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Summary. The complete nucleotide sequences of
two chromosomally linked actin genes from the sea
urchin Strongylocentrotus franciscanus are pre-
sented. The genes are separated by 5.7 kilobases,
occur in the same transcriptional orientation, and
contain introns in identical positions. The structures
and nucleotide sequences of the two genes are ex-
tremely similar, suggesting that they arose through
a recent duplication. Comparison of the nucleotide
sequences of the genes allows inferences to be made
about mutational mechanisms active since the du-
plication event. Whereas point mutations predom-
inate in the coding regions, the introns and flanking
DNA are more heavily influenced by a variety of
events that cause simultaneous changes in short re-
gions of DNA.
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Introduction

One of the most significant findings of research into
the structure of eucaryotic genomes has been the
discovery that many, perhaps most, genes are or-
ganized into multigene families. Well-documented
examples include the globins, histones, actins, ri-
bosomal RNAs, and tubulins (reviewed, e.g., in Raff’
and Kaufman 1983). There is general agreement
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that in many cases these multigene families arose
via duplication(s) of a single progenitor gene and
subsequent sequence divergence.

The selection pressures that lead to perpetuation
of such gene families are not fully understood. They
probably include a requirement for a larger amount
of the corresponding protein (or RNA) than could
be provided by a single gene, as well as the phys-
iological importance of differences in the gene se-
quences that arise from the mutations subsequent
to duplication. It is a familiar concept that gene
duplications provide evolutionary flexibility to the
organism, in that duplicated copies are free to di-
verge, while the progenitor copy maintains an es-
sential cellular function. Among other possible ex-
planations for the prevalence of multigene families
is that different family members function in defined
regulatory ‘“domains,” that is, groups of genes that
are coordinately expressed in different tissues or at
different stages of development.

To understand the evolutionary history of mul-
tigene families it is important to study the kinds of
mutations that follow events of gene duplication.
This is difficult, however, because secondary mu-
tations can make reconstruction of the sequence of
mutagenic events uncertain. We have attempted to
circumvent this problem by examining the structure
of two very similar genes that apparently were gen-
erated by a recent duplication and thus have di-
verged for only a short while. In such a case, primary
mutations should not be obscured.

We report here the nucleotide sequences of two0
genes that code for actin in the sea urchin Stron-
gylocentrotus franciscanus. Actin is a highly con-
served protein found in all eucaryotic cells and en-
coded by a group of genes whose organization and
expression have been studied extensively in organ-



‘T}‘; ranging from yeast (e.g., Nellen et al. 1981) to
see an (e.g., Soriano et al. 1982; for a recent review
Kleinsmith et al. 1984). Previous studies using
(J(I:II;: hybridization followed by thermal elution
tiquason ?t al. 1983) l?ad suggested that these par-
i cr1 actu.l genes, which occur on the same geno-
(sce F_one in the same t_rans.cnptlonal orientation
ison 0}8- I), are very similar in sequence. Compar-
Some § thf: nugleotlde sequences of these genes gives
Insight into the mechanisms and relative fre-
Quencies of the mutations that occur following du-
Plication of a gene.

Methods

i;?ggo”'”g of ASfA 15. The lambda clone ASfA 15 (Fig. 1A),

A acgmams two S. ﬁ'c_mciscanus actin genes designated SfA
Charac:‘e _SfA 158, was isolated from a lambda clone library
Partia)] nzf:d as desc:nbed by Johnson et al. (1983). ASfA 15 was
PBR 32§ digested with Ava I and Hind III, and ligated with
clones dlgeSted vfnth the same endonucleases, Actin-containing
<DN4 were identified by‘colony hybridization with the actin
i tyg clone p$A38 (Merlino et al. 1980). SfA 1SA was isolated

he H_l'ecombmam plasmids and SfA 15B was isolated in one.
and g4 Ind' 1Y and Kpn [ restz-iction sttes surrounding SfA 15A
oy © Hind 111 and Eco R1 sites surrounding S7A 15B (Fig. 1A)

ed us to discriminate between the genes.

queizzuencing of SfA 154 and SfA 15B. The nucleotide se-
the pros of genes SfA 15A and foA 15B were determined using
s tl‘ands%dure of Maxam.and C.‘nlbert (1977). For accuracy, both
the s wert? sequenced in their emirety.. Restriction maps and
rangUQDC{ng s,cheme used are shown in Fig, 1B. Restriction
using antS ‘;Vzlth 5’-extended termini were fabefed at the 3’ termini
D {¥-2P}ANTP and the large fragment of Escherichia coli
of B fqumerasp I(Klenow). §' Termini were labeled by removal
laesz P z‘;g cal.f intestinal alka.hne phosphatase and addition of
With 3 P using polyfllzlcleotlde kinase. ~Restriction fragments
nase (f(;extended termini were labeled using polynucleotide ki~
Phate 5 T Pst 1 apd Sst I fragments) or [a-**P)cordycepin triphos-
was theud terminal t.ransferase (for Bgl I fragments). The DNA
of difk: n digested with a second enzyme to generate fragments

°rent lengths, each labeled at only one end. These fragments

We,
msreegseloara\ed by electrophoresis in 1% low-melting-point aga-
cls,

tuf;’:Puter Analysis of DNA Seguences. The nucleotide se-
atus act'Of SfA [3A, SfA 15B, and various regions of S. purpur-
Were 5o n genes (quper :cmd Crain 1982; Schuler et a}. 1983)
Tepeats ar(fhed for direct, indirect (reverse-order), and inverted
elan using a general computer program for sequence analysis
etemfy 1982, Codo.n usage and base composition were also
Dubl; hmed. In some instances, particujarly in the introns, the
] Stied sequence of the actin gene SpG17 from the sea urchin
glurp Uratus (Cooper and Crain [982) was used to aid in align-
t of sequences.

Results ang Discussion

Ag Dredicted from earlier DNA hybridization data
o NS0n et al. 1983), the two actin genes described
© are extremely similar. The structural and se-
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Fig. 1A,B. A Restriction map of ASfA 135. The two actin genes,
shown as dark boxes, are spaced 5.7 kilobases apart. The entire
sea urchin insert is 17 kilobases in length. Wavy lines represent
A phage arms. B Partial restriction maps of and sequencing schemes
used for SfA 15A and SfA 15B. Open boxes represent coding
portions of the genes; shaded boxes represent intervening se-
quences at amino acids 121 and 204. Arrows above and below
the genes show the approximate distance sequenced from a given
site, and represent the type of labeling used, not necessarily the
strand labeled (upper arrows represent 5 termini labeled, and
lower, 3’ termini; see Methods). Other restriction sites present
in the genes but not used in sequencing are not shown

Hing I
Bom HI
Bgl X
Bagil
Ava ]
Xbal

quence similarity of the two genes, which are found
in the same transcriptional orientation and sepa-
rated by 5.7 kilobases, suggests that they may be the
result of a relatively recent duplication event. If this
is the case, the differences that exist between the
genes represent relatively recent mutations. This sit-
uation allows us to infer the mutational mechanisms
that have acted on these sequences since the dupli-
cation. Alternatively, it is possible that the similarity
of the genes is due to some other event that acted
to homogenize the sequences, such as gene conver-
sion. This should not detract from the analysis, how-
ever, since primary mutational events that have oc-
curred since the conversion should still be identifiable
by comparison of the genes.

Analysis of the genes described here shows that
the coding portions, the 5’ and 3’ flanking sequences,
and the two introns are evolving quite differently.
The coding regions are being held relatively constant
due to selection at both the protein and the nucleo-
tide levels. In contrast, both sets of intervening se-
guences undergo sequence-specific insertions and/
or deletions, resulting in a mutation rate much higher
than that which would be caused by random base
substitutions. Interestingly, computer analysis sug-
gests that mutational mechanisms active in one set
of introns have little effect on the other. In both
introns the nucleotide sequence directly affects the
mechanisms of mutation, and in both cases second-
ary structure seems to be involved. Finally, the 5
and 3’ flanking regions seem to undergo still different
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1 10
Start Cys Asp Asp Asp Val Ala Ala Leu Val Ile Asp Asn Gly Ser Gly Mer Val Lys ala
SIA 15A ATG TGT GAC GAC GAT GTT GCC GCT CTT GTC ATC GAC AAC GGA TCC GGT AT6 GTG AAG GCC
StA 158 ATG TGT GAC GAC GAT GTT GCC GCT CTT GTC ATC GAC AAC GGA TCC GGT ATG GTG AAG GCC
20 30 40

Gly Phe Ala Gly Asp Asp Ala Pro Arg Ala Val Phe Pro Ser Ile Val Gly Arg Pro Arg His Gln CGlvy Val Met
GGA TTC GCC GGA GAC GAT GCC CCA AGG GCT GTC TTC CCA TCC ATC GTT GGC AGG CCC CGT CAC CAG GGT GTIC ATG

GGA TTC GCC GGA GAC GAT GCC CCA AGG GCT GTC TTC CCA TCC ATC GTT GGC AGG CCC CGT CAC CAG GGT GYC ATG

50 60
val Gly Met Gly Gln Lys Asp Ser Tyr Val Gly Asp Glu Ala Gln Ser Lys Arg Gly Tle Leu Thr Leuv lys Tyr

GTC GGT ATG GGA CAG AAG GAL AGC TACL GTC GGA GAC GAG GCC CAG AGC AAG AGA BGT ATC CTC ACC ETG AAG TAC
GTC GGT ATG GGA CAG AAG GAC AGC TAC GTC GGA GAC GAG GCC CAG AGC AAG AGA GGT ATC CTC ACC TTG AAG TAC

70 80 90
Pro Ile Glu His Gly Ile Val Thr Asn Trp Asp Asp Met Glu Lys Ile Trp His His Thr Phe Tyr Asn Glu Leu

CCC ATC GAG CAC GGT ATC GTC ACC AAC TGG GAC GAT ATG GAG AAG ATC TGG CAT CAC ACC TTC TAC AAC GAG cTC
CCC ATC GAG CAC GGT ATC BTC ACC AAC TGG GAC GAT ATG GAG AAG ATC TGG CAT CAC ACC TTC TAC AAC GAA CTC

100 110
Arg Val Ala Pro Glu Glu His Pro Val Leu Leu Thr Glu Ala Pro Leu Asn Pro Lys Ala Asen Arg Glu Lys Met

CGT GYT GCC CCA GAG GAA CAC CCC GTC CTC CTT ACT GAG GCT CCC CTC AAC CCC ARG GCC AAC AGG GAA AAG ATG
CGT GTT GCC CCA GAG GAA CAC CCC GTC CTC CTT ACT GAG GCT CCC CTC AAC CCC AAG GCC AAC AGG GAA AAG ATG

120 130 140
Thr Gln Ile Met Phe Glu Thr Phe Asn Ser Pro Ala Met Tyr Val Ala Ile Gln Ala Val Leu Ser Leu Tyr Ala

ACA CAG ATC ATG TTC GAG ACC TTC AAC TCA CCC GCC ATG TAC GTC GCC ATC CAG GCT TG CTT TCC CTC TAC &CC
ACC CAG ATC ATG TTC GAG ACC TTC AAC TCA CCC GCC ATG TAC GTC GCC ATT CAG GCT GTG CTT TCC CTC TAC GCC

150 160
Ser Gly Arg Thr Thr Gly Ile Val Phe Asp Ser Gly Asp Gly Val Ser His Thr Val Pro Ile Tyr Glu Gly Tyr

TCT GGT CGT ACC ACT GGT ATC GTT TTC GAC TCT GGT GAT GGT GTT TCA CAC ACT GTG CCC ATC TAC GAG GGT TAC
TCT GGT CGT ACC ACT GGY ATC GTT TTC GAC TCC GGT GAT GGT GTT TCA CAC ACT GTG CCC ATC TAC GAG GGT TAC

170 180 190
Ala Leu Pro His Ala 1le Leu Arg lLeu Asp Leu Ala Gly Arg Asp Leu Thr Asp Tyr Leu Met Lys Ile Leu Thr

GCC CTT CCC CAC GCC ATC CTC CGT CTG GAC TTG GCT GGA CGT GAT CTC ACC GAC TAC CTA ATG AAG ATC CTT ACC
GCC CTT CCC CAC GCC ATC CTC CGT CTG GAC TTG GCT GGA CGT GAT CTC ACA GAC TAC CTG ATG AAG ATC CTT ACC

200 210
Glu Arg Gly Tyr Ser Phe Thr Thr Thr Ala Glu Arg Glu Ile Val Arg Asp Ile Lys Glu Lys Leu Cys Tyr Val

GAG CGT GGC TAC TCT TTC ACC ACC ACC GCT GAG CGT GAA ATC GTT CGT GAC ATC AAG GAG AAG CTC TGC TAT GTA
GAG CGT GGC TAC TCT TTC ACC ACT ACC GCT GAG CGT GAA ATC GTT CGT GAC ATC AAG GAG AAG CTC TGC TAT GTA

220 23¢ 234a 240
Ala Leu Asp Phe Glu Gln Glu Met Cln Thr Ala Ala Ser Ser Ser Ser Leu Glu Lys Ser Tyr Glu Leu Pro Asp

6CT CTC GAC TTT GAG CAG GAG ATG CAA ACT GCT GCC TCA TCC TCC TCC CTC GAG AAG AGC TAC GAG CTT CCC GAC
GCT CTC GAC TTT GAG CAA GAG ATG CAA ACT GCT GCC TCA TCC TCC TCC CTC GAG AAG AGC TAC GAG CTT CCC GAC

250 260
Gly Gln Val Ile Thr Ile Gly Asn Glu Arg Phe Arg Ala Pro Glu Ala Leu Phe Gln Pro Fro Phe Leu Gly Met

GGA CAG GTE ATC ACC ATC GGC AAC GAG CGA TTC CGT GCC CCA GAG GCC CTC TTC CAG CCA CCT TTC CTT GGA ATG

GGA CAG GTT ATC ACC ATC GGC AAC GAG CGA TTC CGT GCC CCA GAG GCC CTC TTC CAG CCA GCT TTC CTT GGA ATG
Ala

270 280 290
Glu Ser Ala Gly Ile His Glu Thr Cys Tyr Asn Ser Ile Met Lys Cys Asp Val Asp Tle Arg Lys Asp Leu Tyr

GAA TCT GCT GGA ATC CAC GAG ACC TGC TAC AAC AGC ATC ATG AAG TGC GAT GTT GAC ATC CGT AAG GAT CTG TAC
GAA TCT GCT GGA ATC CAC GAG ACC TGC TAC AAC AGC ATC ATG AAG TGC GAT GYT BAC ATC CGT AAG GAT CTT TAC

300 310
Ala Asn Cys Val Leu Ser Gly Gly Ser Thr Met Phe Pro Gly Ile Ala Asp Arg Met Gln Lys Glu Ile Thr Ala

GCC AAC TEC GTT CTQ TCT GGA GGC TCT ACC ATG TTC CCA GGA ATC GCC GAC AGG ATG CAG AAG GAG ATC ACC GCC

GCC AAC RCC GTT CTG TCT GGA GGC TCE ACC ATG TTC CCA GGA ATC GCC GAC AGG ATG CAG AAG GAG ATC ACC GCC
Thr

320 330 340
Leu Ala Pro Pro Thr Met Lys Ile Lys Ile Ile Ala Pro Pro Glu Arg Lys Tyr Ser Val Trp Ile Gly Gly Ser

CTT GCC CCA CCA ACC ATG AAG ATC AAG ATC ATI GCT CCT CCE GA@ AGG AAA TAC TCT GTA TGG ATC GGA GGC TCC
CTT GCC CCA CCA ACC ATG AAG ATC AAG ATC ATC GCT CCT CCA GAA AGG AAA TAC TCT GTA TG6 ATC GGA GGC TCC

354 360
Ile Leu Ala Ser Leu Ser Thr Fhe Gln Gln Met Trp Ile Ser Lys Gln Glu Tyr Asp Glu Ser Gly Pro Ser Ile

ATC CTT GCC TCT CTC TCC ACC TTC CAA CAG ATG TGG ATC AGC AAG CAG GAA TAC GAC GAG TCT GGC CCA TCC ATC
ATC CTT GCC TCT CTC TCC ACC TTC CAA CAG ATG TGG ATC AGC AAG CAG GAA TAC GAC GAG TCT GGC CCA TCC ATC

370
Val His Arg Lys Cys Phe Stop

GTC CAC AGG AAG TGC TTC TAA
GTC CAC AGG AAG TGC TTC TAA

Fig. 2. Complete nucleotide sequences of the noncoding strands of STA 15A and SfA 15B. Amino acids are indicated above each
codon and are the same for cach gene except at positions 264 and 296, as shown. Base differences are denoted by dots between genes
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SfA 15A
StA 15B

ATG ACC CAG

111

20 40

aa
ATG ACA CAG GTAAGAACAA('}CAATATGCC}'TTA)}T&GA_GTAATCIT;ATTCQC%AAA
GTAAGAACAACCAATATGCCATTATTTGAAGTAA_CAAATTCTCGAAA

100 120

60 80
g:gATAEGTTTTCICATT/}AAACGTCTTTGATAAGC_GGTTTAIT].'ATAT]:AGTACCAAGTGAAAGACATTTTGAAATQA'I.'CAGCAATTG
AATAT_TTTTlZIACATTCM\ACATCTT AAGCAG_ TTTAATAATATCAGTACCAAGTGAAAGACATTTTGAAATGAACAGCAATTG

Léo 180

2

160 00 220
O L TARAGT GAACTTTTAARACTGTTCATACTTTTAAACTTATTGCTATTAGTGAAGTGAAATCGGTGATTGATAATCGTTT

ACTGARATAAAGTTTTTG
240 aa 123
[=CTTTTCATGTCTTCTCAG  ATC ATG TTC
TGTT__CATGTCTTATGCAG ATC ATG TTC

StA 15A
SfA 15B ;
0

GA 60
SGATGGAGGATATTTATGACTT ATGTTCALTTTCTT

ATACTTTCAAAATTGTTGCTATTCGTGATGTGAAATCAGTGATTAATAATCGTTT

aa 203 20 40
ACC ACC ACC G GTAAGATATAACAAAA_TTATTTCCTGCATCCTGTGCTAAAAAAAA_
ACC AC% ACC ¢ GTAAGATATAACAAAAATTATTTCCTGCATCCTGTGCTAAAAAAAAA

100 120
ATATATTTTGTTGTTGITGTTGAAGAAAGTG

AGGATGGAGGATATATATGATTTTATGTTCAGTTTCTTTGTACTTTGACAATAACAAG_—-ATTTTGTTGTTGGT_—.AGAAAGTG

140

200 aa 205

ARTGTT 160 180
" GCTTTTCGTTATATATTC G TAAC TAATTTCATCTTGTTTTTTCTATCTTGCAG CT GAG CGT GAA
TOTTGCTTITCRTATACATTCGTAACTAACTT ATTTCATCTTGTTTTTTCTATCTTGCAG CT GAG CGT GM

1;

F .
) nitg 3. Nucleotide sequences of the intervening sequences of SfA 15A and SfA 15B. These are located at aa position 121 and
STTupting aa 204. Three codons surrounding each intron are also shown. The sequences are aligned for greatest homology and are

u ) . . \ 3 1s
d:lmt.’ered $0 as to include both genes, not each gene independently (for actual sizes, see Results and Discussion). Solid lines denote
Clions/insertions between genes and dots denote single-base differences. In some cases, the sequence of the actin gene SpG17

O0per and Crain 1982) was used to aid alignment

T . . .
aates‘ of mutation, unique from those of the coding
nd Intervening sequences and of each other.

General Description of Sf4 154 and SfA 15B

.Ijhe hucleotide sequences of the protein-coding re-
8lons of SfA 15A and SfA 15B are shown in Fig. 2.
ll;SS'équences differ by 1.7%, or 19 bases out of
- Of the 19 changes, 16 (84%) are silent; 15 of
aCFSe are at the third base position. At the amino
1d (aa) level, there are just two differences (two of
COZ three replacement mutations occur in the same
On), at aa positions 264 and 296. Scoring of co-
ugélduSage showed strong bias in the specific codons
cgénleWenipg sequences are located between Fhe
2 Z%ns specifying aa 121 and 122 and interrupting
va 4 in both genes (Fig. 3). The introns at aa 121
fo rzyzm length from 236 base pairs (bp) in SfA 15A
4 bp in SfA 15B and both are about 70% A +

: h_Ere are 26 single-base differences between them.
rese Itrons at aa 204 are 172 and 191 bp long,
vpef:tlvely, about 70% A + T, and contain only
ai1e1 s]mgle-base differences. Both sets of introns con-
whi arge r}umbers of deletions and/or insertions,
Ich, as discussed below, are apparently caused by

different mutational mechanisms. Two hundred six-
ty-seven and 180 bp 5' of the protein-coding por-
tions of SfA 15A and SfA 15B, respectively, were
sequenced, as were 150 bp 3’ of each (Fig. 4). Al-
though the 5’ flanking regions are A + T rich, little
or no sequence similarity exists between them. More
sequence similarity is found in the 3’ flanking re-
gions, although it is not as extensive as in the in-
tervening sequences of the genes. The varying levels
of nucleotide similarity between the different re-
gions of SfA 15A and SfA 15B are interesting, in
that no two regions within a gene seem to be evolv-
ing in the same manner or at very similar rates.

The Coding Regions

The protein-coding portions of SfA 15A and SfA
15B are very similar, differing by 1.7% and 0.5% on
the nucleotide and amino acid levels, respectively.
As would be expected, most of the nucleotide changes
are at third base positions and do not alter the amino
acid sequences. These changes represent only about
5% of the base substitutions that could have oc-
curred without affecting the protein. The strong nu-
cleotide homology in the coding regions necessitates
similar codon usage between the genes. However,
strong codon bias exists within each gene as well.
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5" Flanking

-220
SfA 15A CATGCGTAGTTTCTGTTCATTGATCTACAATATCTTTTCTTAATTAT TAA
SfA 15B
-200 -180 -160 -140

AACGCAATTTAAATTGCCTCCGTGCTCTTTTGAATTGTCACTCATTCTTCAAGTAAGACTTGTGAAATCACGTGTCTTCT
TTCGAAAAATACTTTTTTAACACTTATGACTATTTTGATTATT

-120 -100
GTACAGCCCTATACAAATACGTAGGACACCTGGATGTAGTGAACCAGCTTAATAAGTCTTTGTTCTTTTATGTCCAATTA

CTTTCAAGAGATTTGTTCTGCCACTAAATTGCTTCATTCTTTCATTTICTCTTTCCATGCAGTGCAATTCCAATGTATTTA

=20

Start

-40
TTACTTACTCTTTAATCCATTTTTCTCACTTTTAGATCAAACTAGATTCCAAAAATC ATG TGT GAC
TGTTGTATTTYTGTGTTTTTATTTTCAGAGTAAATTTATTCATAAAAATCAATCATC ATG TGT GAC

3’ Flanking

Stop

SfA 15A
StA 158B

40 60
CTTT(;CAATACGAC ATGATTCT ATTTT(:CTTCGTT(:

20
TGC TTC TAA ACAACTCGCTCTTGGTTA)‘&C{\AACTCTTGAACAI.XI;\AA_
TGC TTC TAA ACAACTCGCCCTCGGTTAACTAACTCTTGAACATTAATA

100

——ATGATGATTACGGATGTTCCTTAATATTTTAGTATGA

TCAA GGAA_AC(:ACCATGAT CTCAAATTGCAAAGTTTAAGTATGAT AC

120 140 160
ACGATTGCGACCAACCCAGCCAAAATAATATTATCTIATT

180

ATTGCGES(":CAA'I'E%CAG_CAAAAGC TCACGCTTTCICAGAAGTTGGAGCAACATGCCGAGTCTAGA

Fig. 4. Nucleotide sequences of the 5’ and 3’ flanking regions of SfA 15A and SfA 15B. For SfA 15A and B, respectively, 267 bp
and 180 bp of 5’ flanking sequence are shown, as are the first three codons of the coding region. Because the 5’ flanking regions are
extremely dissimilar, no alignment is attempted. For each gene, 150 bp of 3’ flanking sequence are shown, as are the last three codons
of the genes. Alignment is as described in Results and Discussion. Solid lines denote deletions/insertions between genes or, in the 3’

regions, no homology; dots denote single-base differences

Certain codons are used extensively, whereas others
are used infrequently or not at all. For example,
alanine is encoded by GCT and GCC 30 times in
SfA 15A (31 in SfA 15B), while GCA and GCG are
not used. In fact, all amino acids that can be spec-
ified by more than one codon show a strong, similar
codon bias. Codon bias has been observed in actin
genes of various species (Sanchez et al. 1983) and
in other genes as well (see Grantham et al. 1980),
although the prevalent codons vary. It is clear that
selection for particular codons has influenced the
coding regions of SfA 15A and SfA 15B and that
this has been important in conserving the coding
sequences.

The Intervening Sequences

The intervening sequences of SfA 15A and SfA 15B
(at aa 121 and 204, Fig. 3) show more sequence

divergence between genes than do the coding re-
gions, and the causes of this divergence are com-
plicated and varied. It is likely that intron sequences,
with the exception of 5-10 bp at the intron—exon
junctions, are under few evolutionary constraints,
and such noncoding DNAs are thought to be well
suited for evolutionary comparisons for the purpose
of constructing phylogenies (e.g., Nei 1983). Fur-
ther, introns are often presumed to represent single-
copy sequences in the genomne, a factor considered
to make their sequences more useful than others for
estimating divergence times of genes and organisms
(e.g., Grula et al. 1982; Schuler et al. 1983; Sibley
and Ahlquist 1984). A relatively constant rate of
base substitution is assumed in these regions, and
deletions and insertions are treated as equally likely
“events” and are also assumed to occur at a rea-
sonably fixed rate (Perler et al. 1980).



maBoth sets‘of iptervening sequences described here
IheZ argue, in different ways, against the validity of
in n? assgmptlons. There is no apparent consistency
whi) utation ra?es, and some areas.are conserved
For t? other reg1on§ represent mutational hotspots.
instance, the introns interrupting aa 204 (Fig.
eI)ICCEOn‘cz~1in only ﬁve single-base changes. No differ-
diﬁ"es are found in the 3'-most 34 bp and only three
Ténces are found in the first 68 bp at the 5 end.
exif:?“e this, a lax:ge number of sequence differgnces
Srnalldu? 1o deletions and/or insqrhons occurring at
ing 1 ) qlrect repeats ob'servable in the cgrrespond-
tion €gton of the other intron. The deleuons{mser-
sB SAand repeats la'lrger_than 1 bp are show.n in Fig.
an& Il other deletions/insertions are 1 bp in length
al Occur at runs of As or Ts, which are, of course,
S0 forms of repeats.

w:; mechapism.that f.:xpla'ms the relationship be-
Pro n deletmns@nscmons an_d direct repeats was
opelr’OSeq by Strelsinger et al. (196 6) gnd appears to
eucaate in procaryotic (e.g:, Albertini et al. 1982_),
tochryou-c (e.g., Efstratiadis et al. 1980), and mi-
tom OHanls‘(Aquadro and Greenberg 1983) sys-
o 8. ThlS. slipped mispairing” mechanism, dia-
del:tl'med in Fig. SA, explains either insertion or
il t;On of DNA, but for simplicity, only d;letlons
caus ¢ considered here. In this moc'lel, dele'ﬁlons are
DeatEd by the out-of-register pairing of direct re-
uris, follo.weq by cleavage of the resultant loop
the élg re‘phcatlon.' Such a model accounts well for
wh eletions seen in the introns at aa 204, although
Y these deletions are restricted to the center of

€ Introns remains unclear.
Canl;jhe il_nrons at aa 121 (Fig. 3) contrast signifi-
of b Y with t‘hos‘e at aa 204. A far greater number
servasc? su!?stltutlons has occurred (26) and less con-
N ation is found near the intron-exon borders. A
nog: number of deletions/insertions occur, but in
ase are they found at perfect direct repeats, as
c Zy are in the introns at aa 204 (although some
lacl?gzs at runs of T§ exist.). This is not due to a
Duteo direct repeats in the introns ataa 121. Com-
alen tl' search of the introns indicates that an equiv-
Peay nufllbef of small, closel.y spaccq, pgrfect re-
eavﬁf@sts in each. Thus, sllppeq mispairing has
ut Uy mﬁuenged evolution of the intron at aa 204,
iStennOt of the intron at aa 12.1, in spite of the ex-
2 CIQCE of short direct repeats in both. TGAAAT'or
ron Sely related sequence occurs throughout the in-
pe § at aa 12}, although not in the tandemly re-
ated manner characteristic of slipped mispairing.
tions T sequences are .1ocated starting at posi-
Dost 109, 121, and 204 in both genes, as well as
lons 27, 49, and 141 in SfA 15B, and 199 in
foﬁncllsi‘\ AI‘SQ, the reverse sequence, TAAAGT, is
relae d'dt position 146 in both genes, and othqr closely
sequences are common (€.g., at positions 218
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G pom Gene A4
Gene & CAATAACAA

107 "2
Gene A ATATAT

Gene 8 __._AT

16
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4 Oz — Gene A TAAC____
' Gene £ TAACTAAC
e A

Fig. 5A, B. The influence of slipped mispairing on the inirons
at aa 204. A Schematic representation of a deletion caused by
slipped mispairing: (1) Double-stranded DNA containing a direct
repeat (boxes). (2) During replication, a ““slippage™ occurs, caus-
ing one of the repeats to base pair with the complementary se-
quence of the other repeat. (3) The resultant loop is excised. (4)
One member of the repeat and most or all of the sequence between
members is lost (nonmutated strand also shown), B Short, direct
repeats associated with the deletions in the introns at aa 204.
The large deletion at positions 87106 is assumed to be the result
of two separate events. Single-base deletions are not shown

in SfA 15A and 43 in SfA 15B). The sequence
TGAAAT does not occur in the introns at aa 204.

Because slipped mispairing does not appear to be
a dominant cause of mutation in the introns at aa
121, we scored direct, reversed-order, and inverted
repeats to search for alternate mechanisms affecting
the evolution of these introns. Given the A + T
richness, one would expect a relatively high number
of such structures (Moore et al. 1984). However,
what was found was striking: Virtually the entire
intron at aa 121 is made up of inverted repeats, i.e.,
sequences capable of forming foldback structures
with other regions of the same DNA strand. For
instance, a computer search for inverted repeats in
the intron at aa 121 in SfA 15A and SfA 15B re-
quiring at least eight perfectly matching base pairs
and a minimum of 75% total homology, with min-
imum regions of three paired bases and a maximum
of three unpaired bases, identified 208 and 201 nu-
cleotides, respectively, capable of forming foldback
structures with other regions of the intron. This rep-
resents 88 and 90% of the bases, respectively. In
contrast, the introns at aa 204 contain only 55%
such homology, although they are similarin A + T
content.

Models that can account for foldback homology
and resulting mutations have been proposed by Rip-
ley (1982) and Glickman and Ripley (1984). Figure
6A illustrates how an inverted repeat may be formed
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Fig. 6A, B. Mutational mechanisms that occur at inverted repeats. A Model for formation of an inverted repeat by *“correction” of
one strand from a distant region of the same strand. (1) Two dissimilar sequences separated by a variable stretch of DNA (interrupted
solid line). (2) Single strand of DNA folds back on itself, allowing a small region to base pair, (3) One strand is then corrected based
on the other. (4) This results in an inverted repeat in the DNA. B Similar mechanisms that result in deletions or insertions of DNA

in a distant region of the strand

by a region of DNA folding back on itself, with one
strand being “corrected™ based on the other; Fig.
6B illustrates how this process can result in inser-
tions and deletions. Such mechanisms, which are a
form of mismatch repair, can account for features
of the introns at aa 121. For example, repetition of
this process results in a number of direct repeats,
such as the sequence TGAAAT, which is prevalent
in the introns ataa 121. Also by this process, a point
mutation in one region of the intron could be rep-
licated in distant regions, accounting for the much
higher quantity of base substitutions seen in the
introns at aa 121 relative to those at aa 204. The
presence of some inverted repeats would make for-
mation of hairpin structures more likely, which in
itself would increase the likelihood of mutations oc-
curring by the mechanisms shown in Fig, 6. The
self-perpetuating nature of the process may account
for its greater impact on one intron than the other.

DNA Flanking the Coding Regions

DNA sequences 5’ and 3’ to the coding regions of
SfA 15A and SfA 15B (Fig. 4) have diverged more
extensively than, and differently from, the introns
and each other. The 3’ flanking regions have some
foldback homology, but this is confined mostly to
small areas, so that the hairpin structures that could
form would contain no loops. In the 3' flanking
region of SfA 15B, for example, six of seven foldback
structures identified using the parameters described

above do not contain loops (e.g., bases 26-35 are
80% homologous to bases 36—45). Thisis in contrast
to foldback homology in the introns, which is often
found at a distance that would result in a looped
hairpin. Tandem repeats exist in the 3' flanking re-
gions, but they are not the small, perfect repeats
found in the introns at aa 204. Rather, they consist
of 10-15 bp of imperfect homology. For instance,
bases 3-14 of SfA 15A can be aligned as shown in
Fig. 4 or with bases 18-29 of SfA 15B.

In contrast to the other regions of these genes,
the 5' flanking regions have virtually no nucleotide
similarity with one another. Some inverted repeats
exist in the §' sequences and at least one example
of slipped mispairing is possible, in that the se-
quence ATC is repeated three times in the 11 bp
preceding the translation start codon of SfA 15B,
and occurs only once in SfA 15A (Fig. 4). Taking
this into account allows alignment of a small region
of A residues, but little else. Thus it seems unlikely
that slipped mispairing or the foldback mechanisms
have caused the extensive divergence of the 5' flank-
ing regions. It is possible that when the genes were
duplicated, the 5' region of one of them was lost,
but this would probably have resulted in the loss of
upstream regulatory sequences, leaving a nonfunc-
tional gene. If either gene were nonfunctional, the
coding portion would be free to diverge, which has
notoccurred. The lack of homology in the 5’ flanking
sequences may be caused by the presence of an in-
tron in one of the genes but not the other. This is



:;gtf:“ed by thq occurrence of an intron in the 5’
such nSlgted region of actin genes of other species
ufchiaSS rosophila (Fryberg et al. 1981) and the sea
1983)11'1‘trongylocentrotus purpuratus (Zeigler et al.
ar Dos.' ‘he fact tha't a promoterlike sequence is found
Sugge ItUOn —.128 in SfA 15A, but not in SfA 15B,
it sts thzj.t if one gene does have an extra intron
more likely to be SfA 15B.

E . .
Xamination of Other Sea Urchin Actin Genes

5:;2 5 Purpuratus actin genes of known sequence
mechaxﬁmlneq to determine whether the mutatlon.zﬂ
acting n’11§rns discussed above affect other sea u_rchm
miSpa.i : hese genes have also underg(?ne slipped
2 ofnng (Scl}uler et al. 1983) and the intron at aa
1982) the ?.ctm gene SpG 17 (Cooper and Crain
o the<isc~>ntams'even more foldback horpology tt}an
om -ﬁ’flnczscanus genes. Sequence information
Lytec?:'l actm' gene of the distantly related sea urch.in
cusse‘imus Dictus sug‘gest_s that the mechanisms dis-
Son abov; are active in that gene 'also (P: John-
. ; Unpublished observation). Cocyng regions of
stmncun geqes .from all thrqe sea urchin species show
Obse rgv ar{d similar codon bias. Taken togett'ler, these
the 5 ations suggest that processes that influence
role CqQuences of SfA 15A and SfA 15B may play a
In the evolution of other sea urchin actin genes.

C()“Clllsions

l-fl:‘:etv;o sequencqs reported her.e allow us to spec-
Benesa I?Ut evoluponary mecha.msms activein these
aDDax:e he prgtem—codmg portions of the. genes are
Prote; nltly being held constant by selection at the
ized ;1 evel and alst_) at the particular codons uti-
Tate (-)fl(lif:ontrast, the; introns updergo an accelerated
Tegion 1vergence via mechamsrr_ls that' af!f'ect small
- c’f‘;)OfDNA. Although a rel'atlvely.' limited num-
ey ase changes are found in the introns (where
agains\:f)ould presuma_bly not bp strgngly selected
Curreq ) rnan'y d'eleuor.ls a1:1d insertions hgvg oc-
eseci Yegultmg in l‘i.ipld divergence. Surpns‘mgly,
mispay e'lenons/ 1nsen19ns seem to t?e due Fo slipped
aa 2 irmg at smz.lll d1re?t repeats in the introns at
the re s Whereag in the 1ntron§ at aa 121 they are
rectiosult o_f a different mechamsm,_ namely the cor-
2+, n of su;gle strands of DN A using as a template
,’ariably distant segment of the same strand. The
o?}?dfy flanking fegions show some evidence of
ing reo (these mutational rpeqhamsms. The 3’ flank-
it erE}Ons show less 51m11ar1t_y betwef:n genes than
area ilntron does, but can still be aligned. The 5’
$ nonhomologous, possibly because of the

Pre . . .
N Sence of an intervening sequence in one gene but
Ot the other.
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Clearly, different mutational mechanisms result
in different mutation rates in the various portions
of the genes. Why these mechanisms affect selected
regions of the genes is not clear. The foldback and
slipped mispairing mechanisms could interact. For
instance, while the sequence ATATAT at position
107 in the intron at aa 204 of SfA 15A could result
in slipped mispairing, it is also capable of forming
a hairpin structure. Moreover, since foldback rep-
lication can result in direct repeats, this process could
enhance the rate of slipped mispairing. The effect
these mechanisms may have on any particular se-
quence is difficult to predict, since any direct repeat
may lead to slipped mispairing and any inverted
repeat may lead to foldback. The sequences do not
necessitate the mutation; they merely provide a site
for its possible occurrence. The introns at aa 204
contain direct repeats (¢.g., at positions 23-34 and
48-60) that have not been deleted in either gene.
Whether these are future sites of slipped mispairing
or if deletions at these regions are somehow selected
against is not known.

The analyses presented here accentuate the care
that must be taken when estimating the relatedness
of two DNAs, or of two organisms using DNA se-
quences. Base substitutions are often not the major
events of divergence and may be selected against
even at silent positions of codonms. Further, se-
quences may even undergo positive selection for
mutations in regions where variability itself may be
advantageous. These possibilities make the idea of
“random substitutions” and analysis based on them
quite complex. The rate of divergence may be
strongly influenced by specific DNA sequences and
mutational mechanisms that result from them. If
sequences that promote mutational mechanisms are
present in one DNA but not in another, the rates of
change in them may differ widely. Accordingly, es-
timation of the length of time for which the actin
genes discussed here have been diverging would
be very difficult, since it would depend not only on
what regions were chosen for comparison, but also
on the relative import ascribed to given mutational
events. Greater understanding of how and why mu-
tations occur, and of how and when they are selected
for and against, and the ability to identify underlying
mechanisms that may alter mutation rates will be
needed before DNA sequences can be used in an
unambiguous quantitative manner to establish phy-
logenies and reliable estimates of divergence times.
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