGCTGTCTCCG
POETEErrrr e eerrrrereceerrrreeerreerr et bt et
AGAATGAGCTTCAGATAACTGCCTCTGCAATCTTCACCTCAACATCTCCTGCTGTCTCCG

GCACCAACTTGTGGAGACTTGGACTCTATCCAAGCAAAAACGAGGATGGTAGCGGAGAGA

LT errerreerrereribre ettty e b et rreer i reed
GCACCAACCTGTGGAGACTTGGACTCTATGGAAGCAAAAACGAGGATGGTAGCGGAGAGA

AATTCAACTACAATGTGCAGACCCTGCGTAGTGATGGTCTGAGCGAAGTCTCAAAGTCTT
PECrrrrrrerrerrryrreprrirererrreniierrer et erirnet
AATTCAACTACAATGTGCAGACCCTGCGTAGTGATGGTCTCAGCGAAGTCTCAAAGTCCT

TGAGCCCTGGTGGCCCACTGGAATTCACAGAGGCTGTAGCTATGTTCGATGTGGCTGCCA
PELTRRECrrere e e b e re e e ey gt rrerytt
TGAGCCCTGGTGGCCCTCTGGAATTCACAGAGGCTGTAGCTATGTTTGATGTAGCTGCCA

TTGGGTGTGGTCCTTTCACATATGCCTGTATGGAGTTTACTAAGAATGCGGATCGAAACC
LT rrerre prerresprvreetrrrrserrriririend P et
TTGGGTGTGGTCCGTTCACATATGCCTGTATGGAGTTTACTAAGAACATGGATGCAAACC

CTGATTTCTATTTCTCAGTGCTCCCTGAAGGCGAGGTCATTACTCTTTGTGAGGAGGLCTCE
PRI R IS TREI R vhr et ety rringiy
CAGATTTCTATTTCTCAGTGCTCCCAGAAGGCGATGTCATTACTCTTTGTGAGGAGGCCG
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Fig. 4. Intronic boundaries of the exon coding for repeats R1, R3
and RS (A} and for the two repeats R4 (B) of the 2¢ chain. Upper-
case letters illustrate exon sequences, lower-case letters indicate the in-
tronic sequences.

A new family of genes coding for this four-cysteine motif.
During screening of genomic libraries from two sea urchin spe-
cies (P. lividus and S. purpuratus), several slightly positive geno-
mic clones were detected and purified. Moreover, Southern-blot
analysis of sea urchin genomic DNA under moderate stringency
revealed that at least two distinct parts of the sea urchin genome
contained sequences related to this new peptide motif (data not
shown). To confirm these results, one of these slightly positive
genomic clones, GC19, from the S. purpuratus library, was fur-
ther characterized. This genomic clone was selected since it is
the only one that hybridized to probes specific for repeats R1
and R12. Selected parts of GC19 were sequenced (Figs 2B and
3). We characterized 11 exons of a new gene, which we called
COLP5«a for the gene coding for the 5« collagen-like chain of

R9
R7

R12
] R8
R6
g
R2

Rit

R5

R3
L—-———————————-———R1

Fig. 5. Evolutionary tree calculated from the nucleic acids sequences
of the 12 repeats of the four-cysteine motif of the 2« chain. The length
of the horizontal lines are proportional to the similarity between the
sequences, whereas the length of the vertical lines has been chosen to
obtain a clearer representation.

the sea urchin S. purpuratus, with respect to our previous no-
menclature (Exposito et al., 1992a). The most 5° exon codes for
a cysteine-rich region or tsp-2 module, and the others code for
nine repeats of the four-cysteine motif. Alignment studies re-
vealed that these nine repeats present in the 5S¢ chain have a
2a counterpart, with an interchain identity of about 60%. To
distinguish a similar repeat of the four-cysteine motif between
the two genes, lower-case letters were used for the Sa chain
instead the upper-case letters for the 2a chain. Following the
cysteine-rich domain, the S« chain contained a r1 repeat, two 16
repeats (r6-1 and r6-2) and repeats r7—r12. The two r6 repeats
shared 58% sequence identity. Moreover, the whole sequence
between the exons coding for repeat r1 and r6-2 was fully se-
quenced. In comparison to the COLL2a gene, the COLP5a gene
showed the same organization. Repeat r1 was coded by two ex-
ons and the other repeats were encoded by one exon. Reverse-
transcription PCR analysis failed to detect any COLPS5a expres-
sion during the first stages of the sea urchin embryogenesis.

DISCUSSION

We characterized the genomic organization of the sequence
coding for the unusual long N-propeptide of the sea urchin fibril-
lar 2a procollagen chain and confirmed the mosaic structure
with module evolution of the different N-propeptide configura-
tion. This allowed us also to precise the limits of the new four-
cysteine peptide motif that we call SURF (sea urchin fibrillar
peptide motif). Genomic analysis led us to characterize a new
family of genes which could potentially code for this SURF pep-
tide motit.

The exon/intron structure of the two genes characterized in
this study confirms numerous studies which showed that func-
tional or structural domains are encoded by one exon (Traut,
1988). The exon shuffling model could explain the presence of
the different exon modules in different genes. In the two sea
urchin genes, two types of exon modules were characterized.
The first encoded the cysteine-rich region or the so-called tsp-2
peptide motif. This domain was characterized in fibrillar colla-
gen chains harboring an N-propeptide configuration of type I,
but also in the thrombospondins 1 and 2 (Bork, 1992). The sec-
ond exon module encoded the SURF motif. 75% of the SURF
motif characterized was encoded by one exon. Two intronic in-
sertions explained that three of the SURF motifs were coded by
two exons. This is in favour of the model of Gilbert et al. (1986)
who argued that the progenitor gene contained all the primordial
introns and that intron insertion or deletion might occur during
evolution.
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Fig. 6. Putative steps leading to the formation of the genomic region coding for the 12 repeats of the four-cysteine motif of the 2« chain.

From our study, we propose a model of evolution of
COLL2qa which invokes that three different genetic units are sub-
mitted to duplications (Fig. 6). The third genetic unit, which was
only observed in COLL2a, was formed by the intronic insertion
in an uneven coding exon and allowed the formation of the ex-
ons coding for the SURF motif R2—RS5 after duplication. Al-
though our model could explain the formation of the genomic
region coding for these SURF motif, it was difficult to define
exactly the order of the different steps. According to our data,
the second intron insertion, which led to the formation of the
third genetic unit, was a more recent event since (a) the SURF
motifs R2—5 were absent in COLP5¢q, (b) the two SURF pairs
R2-R4 and R3-RS, showed the greatest identity (70% compared
to 19—30%), whereas the same SURF motit in the two genes
showed approximately 60% identity. We suggest that the dupli-
cation event that leads to the formation of these two genes is
prior to the formation of the third genetic unit. Of course, we
cannot exclude that the two genes evolved at the same speed
and that a deletion event occurred in COLPS5a.

Beside these suggestions, the most interesting feature is that
the SURF motifs R2—RS are involved in one of the alternatively
spliced isoforms (Exposito et al., 1992b). We isolated a new
gene, COLP5q, that lacked the genetic information coding for
these four repeats whereas, in the other gene, an alternative
splicing complex led to the presence or the absence of these
SURF motifs in the procollagen chain. Unfortunately, we do not
know at the present time if COLPSa is a functional gene, at
which stage of development it is expressed and if it codes for a
fibrillar collagen chain. We believe that it is really the case since,
as already shown for the fibriliar collagen chains, the cysteine-
rich region or tsp-2 domain is encoded by a single exon, whereas
the same domain is encoded by two exons in the thrombospon-
din genes (Lawler and Hynes, 1986). The putative proteins en-
coded by COLL2a and COLP5a show the same module arrange-
ment, whereas a different organization has been shown for the
thrombospondin molecules (Adams and Lawler, 1993) and the
Drosophila sog and Xenopus chordin proteins (Francois et al.,
1995 Sasai et al., 1995). Moreover, COLL2x and COLP5a show
the same genomic organizations.

The N-propeptide, which is the most variable part of the
fibrillar procollagen chains, increases this diversity by a com-
plex alternative splicing event. This is shown for the vertebrate

pro-a1(Il) chain cysteine-rich procollagen globular domain
(Ryan and Sandell, 1990), for the vertebrate pro-a1(XI) and pro-
a2(X1y variable acidic procollagen domain (Zhidkova et al,,
1995; Thom Oxford et al., 1995; Tsumaki and Kimura, 1995),
and for the sea urchin 2« chain SURF modules. The function of
these SURF motifs remains to be understood, as does the func-
tional significance of these different alternatively spliced iso-
forms and probably different gene products.

This work was supported partly by a grant from the Association pour
la Recherche sur le Cancer. Thanks are due to Lauraine Panaye for
improvements to the English.
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