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Protein-DNA interactions at putative regulatory regions of
two coordinately expressed genes, msp130 and PM27,

during skeletogenesis in sea urchin embryos

VENU RAMAN". MARY E. ANDREWS'. MICHAEL A. HARKEy2 and RUDOLF A. RAFF'

'Institute for Molecular and Cellular Biology and Department of Biology, Indiana University, Bloomington
and 2Department of Botany, University of Washington, Seattle. USA

ABSTRACT Development of the primary mesenchyme cells IPMCsl of the sea urchin embryo,
which give rise to the larval skeleton, involves the coordinate onset of expression of several
structural genes. As part of an effort to identify cis-acting elements that might playa role in this
regulatory event, co-regulated genes were examined by two approaches. First. they were
compared for conserved sequence elements. Four conserved elements were found as a cluster in
all three genes examined, suggesting a regulatory role. Second, as a test for potential function,
the putative regulatory regions of two of these genes were examined for protein binding sites.
DNase I protection and gel mobility shift assays were used to: 1) identify several nuclear protein
binding sites in these regions, two of which correspond to conserved elements among the genes;
2) demonstrate that the developmental time of appearance of the proteins that interact with these
sites corresponds to the time of activation of the genes; and 3) show that two of the conserved
sequence elements shared by these genes compete for the same binding proteins. These data
identify putative regulatory elements, whose specific roles in the coordinate regulation of PMC-
expressed genes can now be addressed directly using appropriate transgenic expression
constructs.
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Introduction

The primary mesenchyme cells (PMCs) ofthe sea urchin embryo
are the sale progenitors of the larval skeleton. The PMCs are derived
from the four micromeres of the 16<ell stage embryo. At the late
blastula stage. 32 daughter cells of the micromeres ingress from
the blastula epithelium into the blastocoel space and assume
mesenchymal characteristics. These PMCs migrate actively within
the blastocoel space. assembling into a pattern that foreshadows
the shape of the skeleton. Ultimately these cells lay down a matrix
that is mineralized with calcium and magnesium carbonate to form
the branched spicular skeleton characteristic of the pluteus larva.

This development is accompanied. at about the time of PMC
ingression. by the coordinate onset of expression of several
structural genes. Several transcripts (Harkey et al.. 1988) and at
least 10 major proteins (Harkey and Whiteley, 1983; Benson et al..
1987; Sucov et al.. 1987) appear at this time. exclusively in the
PMC lineage (Harkey and Whiteley. 1983; Carson et al..1985; Leaf
et al.. 1987). The PMC.specific transcripts accumulate to peak
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levels by gastrula. and remain at high levels through larval develop-
ment (Harkey et a/..1988; Benson et a/..1987; Leaf et a/..1987).
Most or all of the proteins whose synthesis begins at ingression
continue to be synthesized through skeletogenesis. suggesting
that they play roles in skeleton formation (Anstrom et al.. 1987;
Benson et al.. 1987; Leaf et a/.. 1987). Several of these proteins
have now been identified as spicule matrix proteins (Harkey and
Whiteley. 1983; Benson et aJ.. 1987; Sueov et al.. 1987).

The co-expression of these genes in skeletogenesis suggests
the existence of a mechanism for coordinate gene regulation in
PMCs. A simple model of cell-specific coordinate regulation of a set
of genes could involve the timely and cell-specific synthesis or
activation of a transcription factor that would bind to positive
regulatory elements shared by all of the genes in the set. Such a
model would include: 1) all of the genes in the set contain one or
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Fig. 1. Conserved elements of the PMC-expressed genes. (A) Align-
ment of elements from Individual genes. Venicallines indicate identical
nucleotides in agiven pair of sequences. A consensus sequence is shown
below each set of comparisons, where bold letters mdicate fully conserved
nucleotides_ (BI Arrangement and orientation of various sequence ele-
ments in the three skeletal genes, Scales are in units of nucleotides pairs.
Symbols: A=Element 'A', B=Element 'B', C=Element 'C', GT=5' GTbox,
P3A. P3B, and P71 are sequence elements homologous to the nuclear
protein bmding motifs. Relative orientations of the sequence elements are
indicated by arrows. Specific positions of elements in the SM50 promoter
are as follows: Element 'A' starts at -331; Element 'B' stans at-163;
Element 'C' stans at-25; GCeeCT motifs stans at-231 and -378; P3A sites
stans at-34, -114, 128, -248, and-354. Specific positions of elements in the
msp 130promoter areas follows: 5' GT box starts at-401, and the GeeeCr
motif stans at-235. Specific positions of elements within the downstream
region in the msp 130 are as indicated below. IC) Location of elements 'A',
'8', and 'C' in the msp 130 gene. A map of the msp 130 gene is shown at
the tOp. Boxes 1-7 represent the first 7 exons. Restriction sites: S=Sall,
B=BamHI, H=Hindll!, E=EcoRI. The black box represents the Hlndlll
fragment that hybridizes to element 'A' and 'B' probed from PM27. The
sequence of this Hindl/J fragment IS shown below. Sequence motifs
homologous to elements 'A', '8', and 'C of PM27 are shown in boxes. A
small exon of the msp130 gene. designated exon 6a. is indicated by bold
type.

more functionally homologous cis-acting regulatory elements: 2)
the embryo contains a nuclear protein that can bind to these sites;
and 3) this factor appears developmentally at the time of activation
of the genes.

Three of the genes coordinately expressed in the PMCs of
Strongylocentrotus purpuratus have been isolated and character.
ized in some detail. SM50 and PM27 encode spicule matrix
proteins of 50 kD and 27 kD, respectively (Sueov et al.. 1987,
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1988: Harkey, in preparation). Msp130 encodes a 130 kD cell
surface glycoprotein (Anstrom et al.. 1987: Leaf et al., 1987: Parr
et al., 1990). The promoters of SM50 and PM27 have both been
shown to contain sufficient information to drive PMC-specific
expression of reporter genes in transgenic embryos (Sucov et al..
1987, 1988: Harkey, in preparation).

In this report we provide physical evidence consistent with a
simple coordinate mechanism for regulation of these genes. Com-
parison of the putative regulatory regions reveals that each gene
contains a cluster of four types of conserved sequence elements.
Protein binding data for two of these genes characterize several
sites on each gene that exhibit sequence-specific binding to nuclear
proteins. The proteins that bind these sites only appear after
ingression, when the genes are normally activated. Two of the
binding sites correspond to sequences conserved among all the co-
expressed genes. These conserved sites exhibit intergenic compe-
tition for binding proteins. demonstrating that they are functionally
as well as structurally homologous.

Results

Conserved sequence elements among PMC-expressed genes
The similar patterns of temporal and spatial expression ofPM27,

SM50, and msp130 suggestthat these genes might contain similar
cis-regulatory elements. Promoter sequences have been published
for msp130 (-1 to -666: Parr et aI., 1990), SM50 (-1 to -443: Sucov
et al., 1987) and PM27 (-1 to -1079: Harkey, in preparation). Sucov

et al. (1988) have shown that nucleotides +120 to -440 of SM50
are sufficient to drive appropriate expression of a reporter gene in
transgenic embryos. Similarly, nucleotides +20 to -1079 are suffi~
dent to drive PMC-specific expression of a PM27 transgene (Harkey,
in preparation). As a first approach to identifying potential skeleton--
specific regulatory sequences. pair-wise homology matrix compari-
sons were made between the SM50 and msp130 promoters. and
the PM27 gene and flanking sequence (nucleotides -1079 to
+1768).

As the stringency of the length and mismatch criteria for the
comparisons was increased, three sequences emerged as con-
served elements in the PM27 and SM50 promoters. These ele~
ments (designated elements 'A', 'B', and 'C' in Fig. lA) are all
located upstream of the transcription start site of the PM27 gene.
As shown in Fig. lA, the sequences of elements 'A', 'B', and 'C'
show identity between the two genes in 21/27, 13/14, and 13/14
contiguous base pairs, respectively (allowing for gaps). The three
elements are arranged in the same relative positions and orientations
with respecttothe start sites of these genes(Fig.1B). No significant
sequence identity was observed in the regions between the ele-
ments. Note that both promoters also contain multiple P3A sites,
as previously described for SM50 by Thiebaud et al. (1990).

No sequences similar to elements 'A', 'B', or 'C' were found in
the published 666 base pairs of the msp130 promoter, which also
lacks a P3A site. The search for sequences homologous to these
elements was continued for an additional 2 kb upstream of the
msp130 gene, No homologies were found (K. Klueg and R.A. Raft,
unpublished data). Homology matrix comparisons revealed only
one conserved sequence in the msp130 promoter, a 5'GTbox,
which was found in PM27 but not in SM50 (Fig. 2A and 28). A search
for a GCCCCT motif, which has been noted previously to be shared
by SM50 and msp130 (Parr et al.. 1990), located this sequence in
the PM27 promoter (Fig. 18),



Since msp130 might harbor important regulatory elements
downstream of the promoter, a search for 'A'- and 'S'-like se-
quences was conducted over the entire msp130 gene. Fig. 1C
shows the exon map of msp130 (from Parr et al., 1990), and the
associated restriction map developed from several overlapping
genomic clones identified by hybridization to the SpLM18 cDNA
(Harkey et al., 1988). Oligonucleotide probes containing either
sequences from element 'A' or element'S' were hybridized to DNA
gel blots containing restriction digests of these genomic clones.
Relaxed stringency conditions permitted mismatches as high as
50%. These probes hybridized preferentially to specific BamHI,
Hina111and EcoRI fragments that overlapped a region between
exons 6 and 7. An 850bp Hino1ll fragment, which appeared to
contain homologies for both elements, was sub~cloned and
sequenced (Fig. lC). All three elements ('A', 'B', and 'C') are
represented within this fragment, along with a P3A site. This
fragment also contains a small exon designated as Exon 6a.

The sequences for elements 'A', 'S', and 'C' in this fragment are
compared with those of the PM27 and SM50 promoters revealing
a consensus sequence (Fig. 1A). In element 'A', the CACA tetrad is
conserved along with several isolated bases. This tetrad appears
twice within the element 'A' motifs in the SM50 and msp130 genes,
and at least once again in the adjacent DNA of all three genes. In
element'S', a central palindrome is conserved, along with three
additional nucleotides. The arrangement of the various elements in
msp130, which differs from that of PM27 or SM50, is illustrated in
Fig. lB.

The EMSL and Gene Sank databases were searched for se-
quences similar to elements 'A', 'S', and 'C', using relaxed criteria
consistent with the mismatch frequencies between the elements in
PM27, SM50, and msp130. The results of the search indicated that
each of these sequences occurs individually about as often as
would be expected by chance in a random base sequence. In no
cases, other than the genes discussed here, did two of the three
elements' homologies appear in the same gene. Thus, the cluster-
ing of these sequence elements is a unique property of the PMC-
expressed genes.

Identification of nuclear protein binding sites in PM27 and
msp130

Suspected regulatory domains of PM27 and msp130 were
surveyed for potential protein binding sites by DNase I protection
assay. The domains examined included the 5' flanking regions of
msp130 (-550 to +133) and PM27 (-1060 to +158), and the
downstream 863bp Hina111 fragment containing the A-S-C-P3A
element cluster of msp130 (Fig. 2A and S). A series of probes was
generated from contiguous restriction fragments from each of these
regions (shown below the gene maps in Fig. 2). The probes were
incubated with nuclear extracts from gastrula stage embryos, which
express these genes at peak levels, and assayed for protected
protein binding sites.

As summarized in Fig. 2, several sites were reproducibly pro-
tected from DNase I by the gastrula extracts. The 5' flanking region
ofmsp130 (Fig. 2A) exhibited a single detectable binding site, which
correlated with a 'CCAr motif. Elements labeled 'A'. 'S', 'AR', and

'MV' in the downstream fragment of this gene were also protected.
The PM27 5' flanking region exhibited only one detectable binding
site corresponding to the closely apposed 'A' and'S' elements of
thatgene (Fig. 2S). There was no reproducible protection of the P3A
sites, the conserved 'C' elements, or any other region of the
sequences examined.
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Fig. 2. Schematic representation of the templates and probes used for
DNAase I footprinting assays. (Panel A) The putative regulatory regions
of msp130 gene, The region from +133 bp to -550 bp, and the 863 bp
sequence (15 Kbdownstream of the transcription start site) which contains
the conserved elements 'A', 'B', and 'C' were used for the protection
assays. (Panel B) The promoter region of PM27 gene The region used for
protection assays was from + 158 bp to -1060 bp, The lines beneath the
diagram of the genes represent the different fragments used as probes for
footprinting assays: rectangles designate the three conserved boxes ('A'.

'B '. 'C'): dark ovals represent the conserved sequence called GT (for G+ T
rich region); open ovals represent the negative spatial regulator site. P3A;
the square represents the exon 6a; short solid overhead lines indicate the
protected areas X, Xba I; DR. Ora I; EA. Ear I; SA. Sau 3AI; R, Rsa I; ER, Eco
RI; N, Nae I; O. Ode I; B. Bam HI; S. Sca I; H, Hind III; E, Eco RV: HH, Hha

t.

Protein binding activity of these protected regions was examined
in more detail by DNase I protection assays, and electrophoretic
mobility shift (gel shift) assays.

Embryonic nuclear extracts from three developmental stages
were used in order to detect possible developmental changes in
populations of binding proteins that might correlate with changes in
expression.

Morula stage (8 h) extracts provided nuclear proteins from
embryos that did not express these genes. Gastrula extracts (36 h)
represented the stage at which the genes had reached peak levels
of expression, and were uniformly expressed among PMCs (Harkey
et al., 1988). Pluteus extracts represented a stage at which
expression of at least one of the genes. msp130, had switched from
the uniform cell-autonomous regulation exhibited at gastrula, to
position-specific modulation associated with skeletal growth (Harkey
et at... 1992).

Characterization of the msp130 binding sites

DNase protection of the element 'A' site of msp130 by embryo
nuclear extracts is shown in Fig. 3. Although morula extracts were
ineffective, gastrula extracts conferred clear localized protection,
and pluteus extracts exhibited an even stronger effect. The pro-
tected region corresponded to the most conserved core of the' A'
element. Gel shift assays confirmed the sequence-specific associa-
tion ofthe 'A' element with nuclear proteins from gastrulae (Fig. 3A)
and plutei (data not shown). At least two size classes of protein-DNA
complexes were detectable that could be competed with excess

unlabeled element 'A' DNA (lanes 3 and 4), but not with heterologous
DNA (lane 5).
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Fig. 3. Gel shih and DNase I foot printing analyses of the 'A' region of msp130 gene with different stage nuclear extracts. For gel shlfta'1alysis,
oligomers correspondtng to the protected areas (see Malenals and Methods) were used to demonstrate the sDecificity of the nuclear protein bindmg

to the 'A' elemenr. For fooeprinting, the probe used was 156bp Hind flI- Eeo RV contaiOlng the 'A' element. (Panel AI Gel-shift competitIOn experimenrs
using the msp 130 'A' oligomer and gastrula stage nuclear extract. 5 pg of prorein was used per lane. Lane 1 contains no nuclear extract. Lane 2 con rains
the probe incubated with the nuclear extract. Lanes 3 and 4 contain the indicated unlabeled homologous competitor oligomers. Lane 5 contains unlabeled
heterologous oligomers Lane 6 contains oligomer 15 (corresponding to the 'A' and '8' regions of the PM27 gene). The band shift complexes are indicated
by arrows. (panel B) DNase I footprint/ng of the Hind 111- Eco RV fragment containing the 'A' element. Labeled DNA (2ng) was incubated with 20 pg of
nuclear extract. Lanes 1 and 2 contain no protein e.\tract. Lanes 3-8 show footprint/ng reactions wIth 20 pg of nuclear extract from the different stages
of development (Indicated above the fIgure) and 1 Unit of DNase I, respectively. Following incubation wIth rhe nucfear ex traer and parrial digestion with
DNase /, rhe samples were deproreinized and rhe nucleic acids resolved by denaruring gel electrophoresis The DNase I footprint mapped to the same
focarlon when footpnnred wIth either labeled strands. The hatched box represents the protected area; arrows indicate DNase / hypersensitive sites.
Developmental stages: 8 h, morula; 36 h, gastrula: 98 h. pfuteus.

These complexes were not formed with morula extracts (data
not shown). consistent with the inactive state of these genes at this
stage, The biological activity of the morula extracts was confirmed
in a nuclear run-off transcription assay (data not shown) using an
early histone gene, EH4 (Tung ef af.. 1989),

Similar results were obtained for three sites in the msp130
downstream region (the 'B' element (Fig, 4), the 'AR' site (Fig, 5) and
the 'MV' site (data not shown)). as well as for the 'CCAT' motif in
the msp130 5' flanking region (Fig, 6), It should be noted that each
of these binding sites showed distinct stage-specific patterns of
complex formation in the gel shift assay, In each case, no binding
was observed in morula extracts, and incubation with the gastrula
and pluteus extracts yielded distinct binding patterns. While the

'AR' and 'MV' elements exhibited sequence-specific binding to
gastrula extracts. this binding was lost by the pluteus stage. This
suggests that the proteins that bind these sites are only transiently
present in the active form. In the cases of 'A' and '8' elements, as
well as the 'CCAT' motif, binding occurred in both gastrula and

pluteus extracts. However, the gel shift banding patterns were
different, suggesting that the number, type, or arrangement of
proteins associated with these sites changes during development.

PM27 binding sites
The 5' upstream region (-1060 to +159 bpi of the PM27 gene

which contains the three elements ('A', 'B', and 'C'), GT box, P3A
and P71 sites was analyzed by DNase Ifootprinting using the probes
shown in Fig. 28. Protection was observed only in 'A' and '8'
elements bound to gastrula and pluteus stage extracts (data not
shown). No binding was observed with morula extracts. Repeated
analyses ofthe other elements as well as the nonconserved regions
revealed no protection. The protein binding pattern showed distinct
stage-specific patterns of complex formation in gel shift assays. Fig.
7A and 8 display the gel shift pattern for elements' A' and'S' using
extracts from the gastrula and pluteus stages. The use of homolo-
gous (lanes 3 and 4) and heterologous (lane 5) competitoroligomers
further indicates the specificity of the protein-DNA interactions.
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Fig. 4. Gel shift analysis of the 'B' region of msp130 gene using gastrula and pluteus stage nuclear extracts. Ofigomers corresponding to the
protected areas were used for gel shift assays_ (Panel AI Gel-shift competition experiment using the rnsp 130 'B' oligomer and gastrula stage nue/ear
extract; (Panel B) gel~shift competition experiment uSing the msp 130 'B' oligomer and pluteus stage nuclear extract. 5 ,ug of protein was used per lane
Lane 1 in panels A and B contains no nuclear extract. Lane 2 in panels A and B contains the probe incubated with the nue/ear extract. Lanes 3 and 4 in
panels A and B contarn the indicated unlabeled homologous competitor oligomer. Lane 5 in panels A and B contains unlabeled heterologous oligomer.
Lane 6 contains oligomer 15. The band shift complexes are indicated by arrows

Intergenic competition of A and B binding sites
msp130, SM50 and PM 27 genes appear to be coordinately

expressed during skeletogenesis and have conserved putative
regulatory sites. To test the possibility that these conserved
elements might bind the same nuclear factors, we used a competi-
tive gel shift assay (Fig. 3A lane 6). When oligomers containing the

'A' element of PM27 gene were used to compete with msp130 'A'
probe, reproducible but incomplete competition was observed,
even at high concentrations. In contrast, the msp130 element 'A'
oligomer competed stronglyforthe PM27 element 'A' probe (Fig. 7A
and 8 lanes 6 and 7). The footprint for PM27 element 'A' binding
was correspondingly weaker than that of msp130, even though the
two patterns were qualitatively similar. These results indicate that
the element 'A' motifs for the two genes bind the same nuclear
proteins, but with different affinities. The gel shift cross competition
assay using the '8' element oligomer from msp130 and PM27
showed no differences in their binding affinities (Fig. 4A and Blane
6). The specific bases important for strong interactions have not
been determined.

Discussion

Embryonic cells appearto display two different strategies forcell
fate determination: some cells, such as PMCs,can develop autono-

mously in isolation (Okazaki, 1975: Harkey and Whiteley, 1980)
while others require cell-cell interaction (either suppressive or
inductive response) for proper specification of territorial organiza-
tion (Davidson, 1989: Henry et a/., 1989: Livingston and Wilt, 1990;
Khaner and Wilt, 1991). Cells in which transcriptional activity is
mediated by numerous celkell interactions are likely to have
multiple interactions with different cis~regulatory sites and trans-
acting factors that combinatorially control transcription (Davidson,
1990). The cis-regulatory elements of these genes can be very
complex (Cameron et al., 1989: Davidson, 1989) and structurally
different (Thiebaud et al., 1990). Such complexity may be required
to accommodate the changes that occur during cell-cell interaction.
The aboral ectoderm cells in S. purpuratus specifically express
cytoplasmic actin Cyilia (Calzone ef al., 1988; Theze ef ai" 1990)
and the Spec 1 and 2 gene families (Hardin et a/., 1988: Tomlinson
et al., 1990), which do not share any common regulatory sites,
although they are coordinately expressed (Lynn et al.,1983: Hickey
et al., 1987: Tomlinson and Klein, 1990). Therefore, genes ex-
pressed in the aboral ectoderm which have different promoter
structures can nevertheless have identical spatial and temporal
patterns of expression in embryos. A plausible hypothesis is that
the activity of transcription factors is mediated by cell-cell interac-
tions via distinct signalling pathways (Horvitz and Sternberg. 1991;
Sternberg and Horvitz, 1991). Cells that can develop autonomously
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AI Gel shift assay. Each reaction used 5119 of nuclear extract. Lane 1 contains no protein. Lane 2 contains the probe incubated with the nuclear extract

Lanes 3 and 4 contain the indicated amount of unlabeled homologous a/igomers. Lane 5 contains unlabeled heterologous oligomer. The band shift
complexes are indicated by arrows. (Panel B) DNase I foorprinting analysis was carried out using the gastrula stage (36 h) nuclear extract. Lanes 1 (G+A)

and 2 (G) are the Maxam and Gilbert sequencrng products of the probe. Lanes 3 and 4 contain no nuclear extract. Lanes 5 and 6 show footprinting reactions
with 20 fig of gastrula stage nuclear extracts and 1 unit of DNase I, respectively. After the incubation reaction, the samples were treated with DNasel
and analyzed by gel electrophoresis. The protected region designated as 'AR' is Indicated by the hatched box. The DNase I footprint mapped to the same
location when footprinted with either labeled strand

in isolation may have a simpler mechanism of regulation of histo-
specific genes. The fate of PMCs is determined by the 16-cell stage.
The PMCs must carry with them all the information required for the
selective expression ofthe genes involved in skeletogenesis. Thus,
a set of genes which appears to be coordinately expressed in early
determined cells may share common cis-regulatory sequences and
common trans-acting factors.

We found a distinct protein binding pattern forthe msp130 gene,
using extracts from morula, gastrula and pluteus stages of develop-
ment in a binding assay, The different extracts represent develop-
mental stages in which the genes are transcriptionally active or
repressed. Although the nuclear protein extract from the morula
stage supports in vitro transcription of an early histone gene, EH4
(Tung et at., 1989). it does not bind to any of the elements, This is
consistent with the activities of other PMC-expressed genes in vivo
(Harkey et al., 1988). The subsequent appearance of proteins that
actively bind to the sequence elements suggests that stage-specific
nuclear proteins are synthesized, activated or shifted from the
cytoplasm to the nucleus during development.

The initial characterization of the putative regulatory sites by

DNase I footprint experiments and gel shift assays indicates that
the conserved elements bind nuclear proteins, As development
progresses, the protein binding pattern to elements of the msp130
gene changes. Dlthe live elements I'A', 'S', 'CCAr, 'AR' and 'MV')
protected by the gastrula stage extract, only three ('A', 'S', and
'CCAr) are protected by the pluteus stage extract. For the PM 27
gene, only the 'A' and'S' elements are protected using the gastrula
and the pluteus stage extracts. It is possible that the msp130 gene
has regulatory sites important for its expression that are not used
in transcription of the PM27 gene. Also, the trans-acting factors
could act either as positive or negative regulatory molecules. A
strong similarity to element P3A, which acts as a negative spatial
element, exists in the putative regulatory sites of both msp130 and
PM27 genes. A second negative spatial element, referred to as P71,
is also found in the regulatory sites ofPM27. These sites potentially
limit spatial expression in the embryos (Davidson, 1989). We do not
detect binding to these sites with our nuclear extracts. This could
be due either to the 10ca! sequence environment (Thiebaud et al.,
1990), or to a low concentration of the proteins that bind to these
sites in our total embryo nuclear extracts.
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Fig. 6. Protein-DNA interaction studies ofthe 5' upstream region of msp130 gene (see Fig. 1!. The protected region is designated as 'CCA T' element.

5119of protein was used per lane. (Panel AI Gel shift assay for the interaction of the 'CCA T' element with gastrula stage extract. (Panel B) Gel shift assay
for the interaction of the 'CCA T' element with pluteus stage extract. Lane 1 in panels A and B contains no protein. Lane 2 contains rhe probe incubated
with nuclear extract. Lanes 3 and 4 in panels A and B contain unlabeled homologous oligomer. Lane 5 in panels A and 8 contains unlabeled heterologous
oligomer. The band shifr complexes are indicated bV arrows

If the conserved elements' A' and' 8' of both msp130 and PM27
genes are involved in coordinate regulation, the same proteins
should be bound to both genes, although binding affinities need not
bethe same. Gel shift cross competition assays demonstrated that
the 'A' and '8' elements of PM27 bind the same proteins as their
homolog counterparts in msp130. These experiments further indi-
cate that the element 'A' from msp130 binds proteins more
effectively than the PM27 oligomer. As PM27 is expressed at a
lower level than msp130, it is possible that strong binding to
element 'A' may be necessary for a higher rate of transcription. No
difference in protein binding affinity was detected between the '8'
element of the different genes.

These studies of the common putative regulatory sites of
msp130 and PM 27 genes suggest several conclusions. First,
potential trans-acting factors appear progressively, indicating a
possible role in the timing of gene expression. Second, two
elements ('A' and '8') which bind appropriate stage-specific nuclear
proteins are found in all three sequences of PMC-expressed genes,
consistent with the existence of a coordinate regulatory mechanism
for these genes. Thjrd, changes in protein binding patterns of these
genes occur between gastrula and pluteus stages, which may be
related to the switch from uniform to position-specific expression
documented for msp130 for this interval. Finally, the difference in
protein binding affinities for certain types of elements may be
related tothe different levels of expression ofthe genes. Transgenic

experiments (Klueg et al., in progress) have indicated that a 1.5 Kb
region upstream from the transcription start site in both msp130
and PM27 genes is sufficient to drive the correct gene expression
pattern. However, the role of the conserved cis-elements present
among severa! PMC-expressed genes in controlling spatial and
temporal patterns of expression has yet to be fully established.

Materials and Methods

Nuclear protein preparation
Gravid S. purpuratus were obtained from Marinus Inc. (Long Beach, CA,

USA). Embryos were cultured in artificial seawater (ASW) at 15°C with
constant stirring. For morula stage embryos, eggs were fertilized and
embryos cultured in 1 mM para-aminobenzoic acid in ASW to allow removal
of fertilization membranes from the embryos. Isolation of nuclear proteins
followed a procedure similar to the modified protocol of Morris and Marzluff
(1985). Total protein was estimated by the method of Bradford (1976) using
bovine serum albumin as a standard.

Oligonucleotides
The following oligonucleotides were synthesized (along with the reverse

complement) using an Applied Biosystems 394 DNA/RNA synthesizer. The
purifications were carried out on a Mono Q column supplied by Pharrnacia.

Element A: 5' TTATTTACACCCAATGCACACGTAAATGCGGCTTAT3'

Element B: 5' TACTCATCAAAGTTTGGGCCAATAGATATT 3'
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Fig. 7. Gel shift analyses of the' AB' region of PM27 gene using gastrula and pluteus stage extracts. 5,ug of protein was used per lane. Oligomer
15 (containing both 'A' and '8' regions of the PM27 gene) corresponding to the protected region was used to demonstrate the binding specificity of nuclear
proteins. (Panel AI Gel-shift competition experiment using gastrula stage nuclear extract; (Panel B) gel-shift competition experiment using pluteus stage

nuclear extract. Lane 1 in panels A and B contains no protein. Lane 2 in panels A and B contains the probe incubated with the nuclear extract. Lanes 3
and 4 in panels A and B contain unlabeled homologous oligomers. Lane 5 in panels A and B contains unlabeled heterologous oligomer. Lanes 6 and 7
in panels A and B contain the indicated amount of unlabeled 'A' oligomer corresponding to the msp 130 gene. The band shift complexes are indicated
by arrows.

Element AR: 5' GGTAAAATCTATCTTAACAACACACCCTGG

CCTCATTAACTACTCAATACACA3'

Element MV: 5' TGTTGAGTAGTGTTTTCAACTCTAAAGAATT

CTT ACAGACGCTCGGT AAA T A3'

Oligomer 15: 5' TAAAACTTTGGACCAACTTTTGCTGCTATGTAC3'

DNase I footprinting assays
Restriction fragments were 5' end-labeled with Klenow enzyme. Markers

were prepared by chemical sequencing (Maxam and Gilbert, 1980) of the
respective probes. Assays were performed in a total volume of 20 ~I. The
protein binding reactions were performed on ice for a total of 30 minutes.

Nonspecific binding was eliminated by incubating 18-20 J.lgof crude nuclear

extract in 20 mM HEPES (pH 7.9). 50 mM KCI, 1 mM EDTA, 10 mM MgCI2.
l~g of sonicated salmon sperm DNA (200-300 bp) and 6% glycerol for 10
minutes. One to two nanograms of the appropriate radioactively labeled DNA
(4-5x104 cpm) were then added and incubated for 20 min. Subsequently. 1
Kunitz unit of DNase I (Promega, RQ1) was added and the reactions
continued for a further 45 sec at room temperature. The reactions were
stopped by adding 100 pi of 250 mM NaCI. 10 mM EDTA, 100 mM Tris (pH
8.0),0.4% 505,100 .ug/ml Proteinase K and incubating at 55cC for 30 min.
The reactions were then extracted twice with phenol/chloroform and
precipitated with 2 volumes of ethanol. washed twice with 70% ethanol,
dried and loaded onto an 8% sequencing gel.

Gel shift assays
Protein binding reactions were carried out as described above for the

footprinting assay, except that the buffer contained 4 j.lgof salmon sperm
DNA,4-5 ~lgof crude nuclear protein extract and 10 pg of BSA (Demczuk et
al.. 1990). The oligonucleotide probe concentration was approximately 0.3

ng per reaction. The optimal concentration of extract preparation used was

determined by titration experiments. The reactions were loaded onto 5%
polyacrylamide gels (40:1 acrylamide/bis) in 0.25x TBE (Tris Borate EDTA
buffer). The gels were run at 200 volts for 1-2 h in 0.25x TBE. For competition
assays double stranded competitor DNA was added to the nuclear extract
in binding buffer (see above) and incubated on ice for 10 min. Subsequently,
the probe was added and the incubation continued for a further 20 min, and
the samples were loaded onto non-denaturing gels.
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