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Abstract. We have examined the evolution of a gene,place. We also confirm an earlier report thdemicen-
SM50, encoding a component of the spicule matrix,trotus pulcherrimudits into the Strongylocentrotuge-
which plays an integral role in the formation of the echi- nus and examine the evolution of th& pulcherrimus
noderm skeleton. This gene was originally characterizeM50 repeat relative to other members of this genus.
in Strongylocentrotus purpuratwed encodes an imper-

fect tandem repeat of six or seven amino acids. We hav&ey words: Concerted evolution — Echinoderms —
analyzed the sequence of this repeat in a number of seé@picule matrix proteins

urchin species and have determined that the repeat ré-
gions have undergone concerted evolution. There are dif-
ferences in the repeat region between species, but ﬂ]e

. . ntroduction
overall repeat structure is conserved, suggesting the re-

peat forms a structural domain important in biomineral- ) ) ) o
ization. The inherent conserved amino acid repeat strucSenes encoding protein domains consisting of stretches

ture promotes concerted evolution due to the hightf tandem repeats of amino acids are subject to two
probability of misreplication and unequal crossing-over®PPOSINg mechanisms of change at the DNA level. One
in the repeated segment of the gene. While there arl$ concerted e_volutlon, where unequal crossing-over and
constraints on the amino acids allowed in the repeat re9€ne conversion can lead to a change in the number of
gion, there are also variations, so that the sequences ofEP€ats and homogenize the repeat sequences within a
served illustrate the balance between amino acid substEPeCies (Smith 1976; Zimmer et al. 1980; Dover 1982).
tutions and concerted evolution. We have evidence thal NS léads to the repeat sequences within a species be-

substitutions can alter the mechanisms of unequal cros&°Ming more similar to each other than to the corre-
ing-over, altering the way concerted evolution occurs SPonding repeat in other species. The other types of

The way in which concerted evolution occurred appear<hanges are base substitutions, which can lead to changes
to be determined by the degree of sequence similaritf @Mino acids within individual repeats. Base substitu-
between the repeats in a given gene, which influenced0ns ténd to inhibit unequal crossing-over and gene con-
how unequal crossing over may occur. We have mappet€rsion, reducing concerted evolutlor_1 (Thomas et al.
the differences in repeat regions on existing phylogenetiélgg?)' The balance of the rate of substitution versus con-

trees and indicate where concerted evolution has takeR€"€d 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
Correspondence toBrian T. Livingston; E-mail: livingstonbr@ ~ from closely rela.ted species (Swaﬁson and Va'quer
umke.edu 1998). However, if concerted evolution occurs prior to
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the divergence of species, closely related species may sequenced in several species (Livingston et al. 1991,
have very similar repeats which differ primarily due to Table 1). All of these share a similar repeat region, al-
single-amino acid changes, or small changes in repedhough the number of repeat units varies, and in some
number due to local deletions, or additions of repeat unitspecies the repeats are homogeneous, while others show
due to unequal crossing-over. We propose here that thenore sequence diversity.
accumulation of substitutions within a repeat region can Tandem repeats of amino acids similar to that found
restrict where unequal crossing-over can occur andn SM50 repeats have been reported in genes encoding
change how the repeat region undergoes convergent evépider silk proteins, and these genes have undergone con-
Jution. certed evolution as well (Hayashi and Lewis, 2000).
While the changes in the repeat region of a gene ar&imilar repeats are also seen in sea urchin bindin genes;
carried out at the DNA level, when the repeat units en-however, these repeats are subject to positive selection as
code a protein domain, the function of the protein im-Well as concerted evolution (Biermann, 1998). Two other
poses a constraint on the types of changes that can occu?: Purpuratusspicule matrix genes have similar, albeit
The type of substitutions that can occur, as well as thdeSS extensive repeat regions (Harkey et al. 1995; Lee
allowed changes in the number of repeat units in a pro@nd Britten 1998). This suggests that these tandem re-
tein, is constrained by the degree of change that stilP€atS form an important structural motif that has been
results in a functional protein. The repeat nature of the!tilized in several different biological processes.
protein also maintains the intrinsic simplicity of the re- W& have examined SM50 repeat sequences from

peat sequence by promoting concerted evolution. In thig"€MPers of this gene family in six different species and
study we examine how homogenization of repeat Se:[hree genera of euech|n0|d§. The repetitive region has
quences through concerted evolution and divergence andergone concerted evolution in all of the species ex-

repeat sequences by base substitution and small deletioﬁgm_ned' In some species, homogenization of the repeat

interact during the evolution of a repeat region located ©9'°" has occurred rel_atlvely recently, while in one
o . : group of strongylocentrotids, the appearance of truncated
within the coding sequences of a gene encoding a skeF

repeats and substitutions has made the repeat region rela-

etal matrix protein in sea urchins. While there are clearly.. . o .
. . t{vely diverse. We see three variations in how concerted
constraints on the type of changes allowed in the repea

. . . . - . evolution occurred in the species examined. The way in
region of this protein, there is sufficient flexibility to P y

I 0 0b the relative infl b bWhich concerted evolution occurred appears to be deter-
alow us to observe the refative influences of base Subp,;,q g by the degree of sequence similarity between the
stitution and concerted evolution during the evolution of

. o : . : repeats in a given gene, which influences how unequal
this protein in echinoderms. This system provides agoo%rossing over may occur. We have also mapped the dif-

model to study the balance of these two processes, Sirwf@rences in repeat regions on existing phylogenetic trees
the DNA sequences are not as tightly conserved as rRNATHomas et al. 1989: Smith et al. 1993; Turbeville et al.
or microsattelites, but the critical level of structure re- 1994- [ ittlewood and Smith 1995 Springer et al. 1995:
quired in the repeat region maintains the intrinsic repeagerkowicz et al. 1998). One consequence of this analysis
nature that leads to concerted evolution. _ is that Hemicentrotus pulcherrimus Japanese sea ur-
The organic mairix of the sea urchin skeletal spicules;hin, has SM50 repeat sequences that clearly place it
has been isolated (Benson et al. 1986), and four of thgyithin the Strongylocentrotusslade. Analysis of mito-
genes encoding spicule proteins have been cloned anghondrial DNA sequences confirms the placement of

their developmental expression characterized (Benson g{emicentrotusamong the genuStrongylocentrotusas
al. 1987; Sucov et al. 1987; LiVingSton et al. 1991,f|rst reported by Biermann (1998)

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 SM5Qiaterials and Methods

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 oPNA Isolation

mineralized tissue (Wilt and Benson 1988). The repeat _ _

motifs are relatively short, consisting of repeats of 3-10S- burpuratus, S. franciscanuand L. pictus were purchased from

. ids. Analvsi f th t SIi/\arinus (Orange County, CAPB. droebachiensisperm was provided
amino acids. Analysis 0 € repeal sequences sugge § Bruce Brandhorst (Simon Fraser University, Burnaby, B.C.,

that they may form &@-spiral structure found in elastic canada)L. variegatusDNA was provided by William Kinsey (Kansas
proteins such as elastin and silk proteins (Livingston etniversity Medical Center)H. pulcherrimusDNA was provided by
al. 1991). One of the spicule matrix proteins is encoded<oji Akasaka (Hiroshima University, Hiroshima, Japan). DNA was
by the SM50 gene iStrongoncentrotus purpuratu%he isolated from sperm using Qiagen Midi-columns (Qiagen). Five micro-

. . . . liters of sperm was added to 1Q0 Qiagen Buffer G2 (800
SM50 gene has 29 repeat units encoding either six Ofuanidine HCI, 30 i Tris—Cl, pH 8.0, 30 M EDTA, pH 8.0, 5%

seven amino acids, and these repeats are relatively diween-20, and 0.5% Triton X-100). The lysed sperm were loaded onto
verse in sequence. SM50 orthologues have been clonetQiagen Genomic tip-100 and washed, and DNA was eluted according
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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

to the manufacturer’s protocol for isolation of high molecular weight Applied Biosystems). Sequences were cleaned, corrected, and polished

DNA from tissue.

Polymerase Chain Reaction (PCR) and Cloning

SM50 sequences were amplified from genomic DNA using primérs 5
and 3 to the repeat region:'EGAAGCTTTGXAGCATDCGDG-

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

GYCKGTTRAA 3’ and 3 ACGGATCCTTYTCXCARGAYAAC- ) )
CARATGGARATGGA 3. Reactions were carried out using Taq poly- Seduences were aligned by eye using ESEE (Cabot and Beckenback
merase (Perkin Elmer Applied Biosystems, Foster City, CA) using1989). Regions of the ambiguous alignment were removed from the

standard buffer containing 2ivhMgCl, and a 0.5.M concentration of

analysis (Sidow and Thomas 1994; Swofford et al. 1996). Maximum-

primers. Cycling parameters were as follows: 95°C for 30 s; touch-Parsimony (MP), neighbor-joining (NJ), and maximum-likelihood
down, 65 to 55°C for 30 s; 72°C for 30 s for 10 cycles; followed by (ML) methods [as implemented in PAUP* (Swofford 1998), MEGA

95°C for 30 s, 55°C for 30 s, and 72°C for 30 s for 30 cycles. PCR (Kumar et al. 1993), and PHYLIP (Felsenstein, 1993)] were employed
products were separated on a 1% agarose gel, isolated from the gi® infer phylogenies. MP searches used 100 random input orders, near-
using Qiagen gel extraction kits (Qiagen, MA), and cloned into Blue- €St-neighbor interchanges, and branch swapping to increase the prob-
script (Stratagene). Ligation products were electroporatedBnteoli ability of recovering the best tree. Weighting schemes considered the
strain XL1-blue (Stratagene) and plasmids containing inserts wereVork of others (Hollar and Springer 1996; Krajewski et al. 1997;
identified using blue/white screening by standard methods. 12S rRNALavergne et al. 1996; Springer et al. 1995; Stanhope et al. 1996). NJ
sequences were amplified as described by Thomas et al. (1989) aridethod sequence divergence was estimated using a variety of models
sequenced as described above. [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)
Sequencing was performed on an ABI Prism 377 automated sequenceests, as well as bootstrapping (Felsenstein 1985; Hillis and Bull 1993;
using the dRhodamine Terminator Cycle Sequencing Kit (Perkin ElmerHillis et al. 1996; Huelsenbeck et al. 1995; Sanderson 1989, 1995).

Sequencing
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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 CCA GGC ATG GGA GGG CGA
CAA CAA GGC ACG GGT GGG TGG
CAA CCA GGC ATG GGT GGA CAA
CAA CCA GGC ATG GGA GGG CGA
CAA CCA GGC ATG GGT GGA CAA
CAA CCA GGC ATG GGA GGG CGA
CAA CCA GGC ATG GGT GGA CAA
CAA CCA GGC ATG GGA GGG CGA
CAA CCA GGC ATG GGT GGA CAA
CAA CCA GGT ATG GGA GGG CGA
CAA CCA GGC ATG AGT GGA CAG

CAA CCT GGC TTC GGT GGG CAA

CAA CCT GGC TTC GGC GGA CGA
CAA CCT GGC TTC GGT GGG CAA
CAA CCT GGC TTC GGG CAA

CAA CCT GGC TTC GGG GGG CGA
CAA CCT GGC TTC GGG GGG CGA
CAA CCT GGC TTC GGC GGG CAA
CAA CCT GGC TTT GGG GGA CAA

CAA CCT GGC TTC GGC GGG CAA
CAA CCT GGC TTT GGC GGG CAG

CAG CCT GGC TTT GGG GGA CAA
CAA CCT GGC TTT GGC GGG CAG

CAA CCT GGC ATC GGC GGG CAA
CAA CCT GGC TTC GGC GGG CAA
CAA CCT GGC GTC GGC GGA CGA
CAA CCT GGC TTC GGT GGG CAA
CAA CCT GGC TTC GGC GGG CAA
CAA CCT GGC TTC GGC GGG CGA
CAA CCT GGC TTC GGT GGG CAA
CAA CCT GGC TTC GGC GGG CAG
CAA CCT GGC TTC GGT GGG CAA
CAA CCT GGC TTC GGC GGG CAA
CAA CCT GGC TTC GGT GGG CAA
CAA CCT GGC TTT GGG GGA CAA

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 GGC ATG GGT GGA CGA

CAA CCA GAT AAC CCA AAC CCC CAG CCA AAC CAG CCA AAT

of these species have been published (Thomas et al.
1989; Smith et al. 1993; Turbeville et al. 1994, Little-
Genomic DNA was isolated from three species of thewood and Smith 1995; Springer et al. 1995; Ferkowicz et
genusStrongylocentrotugwo species ofytechinusand  al. 1998), and recently the relationshiptémicentrotus
Hemicentrotus pulcherrimuf2CR was then performed pulcherrimusto other sea urchins has been examined
using primers corresponding to conserved amino acidising mitochondrial DNA and bindin sequences (Bier-
sequences that flank the SM50 and PN repeat domains imann, 1998). We confirmed this analysis by using PCR
S. purpuratusandL. pictus.The PCR products varied in to amplify mitochondrial rRNA sequences fram pul-
size from 1100 bp inS. purpuratusto 650 bp inL. cherrimusand determined their sequence. We also am-
variegatus.Sequence analysis of the PCR products indi-plified and sequenced mitochondrial rRNA genes from
cates that the variation in size of the PCR products is du&ucidaris tribuloidesto use as an outgroup. These se-
entirely to variation in the number of repeats in the twoquences were then used, along with published sequences
repeat domains and is due primarily to differences in thefor the other species, to construct the phylogenetic tree
number of SM50 repeats (Fig. 3). The positions and sizeshown in Fig. 2. The information relevant to our analysis
of the repeat regions, as well as the location of the PCRf the SM50 repeats is th&t. pulcherrimus, S. purpu-
primers, in the genes from the various species are showratus, and S. droebachiensi&ll into one phylogenetic
in Fig. 1. group,S. franciscanuss in a related but separate group,
To examine the evolution of the repeat regions inand the twolLytechinusspecies form a third, more dis-
these genes, we needed to be able to map changes ortmtly related group. We have also used the sequence of
an existing phylogenetic tree. Phylogenetic trees for mosthe nonrepeat coding region between oUPER primer

Results
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Fig. 1. Diagram of SM50 genesiatched areasndicate 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.
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Fig. 2. Phylogenetic trees based on sequence comparisons of the 168EGA. The same branching pattern was seen using maximum likeli-
small ribosomal RNA gene (srRNA). Evolutionary changes in the hood and maximum parsimony (not shown). The tree was rooted with
SM50 gene are indicated on thight. GenBank sequences used for A: Eucidaris tribuloidesas the outgroup. The numbers represent bootstrap
M27523, M27672, M27673, M27674, and M27675. The branching values with 1000 replicates.

pattern was derived using neighbor joining and was implemented using

and the SM50 repeat from the different species to con- Table 1 shows the nucleotide sequence of the SM50
struct a phylogenetic tree (not shown). Agalth, pul-  repeats in the six species examined. The basic repeat unit
cherrimusfalls into a group with the members of the shared by all species is a 21-bp sequence which we de-
Strongylocentrotus genus. purpuratusand S. droe-  pict starting with a CAA and ending with a CAA or
bachiensisappear more closely related to each other tharCGA. Twelve of 21 bases in the 21-bp repeats are ab-
to eitherH. pulcherrimusor S. franciscanusAnalysis of  solutely conserved across all species. There is some
the SM50 repeat region shows thdt pulcherrimusis  variation in the wobble positions of some, but not all,
more closely related t&. purpuratusand S. droe- codons. The greatest variation occurs in the fourth and
bachiensisthan S. franciscanusand thatS. purpuratus seventh codons. This corresponds to bases 10-12 and
andS. droebachiensiare closely related. 20-21.S. purpuratus, S. droebachiensasidH. pulcher-
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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

rimus all have a truncated, 18-bp repeat interspersedition in the SM50 repeat of each speciesSInfrancis-
among the longer 21-bp repeat. The appearance of theanus, L. pictusandL. variegatusthe fourth position is
truncated repeat is mapped onto the phylogenetic tree itargely homogeneous, with a methionine found in all but
Fig. 2. These truncated repeats are missing the GGXne repeat iis. franciscanuand phenylalanine predomi-
codon at bases 16 to 18 of the 21-bp repeat and end withant in the twd_ytechinusspecies. The amino acid in the
AAT. There is even less variation in the sequence ofseventh position of the long repeat can be either an ar-
these truncated repeats: 17 of 25 truncated repeats fourginine or a glutamine. The truncated six amino acid re-
in these three species are identical. The terminal sepeats inS. purpuratus, S. droebachiensemd H. pul-
guence of 3 of 25 is GGA, and in 5 of 25 there is a TGG cherrimusare identical to the seven amino acid repeats in
instead of a TTT in base positions 10-12. There ardhe first five positions but have an arginine in the sixth
single truncated repeats $ franciscanugandL. pictus  position. All seven of the truncated repeatsHn pul-
that appear to have lost bases 16—18 in a single repeaherrimushave the amino acid sequen® P G F G N.
unit. There are sequences before and after the repeatirig S. droebachiensigour of six are Q FG F G N, while
sequences in all species that resemble partial or impethe remaining two have a tryptophan in place of the
fect repeats. These sequences are identical within genepdenylalanine. IrS. purpuratusthe fourth position var-
and are shown in italics in Table 1. The SM50 sequenceges among phenylalanine (5 of 11), tryptophan (3 of 11),
from S. purpuratusrepresent a correction of a minor and methionine (3 of 11).
error in the published sequence (Katoh-Fukui et al. Immediately following the SM50 repeat region there
1991). is a repetitive sequence of proline and arginine residues
The amino acids encoded by the SM50 repeat do{PN repeat) inS. purpuratus, S. droebachiens#s)dH.
mains are shown in Table 2. Five of the seven amingulcherrimus(Table 3). The number of repeats varies
acids in the long repeats are identical both within thebetween these three species. The PN repeat is not present
repeats of a single species and between all the speci@s S. franciscanus, L. pictugr L. variegatus,although
examined. The amino acid in the fourth position is thethe amino acid sequences on either side of the PN repeat
most variable but is always nonpolar.$npurpuratus, S.  are highly conserved. The nucleotide sequence encoding
droebachiensisand H. pulcherrimus.there is consider- the PN repeat is 100% identical betweBnpurpuratus
able variation in the amino acid found in the fourth po- andS. droebachiensiwith the exception of two regions
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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 AACAACCCGAACAACCCG --- --- --- 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
CAACCAGAT AAC --- --- === === -o- —-- oo- oo —oo oo --- --- --- --- --- CCAAAC CCCAGGTTC AAC
L. pictus

Q P N S P N P R F N
CAG CCAAACAGT --- --- =--- === --- --- --- --- --- --- --- --- --- --- --- CCAAAC CCGAGG TTC AAC
L. variegatus

Q P N S P N P R F N
CAG CCAAAT AGT --- =--- === === =-- —o- —-o —-o oo —oo --- --- --- --- --- CCAAAC CCG AGG TTC AAC

where repeats have been lddt. pulcherrimusis 91.7%  species fell into three groups. The short (18-nucleotide)
identical toS. purpuratuand 92.5% identical t&. droe-  repeats from all three species were also analyzed to-
bachiensis.The most-parsimonious explanation is thatgether, and these fell into three groups, S1, S2, and S3
the common ancestor to these three species had a P(Rig. 3). Figure 4 shows the order fromi ® 3' of the
repeat number equal to that df pulcherrimussinceH. repeats labeled according to their homologous group for
pulcherrimuscontains the PN repeat units missing in each of the three specigd. pulcherrimusshows an al-
both S. purpuratusand S. droebachiensis. ternating pattern of seven short and long repeats, fol-
To analyze the mode of convergent evolution that ledowed by six long repeats in a ro. purpuratusandsS.
to the current arrangement of SM50 repeats in the dif-droebachiensiglso have an overall pattern of alternating
ferent species examined, we treated each repeat asleng and short repeats. However, there has been dupli-
separate sequence, and performed a phylogenetic analgation of individual long repeats, resulting in from one to
sis of the repeats within a species. Only the first twofour long repeats between some of the short repeats.
nucleotide positions of codons were used in this analysisThere are no short repeats adjacent to one another in any
The repeats of.. pictus(not shown) and.. variegatus of the three genes examined. The array of SM50 repeat
(Fig. 3A) both fell largely into a single group. Each sequences fror8. purpuratusandS. droebachiensiare
group of repeats was given a number, and the order of theimilar enough to be aligned. The repeats are aligned in
group number of each repeat was placed in order from 5Fig. 4B, with repeats that can be aligned in boldface. The
to 3 in the coding sequence (Fig. 3B). The simplestH. pulcherrimusgene can be aligned t8. purpuratus
explanation for the pattern seen is that expansion of thandS. droebachiensis the nonrepeat sequences on ei-
repeat region occurred by duplication of a single 21-ther side of the SM50 repeat region. This homology ex-
nucleotide repeat unit, with a group 1 repeat serving asends into the first two repeats at theeénd of the SM50
template. Substitutions in repeats following expansionrepeats and picks up again in the last two repeats prior to
likely resulted in the repeats that fall into different the PN repeat. The internal repeatshbfpulcherrimus,
groups. however, cannot be aligned & purpuratusor S. droe-
When the repeats d®. franciscanusvere analyzed, bachiensignot shown).
they fell into two groups (Fig. 3C). Repeats from the two
groups alternate when they are aligned fronos3' (Fig.
3D). This suggests that this repeat region expanded bRiscussion
duplication of pairs of slightly dissimilar repeats, giving
rise to a repeating 42-nucleotide sequence. The SM50 repeat encodes a conserved protein domain
S. purpuratus, S. droebachiensasidH. pulcherrimus ~ found within an integral matrix protein of the sea urchin
share the presence of a truncated 18-nucleotide repesakeleton. Each repeat consists of six or seven amino ac-
interspersed between 21-nucleotide repeats. The lonigls with four or five invariant amino acids, respectively.
(21-nucleotide) repeats of all three of these species werEach repeat has one nonpolar amino acid that can vary
analyzed together and fell into six groups, labeled L1 toand a terminal amino acid that is either positively
L6 in Fig. 4. All but four of the repeats from all three charged or uncharged. The variation seen between re-
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A. 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-
Lvrepl posed of the amino acids seen in SM50 proteins and
other proteins have been predicted to forng-apiral

iﬁiﬁgﬁ Lveep3 3 structure (Livingston et al. 1991). It could be that such
Lvrepl0 repeats form a general structural motif, and that proteins
Lvrep9 . . .

1 Lvreps containing these repeats share this structure, but function
Lvrep? Lvrep6 is conferred by other protein domains present on the
Lvrep5s Lvrepl3 4 proteins.
tz;zg; The SM50 repeat region has undergone concerted

evolution in all species examined. In the twgtechinus
species, the repeats are more similar within each species

B. and between homologous repeats within their genus than

2-1-3-1-1-4-1-1-1-1-1-1-4 to any of theStrongylocentrotuspecies (Table 1; analy-
sis not shown). Analysis of the pattern of repeats indi-
cates that the most likely mechanism for concerted evo-

C. lution was mispairing of repeat units with similar,

1 adjacent repeats, followed by unequal crossing-over.

Shrep2 This resulted in th_e d_uplication of single rep_eat units.

Most of these duplications occurred prior to divergence
of these two species, although some duplications near the
Sfrep3 Srepd 5" end of the repeat sequences may have occurred sub-
Sfreps Sfrep6 sequent to their divergence. There have been a number of

2 ggng :ff::i”]‘o 3 silent substitutions in the repeat regions between the
sﬁeﬁn sﬁe{,’u genes of these two species, but relatively few replace-
Sfrep13 Sfrepl4 ment substitutions.

Sfrep15 Sfrepl

The species examined from the gertsongylocen-
trotus fall into two distinct groups. Thé&. franciscanus
repeats are relatively homogeneous at both the amino
D. 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
Fig. 3. Analysis of the similarity between SM50 repeats within the '¢PEaLS; While the variable seventh amino acid is either
same gene fokytechinus variegatuéA andB) andStrongylocentrotus ~ 9lUtamine or arginine in approximately equal numbers.
franciscanugC andD). The relationship between the repeats is shown Phylogenetic analysis of th®. franciscanusepeats in-
in Aand C. The linear order of repeats of each group in the SM50 genegjicates that they expanded as pairs of repeats. This is

is shown in B and D. The duplication of pairs of repeatytechinus likely explained by the difference sequences at the ter-
pictusis indicated by bars in D. Each repeat was treated as a separate .

species, and the branching pattern was derived using neighbor joininE;nInal seventh codon position in alternating repeats. This
and implemented using MEGA. The same branching pattern was seewould favor mispairing of repeats with similar se-
using maximum likelihood and maximum parsimony (not shown). The quences, resulting in the looping-out and duplication of a
tree was unrooted. pair or pairs of repeats. It appears that the divergence of
sequences at the ends of a repeat can alter the mechanism
peats both within a gene and between species suggest convergent evolution.
that the repeat region represents a protein structural do- The other members of the genB8¢rongylocentrotus
main with a three-dimensional shape that is of more im«S. purpuratus, S. droebachiensisdH. pulcherrimu$
portance than its primary sequence. The presence afhare a more recent common ancestor. These species all
similar repeat domains in proteins encoded by other spichave a highly conserved, truncated, six-amino acid re-
ule matrix genes suggests that this structural motif ispeat interspersed among the seven-amino acid SM50 re-
important in skeleton formation and biomineralization in peats, they all have a repeated region encoding a PN
echinoderms. A similar repeat domain is also seen iramino acid repeat following the SM50 repeats, and phy-
bindin (Gao et al. 1986; Minor et al. 1991; Biermann logenetic analysis of the sequence of the SM50 gene
1998), however, suggesting the possibility that this reprovides evidence for a recent common ancestor. The
peat motif is utilized in urchins for a more general func- truncated repeat always ends in an asparagine, and pri-
tion, such as protein—protein interactions or cell adhe-marily has a phenylalanine in the variable fourth posi-
sion. Similar repeats have been found in several othetion, although some tryptophan residues are present in

3-1-2-3-2-3-2-3-2-3-2-3-2-3-2-3-2
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Sprep7  Sdrep5  Hprep8 L3 Sdrep12 Sprep6  Sdrep6 S1
Sprepl0  Sdrep7  Hprepl2 Sdrep20 Sprep9  Sdrepl3
Sprepl2  Sdrep9  Hprepl5 Sprepl6
Sprepl7  Sdrepl4 Hprep20
L1 Sprepl9  Sdrepl6

Sprep20  Sdrepl8
Sprep22  Sdrep22
Sprep25  Sdrep24

Sprep28
S2
Sprep2  Sdrep2  Hprepl
L2 Sprep4  Sdrepl0  Hprep3
Sprepl  Sdrepl  Hprep2 Sprepl3  Sdrepl9  Hprep5
Sprep3  Sdrep3  Hprep4 Sprep2]1  Sdrep23  Hprep?
Sprep5 Hprep6 Sprep27 Hprep9
Sprep26 Hprep10 gprepi 1
Hprep19 prepl3
Hprep22 Hprepl6
LS
Sprepl1
Sprep8  Sdrep8  Hprepl4 Sprepl18
Sprepl4  Sdrepll Hprepl8 Sprep24
SpreplS  Sdrepl5 Hprep2l S3
Sprep23  Sdrepl7  Hprep23
Sprep29  Sdrep21 Sdrep4 Hprepl7

Sdrep25

L4 L6

Spurp: L2S212S212S1L1L5SS1L1S3L1S2LS5L5S1 L1S30L1 - L1S2L1L5S3L11L2S82L1LS

S.dro: L2S212I14L1S1L1LS --L1 -- -- S2LSI3S1L1LSL1L5SL1S213LS --L1 - S2L1LS5

H. pul: S21.282128212S82L1 82128211 S2L5L1S2L6LSL2L1LSL2LS

Fig. 4. Analysis of the similarity between SM50 repeats in the genusspecies is shown at thettom.Duplications of short-long repeat pairs
StrongylocentrotusLong repeats (21 nucleotides) were analyzed to- areunderlined.Each repeat was treated as a separate species, and short
gether and placed into six groups, L1 to L6, based on amino acidand long repeats were analyzed separately. The branching pattern was
sequence similarity (shown on theft). Short repeats (18 nucleotides) derived using neighbor joining and was implemented using MEGA.
were analyzed together and placed into three groups, S1 to S3 (showhhe same branching pattern was seen using maximum likelihood and
on theright). The linear order of repeats classified by group for each maximum parsimony (not shown). The tree was unrooted.

this position inS. purpuratusand S. droebachiensidn adjacent repeats, which causes duplication/loss of larger
the long repeats, the fourth amino acid position of thesesegments (multiple repeat units). This could explain the
species shows more variation than in the other speciesequence similarities between tBe purpuratusepeats
examined. Three different nonpolar amino acids are pre9—-15 and repeats 16-23. The second is mispairing of
sent at the fourth position in repeats frdiin pulcherri-  dissimilar repeats that leads to a gain/loss of a single long
mus, while S. purpuratusand S. droebachiensi®ave  or short repeat. This would result in a loss of the clear
four nonpolar amino acids present, including tryptophanalternating pattern of long and short repeats.
which is not present in the repeats of any of the other Overall it is clear that evolution of DNA repeats
species. within the coding region of a gene is constrained by the
All three of the species that have a truncated repeafact that the function of the protein must be maintained.
show an underlying pattern of alternating long then shortn the case of the SM50 family of proteins, the repeat
repeat. The truncation would favor this type of mispair-region likely encodes a structural domain, and while
ing during unequal crossing-over, since like repeats arsome variation in amino acid sequence is allowed be-
more likely to pair with one another. This is most obvi- tween repeats and between species, these changes are
ous in theH. pulcherrimusrepeat. Two other types of conservative. Without an analysis of amino acid substi-
mispairing and crossing-over events also seem to be dtition rates, we cannot rule out that compensatory
work in the S. purpuratusand S. droebachiensigepeat changes have occurred elsewhere in the genome; how-
regions. One is pairing of close, but not immediatelyever, it appears that differences in numbers of repeats
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and some variation in amino acid sequence are not det- sion, and extracellular targeting of PM27, a skeletal protein asso-
rimental. However. even small variations in the nucleo- ciated specifically with growth of the sea urchin larval spicule. Dev

. Biol 168:549-566
tide Sequences between repeats can alter how these rIga{yashi CY, Lewis RV (2000) Molecular architecture and evolution of

petitive regions undergo concerted evolution. Variations 3 mogdular spider silk protein gene. Science 287:1477-1479

in the nucleotide sequence, especially at the ends of gilis DM, Bull JJ (1993) An empirical test of bootstrapping as a
repeat, can alter the ability of repeats to misalign, favor- method for assessing confidence on phylogenetic analysis. Syst
ing pairing of repeats whose sequences are most alike, Biol 42:182-192

L N illis DM, Moritz C, and Mable BK (eds) (1996) Molecular system-
Pairing with like repeats that are close by would be most’ atics. Sinauer Associates, Sunderland, MA

favored. This would lead to expansion or loss of pairs ofygiiar LJ, Springer MS (1996) Old world fruit bat phylogeny; Evi-
repeats, as is. franciscanusindH. pulcherrimus Pair- dence for convergent evolution and an endemic African clade. Proc
ing with like repeats that are farther away is less likely, Natl Acad Sci USA 94:5716-5721

though possible, and would lead to duplication of |argerHuelsenbeck JP, Hillis DM, Jones R (1995) Parametric bootstrapping

. . . - in molecular phylogenetics: Applications and performance. In: Fer-
groups of repeats, as |mpI|ed 8 purpuratusMispair raris J, Palumbi S (eds) Molecular zoology: Strategies and proto-

ing of repeats that are more divergent in sequence should g5, wiley, New York

be less frequent and would lead to a divergence from atukes TH, Cantor CR (1969) Evolution of protein molecules. In: Munro
alternating pattern of a pair of repeats with dissimilar  HN, (ed) Mammalian protein metabolism. Academic Press, New
sequence. A great deal of sequence divergence between Yo'k

e L . .. Katoh-Fukui Y, Noce T, Ueda T, Fujiwara Y, Hashimoto N, Higashi-
repeats within a gene would limit the types of mispairing nakagawa T, Killian CE, Livingston BT, Wilt FH, Benson SC

that is pOSSIbIe even further and would inhibit the Iarge— (1991) The corrected structure of the SM50 spicule matrix protein
scale homogenization that leads to identical repeats of Strongylocentrotus purpuratus. Dev Biol 145:201-202

within a gene. One prediction of this hypothesis is tBat Kishino H, Hasegawa M (1989) Evaluation of the maximum likelihood
purpuratusandS. droebachiensiwill not undergo con- estimate of the evolutionary tree topologies from DNA sequence

certed evolution to the extent that the repeat region will g?tga’ and the branching order in hominoidea. J Mol Evol 29:170~

b_ecome homogeneous, as seen in some of the other Spgzjewski CM, Blacket M, Buckley L, Westerman (1997) A multigene
cies. assessment of phylogenetic relationships withindheyuridmar-
supial subfamilySminthopsinaeMol Phylogenet Evol 8:236—248
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