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The luti F that op on genetic variation
within Qranxrlpﬂonal regulatory sequences are not well under-
stood, We present here an evaoll is of an pti
ally well characterized cis-regulatary region, the endo16 promaoter
of the purple sea utthl.n Segregating variation reveals striking
diff inthei ty of negative selection among regulatory
modules, ml'lnnlng ﬂulr distinct functional roles. Surprisingly,
transcrip i g sites are as f hic and as likely
to contain fixed diff as. flankin ides. Whereas
leatides in protein-binding sites in the most proximal regula-
tory module uhﬁm redl.med variatfun. those in alhar modules tend
to be more poly than tional nucleo-
tides. Two unrelat.eu’ large Insarduns at u-a same position within

sites distributed among several modules (7), information on the
dynamics of variation within regulatory sequences is best ob-
tained from a gene in which the majority of binding sites have
been mapped and empirically validated and in which the mech-
anisms of cis-regulation are already well understood,

One such gene is endol6, which encodes an extracellular matrix
protein of the sea urchin Strongvlocentroms purpuratus. The cis-
regulatory region of this gene has been the subject of a series of
detailed studies by Yuh, Davidson, and colleagues (8~11), who have
created a fine-scale map of protein-DNA interactions (8, 9) und a
detailed model of the regulatory e of each i ion
(]D l]} mdoiﬂ is expressed in a dynarmc pattern during early

the promoter are segregating at low frequencies; one is a strong
ectodermal repressor that contains 16 verified transcription-factor-
binding sites. These results demonstrate that a simple relationship
between conservation and function does not exist within this
cis-regulatary reglon and highlight significant popula!ion hetero-

¢ in the vegetal plate endoderm and, later,
restricted to the stomach (12). Yuh er al. (8) have identified 56
protein-hinding sites within a 2.3-kb sequence upstream of the
transcriptional start site, which can complelc]y recapitulate the
embryonic expression pattern when used in transient expnssurm
assays. The endol6 promoter sequence can be divided into six

geneity in the fine structure of a well pr
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Demiled information about the nature and dynamics of se-
quence varation within cis-regulatory regions is necessary
both for understanding the genetic basis of evolutionary change in
organismal phenotype (1-4) and for developing informatic ap-
proaches to identifying transcription-factor-binding sites through

dules responsible for specific iunctlom, such as early embryonic
activation, ion within the arch , and repression within
ectoderm and skeletogenic cells.

Leveraging the extraordinary level of functional detail available
for the endol 6 promater, we analyzed genetic variation at this locus
within 8. purp and b 8. purp and ity
Strongylocentrotus droebachiensis. Here, we present results that
revedl substantial differences in variation within functionally im-
portant rcgzon-: of the promoter and a striking example of a

interspecies comparisons (3, 6), Genes mny acquire new or
levels of expression because of cis-reg) fution in
several ways. Transeription-factor proteins interact with specific
cis-regulatory sequences, which are typically 7-10 nucleotides long.
These binding sites are often arranged into modules, clusters that
each generate a particular subset of the total expression pattern (7).
Individual protein-binding sites may be lost or added through
simple mucleotide substitution. In the same way, substitutions within
binding sites may modulate the binding intensity of proteins to their
target sites. Another possibility is that groups of binding sites, or
even entire modules, may be inserted near a gene through recom-
bination or as part of a mobile element, thereby gaining a role in
regulation. Fach of these possibilities could produce functional
variation available for the evolutionary process,

The types of genetic variation segregating within regulatory
regions should affect the mechanisms in which genes gain new
functions. For instance, if the addition of entire modules were a
common component of genetic variation in promoters, it would
suggest that genes could “easily” gain new, discrete modes of
expression, if favored by natural selection. Likewise, available
variation in individual protein-binding sequences might favor
more fine-scale adj of a gene's ion pattern. To
date, however, most of what we know about the population
genetics of cis-regulatory sequences is based on fragmentary
covernge, focusing on just one or a few transcription-factor-
hinding sites or a single enhancer directing just one part of a
gene’s transcription (reviewed in ref. 4). Because many cis-
regulatory regions are composed of dozens of protein-binding
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I I P g an entire regulatory module.

Materials and Methods

Sample Collection, 5. purpuraty individuals were provided by C.
Biermann (Portland State University, Portland, OR), C. Hollahan
(Santa Barbara Marine Biologicals, Santa Barbara, CA), and
Marinus {Los Angeles, CA). An individual of 5. droehachiensis was
provided by C. Biermann, Approximately a dozen tube feet were
collected from each individual by clipping with scissors. Genomic
DNA was extracted from either fresh or EtOH-preserved wbe foot
tissue by using the DNEasy tissue kit (Qiagen). DNA was stored
at —=20°C.

PCR, Cloning, and DNA Sequencing. The following primers were
used to amplify five fragments of the endolé locus: 5'-
CCCTTGTTACGCAGTTTTGTAT-3'/5' -GTTACGGTTT-
GGTCATTG-Y (promoter 5'-half), 5'-GGGCACTGCTGG-
GATGAT-3'/5'-CCAAAACCGCGAACAGCA-3" (promoter
3'-half), 5'-GGTCGAGGACAGGTCATA-3'/5"-GAGTTA-
GAGTCATCGTCG-3' (first exon, intron), 5"-ATCAAG-
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GAATGCTGCCTACT-3 /5" -ATTCTTTTCTCCTCGCT-
CAT-3" (fifth intron, 5'-end sixth exon), 5'-CTGTGAGCT-
GACTAGCGATT-3' /5 -AGCGCAAATGGCTTTATT-3'
(sixth exon}.

PCR was conducted in a 25-ul reaction volume by using either
Pwo poiy'mcrasc (Roche) (2.5 wl of 10x PCR buffer, 2.0 pl of
MgS0s, 2.5 l of 2 mM dNTP, 25 il of each 10 uM primer, 0.25
jul of 5 units/ul Pwo, 150 ng of DNA template, and 11.75 ul of sterile
distilled water) or Phusion polymerase (Finnzymes, Helsinki) (5.0
wl of 5% PCR buffer, including MgCla, 25 ul of 2 mM dNTP, 1.5
ual of each 10 uM primer, 0.5 pl of 2 units/ul Phusion, 150 ng of
DNA template, and 11.0 pl of sterile distilled water). Pwo

partitions, along with the full alignhment, were used in the following
analyses. The software program DNASP (15) was used to calculate
intraspecific variation (7 and @) and interspecific differences and
also for computing the significance of McDonald-Kreitman test
contmgcncy tables. For the purposes of these analyses, portions of
the al 1g,mm:'r|l containing gaps were excluded. \mrn.ﬁcunldllfer:nm:

in variation b was lated by using a
permutation test with 10,000 iterations.
Calculation of cific Length Variati standard mea-

sures of sequence d.l"mﬂ)f exclude sites with length polymorphism,

were carried out for 1 cycle of 3 min at 94°C followed by 35 cycles
of 30 § at 94°C for denaturation, 1 min at 55°C for annealing, and
1 min at 72°C for extension followed by 1 cycle of 10 min at 72°C.
Phusion reactions were carried out for 1 cycle of 1 min at 98°C
followed by 30 cycles of 10 5 at 98°C for denaturation, 20 s at
S7°C for annealing, and 30 s at 72°C for extension followed by 1
cycle of 10 min at 72°C.

The PCR product was separated by electrophoresis on a 1.5%
agarose gel, and the band was excised and purified by using the
OlAquick gel purification kit (Qiagen) and stored at =2rc,
Purified PCR products were cloned into the pCR4Blunt-TOPO
plasmid by using the Zero Blunt TOPO cloning kit for

ific length variation, “indel m," as the average
wxghl.ed number of insertion and deletion (indel) differences
between allele pairs. A simple count of indel mutations does not
take into account the size of each indel; however, Jength differences
can result from both the number of indel mutations and their size
(length). In comparing two alleles, it is possible simply to count the
number of sites with gaps, but we expect that, as indels within o
promoter increase in size, additional length will, at first, cause
increased disruption of local protein interactions but have dimin-
ishing impact once local interaction is no longer possible. For this
reason, we counted each indel as one difference plus a weight
corresponding to the natural logarithm of the indel’s length. This

(Invitrogen). Cloning followed the urer’s protocol, :mupl
for the addition of a 30-min incubation of each PCR product with
Pfis native polymerase (Stratagene) at 72°C just before the cloning
reaction (8.25 ul of PCR product, 0,25 ul of Pfu, 1.0 ul of 10X Pfu
buffer, and 0.5 pl of 2 mM dNTP),

Plasmids were purified by using the Wizard Miniprep kit (Pro-
megi) and sequenced on both strands with both M13 and sequence-
specific primers. DNA sequencing was performed with BigDye v3.0
{Applied Biosystems) and run on an Applied Biosystems 3700
automated DNA sequencer. Each clone was sequenced in both
directions (o ensure accuracy.

PCR d Tepr g the 5' half of the
promom the 3' half of the pmmoter, the first exon and intron and
proximal 55 bp of the second exon, the fifth intron and proximal 165
bp of the sixth exon, and the following 935 bp of the sixth exon were
brained from 20 individual ofS i (anlyl"fnnmmni)
and 1 individual of S droeh is.
variation reported here were confined to individuals of S, pwpu
rafus from Santa Barbara, CA, for which 10 alleles were obtained
at all of these locations, Ten additional alleles were sequenced from
individuals collected at the other localities. The geographic sam-
pling differed among regions of the locus as follows: the 5° half of
the promoter (5, Long Beach, CA; 5, Friday Harbor, WA), 3' half
of the promoter (2, Long Beach; 8, Friday Harbor), intron 1 and
exon 1 (5, Long Beach; 3, Friday Harbor), and intron 5 and exon
6 (10 additional from Santa Barbara). Pooling these additional
alleles with those l'mm Santa Barbara did not materially alter the
results. Seq were bled into contigs by using
Sequencher ((xcne Codes, Ann Arbor, MI). These sequences have
been submitted to GenBank as accession nos. DO0G66TT4-
DQ(I&GS&SE The contigs, along with the published endol6 cis-
(G no, §75835) and se-
quencc 12?121 from the S. purpuratus genomic bacterial artificial
chromosome (BAC)-sequencing project conducted by Eric David-
son (hitp://sugp.caltech.edu/), were aligned by using CLUSTALX
{13), and the alignments were manually edited with MACCLADE (14)
to ml.m:mze URNECESSATY gaps. Sequence 127121 was used as the

it ng of the sut ial length differ-
ences b the published and the _mast common
alleles. The multiple ali were partitioned into subali

ments for each module as well as pamnuns of only-protein-| blndmg
sites and of only-nonfunctional sites. Modules and binding sites
were located as described by Yuh and Davidson (10, 11); these

B592 | www.pnas.org/cgifdol/ 10,1073/ pnas 0409638102

hiting scheme cap the log-log freq d:suﬂmhon of
indel kngln h ic of many organi S, puarpui-
ratus (16). Because the number of aligned sites dcpended on the
alleles being compared, the number of differences was converted to
a per-site value separately for each parison by using the total
alignment length for each comparison as the number of sites, We
evaluated indel w for each of our sequence partitions by using a
custom PYTHON seript, available from the authors.

Results
We sequenced portions of the endal6 locus, including the entire
cis-regulatory region, from 20 individuals of the sea urchin S.
purpuratus (Fig. 1). The promoter contains =250 SNPs and =40
length polymorphisms in a wide range of sizes within an ~2.3-kb
sequence (Fig. 2). The length vanation is composed of isolated
indels and four di- and trinucleotide tandem repeats from a few
dozen to =300 bases in Iengﬂ: Although the sequence of cis-
latory regions is d to be under functional constraint,
the:.r organizational ‘w.mcture is distinctly different from llut of
proteéin-coding seq of the intersy of fune-
tional elements among putatively nonfunctional sequences, one
would expect promoters to accommodate both SNP and indel
variation to a greater degree than that allowed by the genetic code
found in protein-coding sequences (4).

Nucleotide Variation Within the endel6 Locus. We compared se-
quence variation among different partitions of the endol6 locus
within 10 individuals, all collected near Santa Barbara, CA, by using
a standard measare of nucleotide diversity, the average number of
differences between allele pairs, w (17), and the heterozygosity
measure, 0 (18). Although analyses of all 20 haplotypes produced
concordant results, we focused on variation within Santa Barbara
urchins to exclude the possibility of geographic structure within the
data. In general, levels of polymorphism found within endo/6
matched expectations based on functional assignments: highest in
introns, inter iate in the gulatory region, and lowest in
exon sequences (Table 1). Because 7and 0 are in broad agreement,
we will focus on comparisons of 7 between functional itions
within the sequence, Overall polymorphism within the endol6
promoter sequence, with 7 = 0.040, is slightly greater than that of
the nearby intron 1, 7 = 0.028 (Table 2), which has been shown to
be without embryonic regulatory function (9). In contrast, nucle-
otide variation within intron 5, 7 = 0.060, is significantly greater
than that of the promoter and intron 1 (Table 2). If the level of
polymorphism in intron 5 s representative of neutral sequence

Balhoff and Wray
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Fig. 1. Structure of the ende?6 promoter and coding sequence. (A) Variation wrmm sequenced regions. Light green boxes represent activator modules, light
jink by dules, and light blue boxes otein Hot pink squares represent locations of protein-binding sites.

Red bars identify SNPs fuund within our sample of 20 individuals {12 individuals for lrmon 5). Within coding sequence, a bar with a ball on the end denotes an

SNP that changes an amino acld. Above the SNPs are rep

of Imq!h

({blue) and simple tandem repeats (green) among the 20 individuals,
h oward il imdl

ial artificial ch

deletions. 'I'I:hng'a of the indel palymarphism s reflected in the width of the triangle. Filled arrowheads reflect aslngl&h;se ind:l‘..{ﬂ'.l E;’verﬂ!; of endol6
locus up to exon 6. Purple bars denote regions used in this study. Intron-exon structure beyond exon 6 has not been determined.

variation, it may suggest that the first intron performs some
regulatory function in other parts of the life cycle. The promoter is
substantially more variable than the 1,100-bp exon-6 sequence
(Table 1). In contrast, the short fragment of exon 2 exhibits much
lower levels of conservation.

Because of the exceptional detail in which the structure and
function of the endol6 cis-regulatory region have been character-
ized, we were able to ine nucleotide polymory within the
promoter by using a more ﬁne-gra.med approach, Each of the
modules within the endol6 promoter has been shown to play a
distinct role in generating the overall transcriptional profile (8).
Additionally, some modules appear more important for function
than others, For instance, module A is required for early activation
of endol6 transcription in the m and i also ¥ to
integrate the effects of the other modules. In contrast, module G
provides u simple boosting effect on the general transcriptional
output of the promoter. This regional partitioning of function
within the promoter may result in distinet evolutionary dynamics
among the different modules,

We calculated # for each module separately (Fig. 24 and found
distinct differences in the levels of variation, Modules A-C all
exhibit 7 = 0,026, whereas variation more than doubles in the more
distal regions of the promoter. The difference in polymorphism
within modules B and A compared with G and D is highly
significant (Table 2). Modules E and F (Fig. 2, FE region) may not

functional seq in our sample because these mod-
ules appear to exist as a single insertion polymorphism and are
absent from all 20 haplotypes we sequenced (described in more

detail below).

N’mwnskcd heth selecﬂve 1t could be d d
among i ! longing to Imnsr.npﬂonv
Eacmr—bmdmg sites, 1h= funcuonal i of latory

regions. When comparing binding-site nucleotides from all of the
modules (excluding modules E and F) with all other module
nucleotides (Table 1), there is no significant difference in # (Table
2). Surprisingly, only in module A is a reduced level of poly

phism observed within binding sites as compared with the other
nucleotides in the module [Figs. 2 and 34, although the reduction
is not significant (P = (L121)]. The other modules, B-D and G,
display a significantly elevated level (P = 0.025) of nucleotide
polymorphism within protein-binding sites in comparison with
putatively nonfunctional sites (Table 2). Of the 56 described
protein-binding sites within the endol6 promoter, approximately
half (23 sites) bind the DNA-looping factor GCF1. Because the
GCF1 site is represented so many times and has a predominantly
structural rather than regulatory role (19), one might expect an
increased tolerance for variation in these sites. Although GCF1 sites
do appear more variable than other protein-binding sites (+ = 0.062
vs. 0.044), this is not a significant difference (Table 2), Even when
the more variable GCFI sites are excluded, the other binding sites
are still at least as polymorphic as non-protein-hinding sites (not
significantly different, Table 2).

endo16 Dlmgm Between Species. When the endo 6 promoter of
d with the | gous region of S

dnmbm.ﬁmm, much the same spatial pattern of variation emerges
(Fig. 24 and Table 1), Again, the proximal half of the cis-regul

region appears to be under grem.er sciectwe Lonstramt Ihm lh:
distal portion. This spatial corresy e in polymorp and
divergence is supported by an ion of vs. substitutions per
site in 17 nonoverlapping 100-bp windows within the promoter,
showing a Pearson correlation coefficient of r = (0,678 (P = 0.001).
Comparisons of divergence within binding sites and nonbinding
sites again show that only module A has sustained fewer nucletide
substitutions per site within protein-binding sites as compared with
nonfunctional sites. In modules B-D and G, a greater number of
substitutions is found within protein-binding sites. We performed a
modified MeDonald-Kreitman test (20) to compare the proportion
of variation within binding sites and nonbinding sites within and
between species (Table 3), In each module, as well as overall, there
is no significant difference in the proportion of variation in the two

Bafholf and Wray
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Table 1. Nucleotide di ity and fixed diff
Fixed
w per il per differences
Sequence partition site site per site® Length®
Entire promoter 0.040 0.039 0.074 1,729
All madufes 0,041 0,040 0.064 980
All dul 0.039 0.039 0.080 585
All bs. 0.049 0.043 0.073 s
All non-b.s. 0.037 0.036 0.060 662
All non-GCF1 bus. 0.044 0.042 0.072 230
All GCF1 bis. 0.062 0.068 0.076 B8
Module A 0.026 0.023 .04 184
Module A b.s. 0.014 0.017 0.030 64
Medule A non-b.s. 0.033 0.027 0.048 120
Module B 0.016 0.020 0.047 213
Module 8 b.s, 0.028 0026 0.060 54
Maodule B non-b.s. 0.012 0.018 0.043 159
C "3 S . = Module € 0024 0029 0.070 159
o T [ S Module € bs. 0.036 0.037 0.088 66
] ) T R Motule € non-bs. 0.015 o023 0.057 93
x g1z ! | { Module D 0.050 0.053 0.070 227
- 1 Module D bs. 0.064 0.066 0.087 B&
o ‘ | Module D non-bs. 0041 0045 0.061 141
E | | FE region 0.075 0.059 0.204 54
-y | ! | | Module G 0.086 0.072 0.091 197
n_: | i ' Module G bs. 0110 0103 0.102 48
g A ]“”‘ ] “1 B "R~ Module G non-b.s. 0.078 0.062 0.088 149
| { | Exon 1 0.009 0012 0.054 61
— £X001 2 0029 0026 0.107 55
o ~FETBD o B -~ Exon 6 0.006 0.006 0.045 1,100
= Intron 1 0.028 0.031 0.161 966
Fig.2. Heterozygosity and divergence differ among modules, represented  Intron 5 0.060 0.045 0,137 127
Inscalefor the reference allele [127121) at the b f the figure, Withi
sample, the promater ranges from 1,850 to 2,297 bases in length, (4) Average bis., Binding sites. e
palrwise differences (n) within each module. Blue (first bar) rep the > vi. 5. d
entire module, dark green {second bar) includes only nucleatides within Number of g indels in data.

binding sites, and light green (third bar) includes all nuclectides excluding
binding sites. (f} Observed nucleotide substitutions within each module as
compared with §. drosbachiensis. Colors are as described for A, (€} Sliding
300-base window of indel = (blue) and nucleotide « {red) across the endoléd
promater, In steps of 30 bases,

model of evolution. Given that we emm:nr:d only one complete
of the p from 5. droeb, is, it is possible that

some of the between- -species substitutions could aauany he shared

polymorphisms, However, inspection of four S .dmc;‘mdmmm

partial p i of 950 bp led no such p

phisms {da!a not shown ).

Length Variation Within ende16. Length polymorphisms are rare. in
coding sequences and are, generally, ignored in studies of

of increasing an indel’s length to be more substantial ameng shorter
indels, whereas, beyond a certain length, local interactions will be
so disrupted that different lengths have similar impacts. For this
reason, each indel is weighted according to its length, but the
additional weight diminishes logarithmically as indels get longer.
Many of these expectations are borne out by the levels of Icnglh
variation within the endol p Within the cis-reg
region, indels range from 1 to 340 bases.in Jength; in contrast, Lhe
coding regions sampled have no indel variation {Fig. 1). The levels
af m closely follow nucleotide m (m,), possibly reflecting a higher
level of constraint on length variation in modules A and B as
compared with the more distal portions of the promoter (Fig. 20).
This correlation suggests that indels, despite having a mutational

population genetics. In cis-regulatory seq h , indels
and simple sequence repeats are more common, and many are
likely to have a functional impact (4). For this reason, we would
expect length variation to be affected by local selective constraints
in much the same way as the sumunding SNF variation. Natural
selection should shape both the size and physical distribution of
length polymorphisms with cis- mgulamry Tegions. One mlghl ex-

basis ind from nucleotide polymorphisms, respond simi-
larly to Jocalized patterns of selective constraint, Although the
intermodule regions did not show increased nucleotide polymor-
phism relative to the modules, they did display an increased level of
nterspecific substitutions (Table 1); in the case of indel polymor-
phism, we see a slightly higher level of = when the intermodule
regions are grouped together ((L019) vs. the modules alone (0.015),
This finding may suggest that the spacing between binding sites
ithin

pect fewer indels within modules than b
within modules, transeription factors are more likely to interact m
spacing-dependent ways, such as cooperative binding or

wi fules is important. There are also several runs of simple
sequence repeats whose length varies among the sampled individ-
uals.

tive exclusion. Although there are standard measures used 10
quantify nucleotide polymorphism in 4 population, variation in
length is more difficult to compare. We devised a simple measure
of average pairwise length differences that takes into account both
the number of indels between two sequences and the length of those
indels {indel wor m). We expect the difference in functional impact

8594 | wwew pras.org/egl/doi/ 10.1073 /pnas 0408638102

ingly, all four simple sequence repeats fall within the

and booster and not within modules A and B.

Overall, there seems 1o be greater constraint on length polymor-
phisms within the activator modules.

A Polymorphism Encompassing an Entire Module. None of the 20
alleles of the endol6 cis-regulatory region that we sampled

Balhvotf and Wray
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Table 2. Comparisons of sequence partitions for differences in
nucleotide diversity

Table 3. McDonald—Kreitman tests for protein-binding sites and
nonbinding sites

Compared partitions T per site P Module Class Polymorphic sites  Fixed changes P
Promoter 0.040 <0.0001* A Binding 3 1 1.000
Exon 6 0.006 Nonbinding 9 3
Promoter 0.040 0.005* B Binding 4 2 1.000
Intron 1 0.028 Nonbinding 8 5
Promoter 0.040 0.001* C Binding 7 4 1.000
Intron 5 0.060 Nonbinding 6 3
Intron 1 0.028 <0.0001* D Binding 15 2 1.000
Intron 5 0.060 Nonbinding 18 3
All modules 0.041 0.394 G Binding 14 1 0.647
Intermodule regions 0.039 Nonbinding 26 5
Proximal modules (B, A) 0.021 <0.0001*  All Binding 43 10 0.675
Distal modules (G, D) 0.067 Nonbinding 67 19
All bis. 0.049 0.086 *P value by Fisher's exact test.
All non-b.s. 0.037
) . are clearly insertions (by outgroup comparison with S. droe-
All bs., exd uding module A 068 0.025 bachiensis) and seem to be segregating at low frequencies within
Non-b.s., excluding module A 0.038 the population (<2%). One of these insertions is similar in
ks Sy sequence to the published modules E and F, which function as
bl bc::1 & 0' 044 : strong ectodermal repressors (8). Remarkably, the other inser-
g : tion is a completely unrelated sequence.
Transcription of endo16 in the larval gut has been under stabi-
23:5:_?:'5' ggg; e lizing selection over the past 40 million years despite extensive

b.s., Binding sites.
*Significant difference.

contained sequences corresponding to modules E or F as
described by Yuh and Davidson (8). We therefore surveyed 60
additional individuals by PCR for length polymorphisms across
this region and recovered two alleles whose length suggested the
presence of the missing modules (Fig. 3). When sequenced, these
two alleles were found to contain unrelated, =350- and 250-bp
sequences, respectively, within the same GT repeat (because of
polymorphisms within this repeat, the exact breakpoints could
not be identified but are probably very close). Both sequences

G ¥ F/E* D
. ) '
e e 575635

S *“F/E” D = B

Fig. 3. Modules E and F are the result of a novel insertion, polymorphic
within 5. purpuratus. Four promoter variants are “right-justified" within
module D to detail the large length differences among them. Sequences
corresponding to modules E and F (blue) are found only in the published
sequence (GenBank accession no. 575835), embedded within a dinucleatide
repeat (yellow). This insertion is the location of 16 verified binding sites. Most
alleles (e.g., 5pulA23) possess only the dinucleotide repeat and a small section
of module E containing two GCF1 sites, as does the sequence from 5. droe-
bachiensis. Interestingly, one allele we sequenced (Spu?107) contains an
unrelated insertion (purple) within the same repeat sequence, Potential cAMP
response element-binding protein (CREB)-binding sites are indicated by black
ovals (see text).

Balhoff and Wray

turnover of cis-regulatory sequences outside of module A (21). The
E/F insertion module is compatible with this evolutionarily con-
served transcription profile because it represses ectodermal expres-
sion; yet, it is missing from the majority of individuals of S.
purpuratus, suggesting that other cis-acting sequence elements must
repress transcription in the ectoderm in most alleles. The trans-
acting factor that mediates repression through module F is a cAMP
response element-binding protein (CREB)-family protein (8). The
functionally characterized CREB-binding site is missing in most
individuals because it falls within the insertion. However, two
potential CR EB-consensus sites are present in and near module D
(Fig. 3) and may function in ectodermal repression. The E/F
insertion demonstrates that single mutations can transpose func-
tional clusters of transcription-factor-binding sites into a fully
operational cis-regulatory system. This length polymorphism illus-
trates a dramatic way in which transcriptional regulatory sequences
of approximately equivalent function might turn over during the
course of evolution. Transposons and retroviruses are known, on
occasion, to position regulatory sites near genes (22, 23). Sequences
similar to the E/F insertion are present in at least five locations
throughout the genome (preliminary sea urchin genome assembly,
data not shown). However, this insertion does not exhibit any
obvious hallmarks of a mobile element, such as direct or inverted
repeats. Strikingly, the insertion introduces 16 distinct protein-
binding sites into the endol6 promoter (8), a substantial cluster of
novel sites.

Discussion

Evolutionary analyses of promoters can be challenging because
of the lack of a genetic code, making the proximate conse-
quences of nucleotide change difficult to predict. More detailed
knowledge of the variability of functional sites within promoters
will help us develop more accurate models of evolutionary
change within cis-regulatory sequences. For this reason, we
examined the distribution of natural variation within the endol6
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promoter, perhaps the most thoroughly characterized of any
eukaryotic cis-regulatory sequence,

Sequence Variation. Levels of variation within the endel6 locus were
comparable to previous estimates of sequence polymorphism
within sea urchins (16, 24), Within the locus, variation within the
promoter is, as expected, greater than that in the exons and lower
than, or similar to, that in the introns. However, within the
promoter, striking patterns of variation emerge when the functional
structure of the cis-regulatory sequence is ta]oen into

k:ss length polymorphism (Fig. ’) Although the level of length

hism may be inf] 1 by background selection on the
surmnndmg nucleotide sequence (29), the level may also reflect
constraints on binding-site spacing within those modules. These
constraints include functionality resulting from cooperative binding
interactions as well as steric hindrance (30). Expression assays
provide a means of exploring this possibility. Besides altering
existing regulatory functionality, it is also possible that length

within p 5 could introduce new binding sites. We

Levels of polymorphism among different fu fules within

d a striking case in which two of the functionally

have d
h ized E and F, are the result of an inserted

the promoter vary more than S-fold (Fig. 2), suggesting that
different modules experience distinct levels of selective constraint.
Although the proximal portion of the promoter is the most con-
served, patterns of constraint do not map directly to sites of known
funetional unpnnm For |nslanc:. promoter mcd'u!u are no less
variable than neigl of fu Fur-
thermore, sequences known to bind transeription- -factor proteins
exhibit excess variation in comparison with nonfunctional se-
quences in all modules, with the mm-pt:on aof m::udl.l]c A. Divergence

8. purp and S, droeb with the
patterns of variation seen within 8, pwmmm 1t is clear that only
the binding sites in module A exhibit any signature of purifying

sequence of more than 300 bases, polymorphic and rare within 5.
purpuratus, This finding raises the question of how endalé tran-
scription is repressed in the ectoderm in the majority of segregating
haplotypes, which lack modules E and F. Again, experimental
analyses provide a way to lnw:sn,g,atc such questions. Although the
insertion of entire fi prising, it may not be
uncommon. Other repetitive wuhm S p pirp , such
as the RSR element controlling transcription of spec genes, have
heen shown to have been recently inserted upstream of genes and
then optimized for transcriptional activity (22),

Conclusions, The relationship b function and variation within

selection; it is reasonable to suppose that this stems from e
imposed on module A as an integrator of input from all the other
maodules (11). Based on sequence data alone, the of

ci v is Although fi 1 se-
qucnms are mmc onmerw.d within one module of the endolt

the high levels of binding-site sequence polymorphism i in the other
modules are not clear. It is possible, although unlikely, that the
observed changes do not alter the pattern of transcription-factor
binding at those sites and, so, are entirely neutral. Other studies of
variation in cis-regulatory regions have failed to detect significant
patterns of conservation across binding sites (25, 26). Another
possibility is that stabilizing selection on transcriptional uulpul
allows slightly deleterious ions to persist, I for by
adaptive changes elsewhere in the promoter and resulting in
continuous hinding-site turnover (27, 28), Functional tests, includ-

within the rest of the promoter i5 at least as
grtnt as that in | ly functionless This result
indicates that sequence conservation does not always provide a
reliable guide to the dlsoovcr)' of cts—rcgulamry elements. As with
coding g the y mechanisms that
determine levels of variation within promoter sequences remains a
significant challenge.
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ing protein-DNA binding assays and in vive ion assays,
provide a means of distinguishing between these posaﬂ)llmm.

Length Variation. The endr:f& promoter harbors substantial
of length pol phism (Fig. 1). Regions of the endol6
promoter exhibiting the lowest sequence polymorphism also have
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