
Special Evolutionary Properties of Genes Encoding a Protein with a Simple
Amino Acid Repeat

Traci Meeds,1 Erin Lockard, 1 Brian T. Livingston 1,2

1 Stowers Institute for Medical Research, Kansas City, MO 64110, USA
2 Department of Cell Biology and Biophysics, School of Biological Sciences, University of Missouri—Kansas City, MO 64110, USA

Received: 31 October 2000 / Accepted: 20 March 2001

Abstract. We have examined the evolution of a gene,
SM50, encoding a component of the spicule matrix,
which plays an integral role in the formation of the echi-
noderm skeleton. This gene was originally characterized
in Strongylocentrotus purpuratusand encodes an imper-
fect tandem repeat of six or seven amino acids. We have
analyzed the sequence of this repeat in a number of sea
urchin species and have determined that the repeat re-
gions have undergone concerted evolution. There are dif-
ferences in the repeat region between species, but the
overall repeat structure is conserved, suggesting the re-
peat forms a structural domain important in biomineral-
ization. The inherent conserved amino acid repeat struc-
ture promotes concerted evolution due to the high
probability of misreplication and unequal crossing-over
in the repeated segment of the gene. While there are
constraints on the amino acids allowed in the repeat re-
gion, there are also variations, so that the sequences ob-
served illustrate the balance between amino acid substi-
tutions and concerted evolution. We have evidence that
substitutions can alter the mechanisms of unequal cross-
ing-over, altering the way concerted evolution occurs.
The way in which concerted evolution occurred appears
to be determined by the degree of sequence similarity
between the repeats in a given gene, which influences
how unequal crossing over may occur. We have mapped
the differences in repeat regions on existing phylogenetic
trees and indicate where concerted evolution has taken

place. We also confirm an earlier report thatHemicen-
trotus pulcherrimusfits into the Strongylocentrotusge-
nus and examine the evolution of theH. pulcherrimus
SM50 repeat relative to other members of this genus.
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Introduction

Genes encoding protein domains consisting of stretches
of tandem repeats of amino acids are subject to two
opposing mechanisms of change at the DNA level. One
is concerted evolution, where unequal crossing-over and
gene conversion can lead to a change in the number of
repeats and homogenize the repeat sequences within a
species (Smith 1976; Zimmer et al. 1980; Dover 1982).
This leads to the repeat sequences within a species be-
coming more similar to each other than to the corre-
sponding repeat in other species. The other types of
changes are base substitutions, which can lead to changes
in amino acids within individual repeats. Base substitu-
tions tend to inhibit unequal crossing-over and gene con-
version, reducing concerted evolution (Thomas et al.
1997). The balance of the rate of substitution versus con-
certed evolution determines the homogeneity of the re-
peat region. Repeat domains that have undergone con-
certed evolution relatively recently will have uniformity
among repeat sequences that may differ substantially
from closely related species (Swanson and Vacquier
1998). However, if concerted evolution occurs prior to
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the divergence of species, closely related species may
have very similar repeats which differ primarily due to
single-amino acid changes, or small changes in repeat
number due to local deletions, or additions of repeat units
due to unequal crossing-over. We propose here that the
accumulation of substitutions within a repeat region can
restrict where unequal crossing-over can occur and
change how the repeat region undergoes convergent evo-
lution.

While the changes in the repeat region of a gene are
carried out at the DNA level, when the repeat units en-
code a protein domain, the function of the protein im-
poses a constraint on the types of changes that can occur.
The type of substitutions that can occur, as well as the
allowed changes in the number of repeat units in a pro-
tein, is constrained by the degree of change that still
results in a functional protein. The repeat nature of the
protein also maintains the intrinsic simplicity of the re-
peat sequence by promoting concerted evolution. In this
study we examine how homogenization of repeat se-
quences through concerted evolution and divergence of
repeat sequences by base substitution and small deletions
interact during the evolution of a repeat region located
within the coding sequences of a gene encoding a skel-
etal matrix protein in sea urchins. While there are clearly
constraints on the type of changes allowed in the repeat
region of this protein, there is sufficient flexibility to
allow us to observe the relative influences of base sub-
stitution and concerted evolution during the evolution of
this protein in echinoderms. This system provides a good
model to study the balance of these two processes, since
the DNA sequences are not as tightly conserved as rRNA
or microsattelites, but the critical level of structure re-
quired in the repeat region maintains the intrinsic repeat
nature that leads to concerted evolution.

The organic matrix of the sea urchin skeletal spicules
has been isolated (Benson et al. 1986), and four of the
genes encoding spicule proteins have been cloned and
their developmental expression characterized (Benson et
al. 1987; Sucov et al. 1987; Livingston et al. 1991;
George et al. 1991; Harkey et al. 1995; Lee and Britten
1998). Three of these genes encode proteins with tandem
repeats of amino acids. One of these genes, the SM50
gene, has been extensively characterized. The amino ac-
ids in the SM50 repeats are largely nonpolar or un-
charged, similar to what has been seen in a variety of
mineralized tissue (Wilt and Benson 1988). The repeat
motifs are relatively short, consisting of repeats of 3–10
amino acids. Analysis of the repeat sequences suggests
that they may form ab-spiral structure found in elastic
proteins such as elastin and silk proteins (Livingston et
al. 1991). One of the spicule matrix proteins is encoded
by the SM50 gene inStrongylocentrotus purpuratus.The
SM50 gene has 29 repeat units encoding either six or
seven amino acids, and these repeats are relatively di-
verse in sequence. SM50 orthologues have been cloned

in sequenced in several species (Livingston et al. 1991,
Table 1). All of these share a similar repeat region, al-
though the number of repeat units varies, and in some
species the repeats are homogeneous, while others show
more sequence diversity.

Tandem repeats of amino acids similar to that found
in SM50 repeats have been reported in genes encoding
spider silk proteins, and these genes have undergone con-
certed evolution as well (Hayashi and Lewis, 2000).
Similar repeats are also seen in sea urchin bindin genes;
however, these repeats are subject to positive selection as
well as concerted evolution (Biermann, 1998). Two other
S. purpuratusspicule matrix genes have similar, albeit
less extensive repeat regions (Harkey et al. 1995; Lee
and Britten 1998). This suggests that these tandem re-
peats form an important structural motif that has been
utilized in several different biological processes.

We have examined SM50 repeat sequences from
members of this gene family in six different species and
three genera of euechinoids. The repetitive region has
undergone concerted evolution in all of the species ex-
amined. In some species, homogenization of the repeat
region has occurred relatively recently, while in one
group of strongylocentrotids, the appearance of truncated
repeats and substitutions has made the repeat region rela-
tively diverse. We see three variations in how concerted
evolution occurred in the species examined. The way in
which concerted evolution occurred appears to be deter-
mined by the degree of sequence similarity between the
repeats in a given gene, which influences how unequal
crossing over may occur. We have also mapped the dif-
ferences in repeat regions on existing phylogenetic trees
(Thomas et al. 1989; Smith et al. 1993; Turbeville et al.
1994; Littlewood and Smith 1995; Springer et al. 1995;
Ferkowicz et al. 1998). One consequence of this analysis
is that Hemicentrotus pulcherrimus,a Japanese sea ur-
chin, has SM50 repeat sequences that clearly place it
within the Strongylocentrotusclade. Analysis of mito-
chondrial DNA sequences confirms the placement of
Hemicentrotusamong the genusStrongylocentrotus,as
first reported by Biermann (1998).

Materials and Methods

DNA Isolation

S. purpuratus, S. franciscanus,and L. pictus were purchased from
Marinus (Orange County, CA).S. droebachiensissperm was provided
by Bruce Brandhorst (Simon Fraser University, Burnaby, B.C.,
Canada).L. variegatusDNA was provided by William Kinsey (Kansas
University Medical Center).H. pulcherrimusDNA was provided by
Koji Akasaka (Hiroshima University, Hiroshima, Japan). DNA was
isolated from sperm using Qiagen Midi-columns (Qiagen). Five micro-
liters of sperm was added to 100ml Qiagen Buffer G2 (800 mM
guanidine HCl, 30 mM Tris–Cl, pH 8.0, 30 mM EDTA, pH 8.0, 5%
Tween-20, and 0.5% Triton X-100). The lysed sperm were loaded onto
a Qiagen Genomic tip-100 and washed, and DNA was eluted according
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to the manufacturer’s protocol for isolation of high molecular weight
DNA from tissue.

Polymerase Chain Reaction (PCR) and Cloning

SM50 sequences were amplified from genomic DNA using primers 58

and 38 to the repeat region: 58CGAAGCTTTGXAGCATDCGDG-
GYCKGTTRAA 38 and 58 ACGGATCCTTYTCXCARGAYAAC-
CARATGGARATGGA 38. Reactions were carried out using Taq poly-
merase (Perkin Elmer Applied Biosystems, Foster City, CA) using
standard buffer containing 2 mM MgCl2 and a 0.5mM concentration of
primers. Cycling parameters were as follows: 95°C for 30 s; touch-
down, 65 to 55°C for 30 s; 72°C for 30 s for 10 cycles; followed by
95°C for 30 s, 55°C for 30 s, and 72°C for 30 s for 30 cycles. PCR
products were separated on a 1% agarose gel, isolated from the gel
using Qiagen gel extraction kits (Qiagen, MA), and cloned into Blue-
script (Stratagene). Ligation products were electroporated intoE. coli
strain XL1-blue (Stratagene) and plasmids containing inserts were
identified using blue/white screening by standard methods. 12S rRNA
sequences were amplified as described by Thomas et al. (1989) and
sequenced as described above.

Sequencing

Sequencing was performed on an ABI Prism 377 automated sequencer
using the dRhodamine Terminator Cycle Sequencing Kit (Perkin Elmer

Applied Biosystems). Sequences were cleaned, corrected, and polished
using Editview Version 1.01 from the ABI automated DNA sequence
viewer. SM50 DNA sequences from GenBank were Nos. M16231,
S48755, and X59616.

Sequence Analysis

Sequences were aligned by eye using ESEE (Cabot and Beckenback
1989). Regions of the ambiguous alignment were removed from the
analysis (Sidow and Thomas 1994; Swofford et al. 1996). Maximum-
parsimony (MP), neighbor-joining (NJ), and maximum-likelihood
(ML) methods [as implemented in PAUP* (Swofford 1998), MEGA
(Kumar et al. 1993), and PHYLIP (Felsenstein, 1993)] were employed
to infer phylogenies. MP searches used 100 random input orders, near-
est-neighbor interchanges, and branch swapping to increase the prob-
ability of recovering the best tree. Weighting schemes considered the
work of others (Hollar and Springer 1996; Krajewski et al. 1997;
Lavergne et al. 1996; Springer et al. 1995; Stanhope et al. 1996). NJ
method sequence divergence was estimated using a variety of models
[e.g., the Jukes–Cantor (1969), Tamura–Nei (1993), ML (Swofford et
al. 1996), and logdet (Lockhart et al. 1994) methods]. ML employed
empirical base frequencies and, where possible, ML estimates of ts/tv
ratio. We tested phylogenetic hypotheses using winning sites (Prager
and Wilson 1988), Templeton (1983), and Kishino–Hasegawa (1989)
tests, as well as bootstrapping (Felsenstein 1985; Hillis and Bull 1993;
Hillis et al. 1996; Huelsenbeck et al. 1995; Sanderson 1989, 1995).

Table 1. Nucleotide sequence of SM50 repeats

Repeat
no. S. purpuratus S. droebachiensis H. pulcherrimus

GGC CAA GGC CAA GGC CAA
CAA CCG GGC ATG GGA CAG CCG GGC ATG GGA CAA CCG GGC ATG GGA
CAA GGC GGC TTT GGT AAT CAA CAA CCG GGC TTT GGT AAT CAA CAA GGC ––– TTT GGC AAT CAA

1 CAA CCA GGC ATG GGT GGG CGA CAA CCA GGC ATG GGT GGG CGA CAA CCA GGC TTT GGT AAT
2 CAA CCA GGC TTT GGT AAT CAA CCA GGC TTT GGT AAT CAA CCA GGC ATG GGT GGG CGA
3 CAA CCA GGA ATG GGT GGG CGA CAA CCA GGC ATG GGT GGG CGA CAA CCA GGC TTT GGC AAT
4 CAA CCA GGC TTT GGT AAT CAA CCA GCC TGG GGT GGA CAA CAA CCA GGT ATG GGT GGG CGA
5 CAA CCA GGA ATG GGA GGG CGA CAA CCA GGT GTG GGA GGG CGA CAA CCA GGC TTT GGC AAT
6 CAA CCA GGC TGG GGT AAT CAA CCA GGC TGG GGT AAT CAA CCA GGT ATG GGT GGG CGA
7 CAA CCC GGT GTG GGT GGG CGA CAA CCC GGT GTG GGT GGG CGA CAA CCA GGC TTT GGC AAT
8 CAA CCA GGC ATG GGT GGA CAA CAA CCA GGC ATG GGT GGA CAA CAA CCA GGT GTG GGT GGG CGA
9 CAA CCA GGC TGG GGT AAT CAA CCA GGA GTG GTT GGG CGA CAA CCA GGC TTT GGT AAT

10 CAA CCC GGT GTG GGT GGA CGA CAA CCA GGC TTT GGT AAT CAA CCC GGC ATG GGT GGG CGA
11 CAA CCA GGC ATG GGT GGA CAA CCC GGC ATG GGG GGA CAA CAA CCA GGC TTT GGC AAT
12 CAA CCA GGA GTG GGC GGG CGA CAA CCA GGT GTG GGA GGG CAA CAA CCA GGT GTG GGT GGG CGA
13 CAA CCA GGC TTT GGT AAT CAA CCA GGC TGG GGT AAT CAA CCA GGC TTT GGC AAT
14 CAA CCC GGC ATG GGT GGA CAA CAA CCC GGT GTG GGT GGG CGA CAA CCA GGC ATG GGT GGA CAA
15 CAA CCA GGC ATG GGT GGA CAA CAA CCA GGC ATG GGT GGA CAA CAA CCA GGT GTG GGT GGG CGA
16 CAA CCA GGC TGG GGT AAT CAA CCA GGT GTG GGT GGA CGG CAG CCA GGC TTT GGT AAT
17 CAA CCC GGT GTG GGT GGG CGA CAA CCA GGC ATG GGT GGA CAA CAA CCA GGT ATG GGT GGA AAC
18 CAA CCA GGC ATG GGT GGA CAA CCA GGT GTG GGT GGA CGA CAA CCC GGC ATG GGT GGA CAA
19 CAA CCA GGA GTG GGC GGG CGA CAA CCA GGC TTT GGT AAT CAA CCA GGC ATG GGC GGG CGA
20 CAA CCA GGT GTG GGT GGA CGA CAG CCA GGT GTG GGT GGA CAA CAA CCC GGC GTA GGT GGT CGA
21 CAA CCA GGC TTT GGT AAT CAA CCA GGC ATG GGT GGA CAA CAA CCA GGC ATG GGT GGG CAG
22 CAG CCA GGT GTG GGT GGA CGA CAA CCA GGT GTG GGA GGG CGA CAA CCA GGT ATG GGC GGG CGA
23 CAA CCA GGC ATG GGT GGA CAA CAA CCA GGC TTT GGT AAT CAA CCA GGC ATG GGT GGG CAG
24 CAA CCA GGT ATG GGT GGA CAA CCA GGT GTG GGT GGG CGA —
25 CAA CCA GGA GTG GGC GGG CGA CAA CCA GGC ATG GGT GGC CAG —
26 CAA CCA GGT ATG GGA GGG CGA — —
27 CAA CCA GGC TTT GGT AAT — —
28 CAA CCA GGT GTG GGT GGG CGA — —
29 CAA CCA GGC ATG GGT GGC CAG — —

CAA CCG AAT AAC CCG AAT AAC CAA CCG AAT AAC CCG AAT AAC CAA CCG AAT AAC CCG AAC AAC
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Results

Genomic DNA was isolated from three species of the
genusStrongylocentrotus,two species ofLytechinus,and
Hemicentrotus pulcherrimus.PCR was then performed
using primers corresponding to conserved amino acid
sequences that flank the SM50 and PN repeat domains in
S. purpuratusandL. pictus.The PCR products varied in
size from 1100 bp inS. purpuratusto 650 bp in L.
variegatus.Sequence analysis of the PCR products indi-
cates that the variation in size of the PCR products is due
entirely to variation in the number of repeats in the two
repeat domains and is due primarily to differences in the
number of SM50 repeats (Fig. 3). The positions and sizes
of the repeat regions, as well as the location of the PCR
primers, in the genes from the various species are shown
in Fig. 1.

To examine the evolution of the repeat regions in
these genes, we needed to be able to map changes onto
an existing phylogenetic tree. Phylogenetic trees for most

of these species have been published (Thomas et al.
1989; Smith et al. 1993; Turbeville et al. 1994; Little-
wood and Smith 1995; Springer et al. 1995; Ferkowicz et
al. 1998), and recently the relationship ofHemicentrotus
pulcherrimusto other sea urchins has been examined
using mitochondrial DNA and bindin sequences (Bier-
mann, 1998). We confirmed this analysis by using PCR
to amplify mitochondrial rRNA sequences fromH. pul-
cherrimusand determined their sequence. We also am-
plified and sequenced mitochondrial rRNA genes from
Eucidaris tribuloidesto use as an outgroup. These se-
quences were then used, along with published sequences
for the other species, to construct the phylogenetic tree
shown in Fig. 2. The information relevant to our analysis
of the SM50 repeats is thatH. pulcherrimus, S. purpu-
ratus, and S. droebachiensisfall into one phylogenetic
group,S. franciscanusis in a related but separate group,
and the twoLytechinusspecies form a third, more dis-
tantly related group. We have also used the sequence of
the nonrepeat coding region between our 58 PCR primer

Table 1. Extended

S. franciscanus L. pictus L. variegatus

GGC CAA
CAA CCA GGC ATG GGA
CCG GGC ATG GGC ATG GGA
CCG GGC GGT GGT GGT CGA GGT CAA GGT CAA
CAA CCA GGC TTT GGG CAA CAA CCT GGC TTC GGT GGG CAA CAA CCT GGC ATC GGC GGG CAA
CAA CCA GGC ATG GGA GGG CGA CAA CCT GGC TTC GGC GGA CGA CAA CCT GGC TTC GGC GGG CAA
CAA CAA GGC ACG GGT GGG TGG CAA CCT GGC TTC GGT GGG CAA CAA CCT GGC GTC GGC GGA CGA
CAA CCA GGC ATG GGT GGA CAA CAA CCT GGC TTC GGG CAA CAA CCT GGC TTC GGT GGG CAA
CAA CCA GGC ATG GGA GGG CGA CAA CCT GGC TTC GGG GGG CGA CAA CCT GGC TTC GGC GGG CAA
CAA CCA GGC ATG GGT GGA CAA CAA CCT GGC TTC GGG GGG CGA CAA CCT GGC TTC GGC GGG CGA
CAA CCA GGC ATG GGA GGG CGA CAA CCT GGC TTC GGC GGG CAA CAA CCT GGC TTC GGT GGG CAA
CAA CCA GGC ATG GGT GGA CAA CAA CCT GGC TTT GGG GGA CAA CAA CCT GGC TTC GGC GGG CAG
CAA CCA GGC ATG GGA GGG CGA CAA CCT GGC TTC GGC GGG CAA CAA CCT GGC TTC GGT GGG CAA
CAA CCA GGC ATG GGT GGA CAA CAA CCT GGC TTT GGC GGG CAG CAA CCT GGC TTC GGC GGG CAA
CAA CCA GGT ATG GGA GGG CGA CAG CCT GGC TTT GGG GGA CAA CAA CCT GGC TTC GGT GGG CAA
CAA CCA GGC ATG AGT GGA CAG CAA CCT GGC TTT GGC GGG CAG CAA CCT GGC TTT GGG GGA CAA
CAA CCA GGC ATG GGT GGA CGA CAG CCT GGC TTT GGG GGA CAA CAA CCG GGT TTT GGT GGG GGA CCA
CAA CCG GGC ATG GGT GGA CAG CAA CCG GGT TTT GGT GGG GGA CCA CAA CGA CCT GGC ATG GGG GGA
CAA CCA GAC ATG GGT GGA CGA CAA CGA CCT GGC ATG GGG GGA —
CAA CCA GGC ATG GGT GGG CAG — —
— — —
— — —
— — —
— — —
— — —
— — —
— — —
— — —
— — —
— — —
— — —
— — —
— — —
CAA CCA GAT AAC CCA AAC CCC CAG CCA AAC CAG CCA AAT
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and the SM50 repeat from the different species to con-
struct a phylogenetic tree (not shown). Again,H. pul-
cherrimus falls into a group with the members of the
Strongylocentrotus genus.S. purpuratusand S. droe-
bachiensisappear more closely related to each other than
to eitherH. pulcherrimusor S. franciscanus.Analysis of
the SM50 repeat region shows thatH. pulcherrimusis
more closely related toS. purpuratusand S. droe-
bachiensisthan S. franciscanusand thatS. purpuratus
andS. droebachiensisare closely related.

Table 1 shows the nucleotide sequence of the SM50
repeats in the six species examined. The basic repeat unit
shared by all species is a 21-bp sequence which we de-
pict starting with a CAA and ending with a CAA or
CGA. Twelve of 21 bases in the 21-bp repeats are ab-
solutely conserved across all species. There is some
variation in the wobble positions of some, but not all,
codons. The greatest variation occurs in the fourth and
seventh codons. This corresponds to bases 10–12 and
20–21.S. purpuratus, S. droebachiensis,andH. pulcher-

Fig. 1. Diagram of SM50 genes.Hatched areasindicate the SM50 repeat. The size of the repeat in base pairs is indicated above the hatched area.
The dotted areaindicates the PN repeat, with the sizes of the repeat in base pairs indicated above the dotted area.

Fig. 2. Phylogenetic trees based on sequence comparisons of the 16S
small ribosomal RNA gene (srRNA). Evolutionary changes in the
SM50 gene are indicated on theright. GenBank sequences used for A:
M27523, M27672, M27673, M27674, and M27675. The branching
pattern was derived using neighbor joining and was implemented using

MEGA. The same branching pattern was seen using maximum likeli-
hood and maximum parsimony (not shown). The tree was rooted with
Eucidaris tribuloidesas the outgroup. The numbers represent bootstrap
values with 1000 replicates.
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rimus all have a truncated, 18-bp repeat interspersed
among the longer 21-bp repeat. The appearance of the
truncated repeat is mapped onto the phylogenetic tree in
Fig. 2. These truncated repeats are missing the GGX
codon at bases 16 to 18 of the 21-bp repeat and end with
AAT. There is even less variation in the sequence of
these truncated repeats: 17 of 25 truncated repeats found
in these three species are identical. The terminal se-
quence of 3 of 25 is GGA, and in 5 of 25 there is a TGG
instead of a TTT in base positions 10–12. There are
single truncated repeats inS. franciscanusandL. pictus
that appear to have lost bases 16–18 in a single repeat
unit. There are sequences before and after the repeating
sequences in all species that resemble partial or imper-
fect repeats. These sequences are identical within genera
and are shown in italics in Table 1. The SM50 sequences
from S. purpuratusrepresent a correction of a minor
error in the published sequence (Katoh-Fukui et al.
1991).

The amino acids encoded by the SM50 repeat do-
mains are shown in Table 2. Five of the seven amino
acids in the long repeats are identical both within the
repeats of a single species and between all the species
examined. The amino acid in the fourth position is the
most variable but is always nonpolar. InS. purpuratus, S.
droebachiensis,andH. pulcherrimus,there is consider-
able variation in the amino acid found in the fourth po-

sition in the SM50 repeat of each species. InS. francis-
canus, L. pictus,andL. variegatus,the fourth position is
largely homogeneous, with a methionine found in all but
one repeat inS. franciscanusand phenylalanine predomi-
nant in the twoLytechinusspecies. The amino acid in the
seventh position of the long repeat can be either an ar-
ginine or a glutamine. The truncated six amino acid re-
peats inS. purpuratus, S. droebachiensis,and H. pul-
cherrimusare identical to the seven amino acid repeats in
the first five positions but have an arginine in the sixth
position. All seven of the truncated repeats inH. pul-
cherrimushave the amino acid sequence Q P G F G N.
In S. droebachiensis,four of six are Q PG F G N,while
the remaining two have a tryptophan in place of the
phenylalanine. InS. purpuratus,the fourth position var-
ies among phenylalanine (5 of 11), tryptophan (3 of 11),
and methionine (3 of 11).

Immediately following the SM50 repeat region there
is a repetitive sequence of proline and arginine residues
(PN repeat) inS. purpuratus, S. droebachiensis,andH.
pulcherrimus(Table 3). The number of repeats varies
between these three species. The PN repeat is not present
in S. franciscanus, L. pictus,or L. variegatus,although
the amino acid sequences on either side of the PN repeat
are highly conserved. The nucleotide sequence encoding
the PN repeat is 100% identical betweenS. purpuratus
andS. droebachiensiswith the exception of two regions

Table 2. Amino acid sequence of SM50 repeats

S. purpuratus S. droebachiensis H. pulcherrimus S. franciscanus L. pictus L. variegatus

QPGMGGR QPGMGGR QPGFGQ QPGFGGQ QPGIGGQ
QPGFGN QPGFGN QPGFGN QPGMGGR QPGFGGR QPGFGGQ
QPGMGGR QPGMGGR QPGMGGR QPGTGGW QPGFGGQ QPGVGGR
QPGFGN QPGWGGQ QPGFGN QPGMGGQ PQGFGQ QPGFGGQ
QPGMGGR QPGVGGR QPGMGGR QPGMGGR QPGFGGR QPGFGGQ
QPGWGN QPGWGN QPGFGN QPGMGGQ QPGFGGR QPGFGGR
QPGVGGR QPGVGGR QPGMGGR QPGMGGR QPGFGGQ QPGFGGQ
QPGMGGQ QPGMGGQ QPGFGN QPGMGGQ QPGFGGQ QPGFGGQ
QPGWGN QPGVVGR QPGVGGR QPGMGGR QPGFGGQ QPGFGGQ
QPGVGGR QPGFGN QPGFGN QPGMGGQ QPGFGGQ QPGFGGQ
QPGMGG QPGMGGQ QPGMGGR QPGMGGR QPGFGGQ QPGFGGQ
QPGVGGR QPGVGGQ QPGFGN QPGMSGQ QPGFGGQ QPGFGGQ
QPGFGN QPGWGN QPGVGGR QPGMGGR QPGFGGQ QPGFGGGQ
QPGMGGQ QPGVGGR QPGFGN QPGMGGQ QPGFGGGP QPPGMGG
QPGMGGQ QPGMGGQ QPGMGGQ QPDMGGR QRPGMGG
QPGWGN QPGVGGR QPGVGGR QPGMGGQ
QPGVGGR QPGMGGR QPGFGN
QPGMGG QPGVGGR QPGMGGN
QPGVGGR QPGFGN QPGMGGQ
QPGVGGR QPGVGGQ QPGMGGR
QPGFGN QPGMGGQ QPGVGGR
QPGVGGR QPGVGGR QPGMGGQ
QPGMGGQ QPGFGN QPGMGGR
QPGMGG QPGVGGR QPGMGGQ
QPGVGGR QPGMGGR
QPGMGGR
QPGFGN
QPGVGGR
QPGMGGR
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where repeats have been lost.H. pulcherrimusis 91.7%
identical toS. purpuratusand 92.5% identical toS. droe-
bachiensis.The most-parsimonious explanation is that
the common ancestor to these three species had a PN
repeat number equal to that ofH. pulcherrimus,sinceH.
pulcherrimuscontains the PN repeat units missing in
both S. purpuratusandS. droebachiensis.

To analyze the mode of convergent evolution that led
to the current arrangement of SM50 repeats in the dif-
ferent species examined, we treated each repeat as a
separate sequence, and performed a phylogenetic analy-
sis of the repeats within a species. Only the first two
nucleotide positions of codons were used in this analysis.
The repeats ofL. pictus (not shown) andL. variegatus
(Fig. 3A) both fell largely into a single group. Each
group of repeats was given a number, and the order of the
group number of each repeat was placed in order from 58
to 38 in the coding sequence (Fig. 3B). The simplest
explanation for the pattern seen is that expansion of the
repeat region occurred by duplication of a single 21-
nucleotide repeat unit, with a group 1 repeat serving as
template. Substitutions in repeats following expansion
likely resulted in the repeats that fall into different
groups.

When the repeats ofS. franciscanuswere analyzed,
they fell into two groups (Fig. 3C). Repeats from the two
groups alternate when they are aligned from 58 to 38 (Fig.
3D). This suggests that this repeat region expanded by
duplication of pairs of slightly dissimilar repeats, giving
rise to a repeating 42-nucleotide sequence.

S. purpuratus, S. droebachiensis,andH. pulcherrimus
share the presence of a truncated 18-nucleotide repeat
interspersed between 21-nucleotide repeats. The long
(21-nucleotide) repeats of all three of these species were
analyzed together and fell into six groups, labeled L1 to
L6 in Fig. 4. All but four of the repeats from all three

species fell into three groups. The short (18-nucleotide)
repeats from all three species were also analyzed to-
gether, and these fell into three groups, S1, S2, and S3
(Fig. 3). Figure 4 shows the order from 58 to 38 of the
repeats labeled according to their homologous group for
each of the three species.H. pulcherrimusshows an al-
ternating pattern of seven short and long repeats, fol-
lowed by six long repeats in a row.S. purpuratusandS.
droebachiensisalso have an overall pattern of alternating
long and short repeats. However, there has been dupli-
cation of individual long repeats, resulting in from one to
four long repeats between some of the short repeats.
There are no short repeats adjacent to one another in any
of the three genes examined. The array of SM50 repeat
sequences fromS. purpuratusandS. droebachiensisare
similar enough to be aligned. The repeats are aligned in
Fig. 4B, with repeats that can be aligned in boldface. The
H. pulcherrimusgene can be aligned toS. purpuratus
andS. droebachiensisin the nonrepeat sequences on ei-
ther side of the SM50 repeat region. This homology ex-
tends into the first two repeats at the 58 end of the SM50
repeats and picks up again in the last two repeats prior to
the PN repeat. The internal repeats ofH. pulcherrimus,
however, cannot be aligned toS. purpuratusor S. droe-
bachiensis(not shown).

Discussion

The SM50 repeat encodes a conserved protein domain
found within an integral matrix protein of the sea urchin
skeleton. Each repeat consists of six or seven amino ac-
ids with four or five invariant amino acids, respectively.
Each repeat has one nonpolar amino acid that can vary
and a terminal amino acid that is either positively
charged or uncharged. The variation seen between re-

Table 3. Comparison of C-terminal PN repeats

S. purpuratus
Q P N N P N N P N P N N P N N P N N P N P R F N

CAA CCG AAT AAC CCG AAT AAC CCG AAC - - - CCG AAC AAC CCG AAC AAC CCG AAT AAC CCA AAC CCC AGG TTC AAC

S. droebachiensis
Q P N N P N N P N N P N N P N N P N P R F N

CAA CCG AAT AAC CCG AAT AAC CCG AAC AAC CCG AAC AAC CCG - - - - - - - - - AAT AAC CCA AAC CCC AGG TTC AAC

H. pulcherrimus
Q P N N P N N P N N P N N P N N P N N P N P R F N

CAA CCG AAT AAC CCG AAC AAC CCG AAT AAC CCG AAT AAC CCG AAT AAC CCG AAT AAC CCC AAA CCC AGG TTC AAC

S. franciscanus
Q P D N P N P R F N

CAA CCA GAT AAC - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - CCA AAC CCC AGG TTC AAC

L. pictus
Q P N S P N P R F N

CAG CCA AAC AGT - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - CCA AAC CCG AGG TTC AAC

L. variegatus
Q P N S P N P R F N

CAG CCA AAT AGT - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - CCA AAC CCG AGG TTC AAC
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peats both within a gene and between species suggest
that the repeat region represents a protein structural do-
main with a three-dimensional shape that is of more im-
portance than its primary sequence. The presence of
similar repeat domains in proteins encoded by other spic-
ule matrix genes suggests that this structural motif is
important in skeleton formation and biomineralization in
echinoderms. A similar repeat domain is also seen in
bindin (Gao et al. 1986; Minor et al. 1991; Biermann
1998), however, suggesting the possibility that this re-
peat motif is utilized in urchins for a more general func-
tion, such as protein–protein interactions or cell adhe-
sion. Similar repeats have been found in several other

proteins with disparate functions, such as elastin (Urry
1982), wheat glutenin (Miles et al. 1991), and spider silk
proteins (Hayashi and Lewis 2000). Repeat regions com-
posed of the amino acids seen in SM50 proteins and
other proteins have been predicted to form ab-spiral
structure (Livingston et al. 1991). It could be that such
repeats form a general structural motif, and that proteins
containing these repeats share this structure, but function
is conferred by other protein domains present on the
proteins.

The SM50 repeat region has undergone concerted
evolution in all species examined. In the twoLytechinus
species, the repeats are more similar within each species
and between homologous repeats within their genus than
to any of theStrongylocentrotusspecies (Table 1; analy-
sis not shown). Analysis of the pattern of repeats indi-
cates that the most likely mechanism for concerted evo-
lution was mispairing of repeat units with similar,
adjacent repeats, followed by unequal crossing-over.
This resulted in the duplication of single repeat units.
Most of these duplications occurred prior to divergence
of these two species, although some duplications near the
58 end of the repeat sequences may have occurred sub-
sequent to their divergence. There have been a number of
silent substitutions in the repeat regions between the
genes of these two species, but relatively few replace-
ment substitutions.

The species examined from the genusStrongylocen-
trotus fall into two distinct groups. TheS. franciscanus
repeats are relatively homogeneous at both the amino
acid and the nucleotide level, indicating that this species
underwent concerted evolution relatively recently. The
variable fourth amino acid is a methionine in 14 of 16
repeats, while the variable seventh amino acid is either
glutamine or arginine in approximately equal numbers.
Phylogenetic analysis of theS. franciscanusrepeats in-
dicates that they expanded as pairs of repeats. This is
likely explained by the difference sequences at the ter-
minal seventh codon position in alternating repeats. This
would favor mispairing of repeats with similar se-
quences, resulting in the looping-out and duplication of a
pair or pairs of repeats. It appears that the divergence of
sequences at the ends of a repeat can alter the mechanism
of convergent evolution.

The other members of the genusStrongylocentrotus
(S. purpuratus, S. droebachiensis,andH. pulcherrimus)
share a more recent common ancestor. These species all
have a highly conserved, truncated, six-amino acid re-
peat interspersed among the seven-amino acid SM50 re-
peats, they all have a repeated region encoding a PN
amino acid repeat following the SM50 repeats, and phy-
logenetic analysis of the sequence of the SM50 gene
provides evidence for a recent common ancestor. The
truncated repeat always ends in an asparagine, and pri-
marily has a phenylalanine in the variable fourth posi-
tion, although some tryptophan residues are present in

Fig. 3. Analysis of the similarity between SM50 repeats within the
same gene forLytechinus variegatus(A andB) andStrongylocentrotus
franciscanus(C andD). The relationship between the repeats is shown
in A and C. The linear order of repeats of each group in the SM50 genes
is shown in B and D. The duplication of pairs of repeats inLytechinus
pictus is indicated by bars in D. Each repeat was treated as a separate
species, and the branching pattern was derived using neighbor joining
and implemented using MEGA. The same branching pattern was seen
using maximum likelihood and maximum parsimony (not shown). The
tree was unrooted.
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this position inS. purpuratusandS. droebachiensis.In
the long repeats, the fourth amino acid position of these
species shows more variation than in the other species
examined. Three different nonpolar amino acids are pre-
sent at the fourth position in repeats fromH. pulcherri-
mus, while S. purpuratusand S. droebachiensishave
four nonpolar amino acids present, including tryptophan,
which is not present in the repeats of any of the other
species.

All three of the species that have a truncated repeat
show an underlying pattern of alternating long then short
repeat. The truncation would favor this type of mispair-
ing during unequal crossing-over, since like repeats are
more likely to pair with one another. This is most obvi-
ous in theH. pulcherrimusrepeat. Two other types of
mispairing and crossing-over events also seem to be at
work in theS. purpuratusandS. droebachiensisrepeat
regions. One is pairing of close, but not immediately

adjacent repeats, which causes duplication/loss of larger
segments (multiple repeat units). This could explain the
sequence similarities between theS. purpuratusrepeats
9–15 and repeats 16–23. The second is mispairing of
dissimilar repeats that leads to a gain/loss of a single long
or short repeat. This would result in a loss of the clear
alternating pattern of long and short repeats.

Overall it is clear that evolution of DNA repeats
within the coding region of a gene is constrained by the
fact that the function of the protein must be maintained.
In the case of the SM50 family of proteins, the repeat
region likely encodes a structural domain, and while
some variation in amino acid sequence is allowed be-
tween repeats and between species, these changes are
conservative. Without an analysis of amino acid substi-
tution rates, we cannot rule out that compensatory
changes have occurred elsewhere in the genome; how-
ever, it appears that differences in numbers of repeats

Fig. 4. Analysis of the similarity between SM50 repeats in the genus
Strongylocentrotus.Long repeats (21 nucleotides) were analyzed to-
gether and placed into six groups, L1 to L6, based on amino acid
sequence similarity (shown on theleft). Short repeats (18 nucleotides)
were analyzed together and placed into three groups, S1 to S3 (shown
on theright). The linear order of repeats classified by group for each

species is shown at thebottom.Duplications of short-long repeat pairs
areunderlined.Each repeat was treated as a separate species, and short
and long repeats were analyzed separately. The branching pattern was
derived using neighbor joining and was implemented using MEGA.
The same branching pattern was seen using maximum likelihood and
maximum parsimony (not shown). The tree was unrooted.
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and some variation in amino acid sequence are not det-
rimental. However, even small variations in the nucleo-
tide sequences between repeats can alter how these re-
petitive regions undergo concerted evolution. Variations
in the nucleotide sequence, especially at the ends of a
repeat, can alter the ability of repeats to misalign, favor-
ing pairing of repeats whose sequences are most alike.
Pairing with like repeats that are close by would be most
favored. This would lead to expansion or loss of pairs of
repeats, as inS. franciscanusandH. pulcherrimus.Pair-
ing with like repeats that are farther away is less likely,
though possible, and would lead to duplication of larger
groups of repeats, as implied inS. purpuratus.Mispair-
ing of repeats that are more divergent in sequence should
be less frequent and would lead to a divergence from an
alternating pattern of a pair of repeats with dissimilar
sequence. A great deal of sequence divergence between
repeats within a gene would limit the types of mispairing
that is possible even further and would inhibit the large-
scale homogenization that leads to identical repeats
within a gene. One prediction of this hypothesis is thatS.
purpuratusandS. droebachiensiswill not undergo con-
certed evolution to the extent that the repeat region will
become homogeneous, as seen in some of the other spe-
cies.
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