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Abstract

The 5’ regulatory region of the Strogylocentrotus purpuratus cytoskeletal actin
gene, Cyllla, contains a 150 bp inverted interspersed repeat. The center of the inverted
repeats contains binding sites for a 12 zinc finger DNA binding protein; SpZ12-1. This
repeat was also found in the flanking region of the genes for two factors; SpZ2-1 and
SpP3A2 which bind to the Cyllla promoter. The high degree of conservation of the
repeats is indicative of potential protein binding sites. Gel-shift assays using sea urchin egg
cytoplasmic extracts revealed a second binding activity, on a separate region of the repeat,
for a protein which we later identified as the sea urchin homologue of the 70 kD subunit of
replication factor A , SpRFA-70.

Replication factor A is a well known single-stranded DNA (ssDNA) binding
protein that is required for DNA replication (Kim et al.,, Mol. Cell. Biol. 12, 3050-3059,
1992). We demonstrate that in addition to its non-specific affinity for ssDNA, SpRFA-70
has a high sequence specific binding affintiy for double-stranded DNA (dsDNA). The
equilibrium constant (K., ) for SpRFA-70 binding to ssDNA is 1.7 x10'° M and the K.,
for binding to the specific dsDNA site is 1.8X10° M as determined by protein excess
titration. Quantitative gel retardation assays reveal that the SpRFA-70 dsDNA binding
activity is two orders of magnitude more prevalent per egg than per whole embryo at 24
hours. These data suggest that SpRFA-70 functions as a regulatory factor predominantly
in the egg and early embryo.

A genomic library was screened with short oligo probes to determine the number
of sites for the DNA binding factors SpZ12-1 and SpRFA-70. The results of this screen
indicate there are ~460 SpRFA-70 sites and ~318 SpZ12-1 sites. These sites match to a
consensus sequence by >80%. There are 40-80 instances where these sites occur
together. This is 30 fold higher than would be expected by random association. The
distance between the two binding sites is also conserved. This arrangement is the same as
that which occurs in the Cyllla regulatory region. That this configuration is so conserved

implies a potential regulatory interaction for these two factors.
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Chapter 1

Introduction

Identification of small specific sequence sites in cloned DNA libraries
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This introduction sets the stage for the chapters that follow. Various means of
identifying sequences that are of interest in the study of development are described. Also
discussed is a method of short oligonucleotide screening that was modified to identify, in
the entire genome, multiple instances of important DNA sequences. The important
parameters of this method will be detailed and a range of other possible uses will be
outlined.

The second chapter of this thesis deals with a novel use of specific sequence
oligonucleotide screening. The quantity and quality of SpRFA-70/SpZ12-1 repeat
element copies in the genome of Strongylocentrotus purpuratus is determined. The
SpRFA-70/SpZ12-1 repeat is so named for the two DNA-binding proteins SpRFA-70
(Ch.3) and SpZ12-1 (Wang ez al., 1995) that bind to different sites in this repeat (Fig. 1).
The SpRFA-70 region is referred to as the P10 site or P10 repeat in Chapters 2 and 3.

The third chapter deals with the isolation and characterization of the protein that
binds to a specific but as yet undetermined sequence in the SpRFA-70 region of the
SpRFA-70/SpZ12-1 repeat. This protein turned out to be the sea urchin homologue of
the replication factor A 70 kD subunit. Replication factor A (RFA) is a three subunit
protein that functions as a single-stranded DNA binding protein during replication (Kim et
al., 1992). The relative affinity and the equilibrium constants were determined for
SpRFA-70 binding to double-stranded DNA (dsDNA) and to single-stranded DNA
(ssDNA). These data are compared with previously published data regarding the DNA

binding capacities of human and yeast RFA-70.
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Appendix 1 describes the application of the specific oligonucleotide screening
method on a genome blot to determine the range of animal species that carry the two
binding sites of the SpRFA-70/SpZ12-1 repeat family. The results are consistent with
earlier findings that repeat families are conserved only among closely related species
(Moore et al., 1978). A method for determining the function of a set of protein
recognition sites from the 5' flanking region of the Cyllla actin gene is described in

Appendix 2.

Why would it be useful to be able to recover multiple occurrences of a particular
protein binding site in the genome?

It is generally accepted that gene regulation in development is a function of the
coordinated expression of gene networks (Britten and Davidson, 1971). Gene network
studies require multiple members of the network in question to demonstrate their common
or shared elements. To find the full range of regulatory proteins for these networks it will
be essential to identify the sites of protein:DNA interaction. Once these sites have been
identified this information can be used to look for additional copies of those sequences in
thé genome. By comparing the expression patterns of genes sharing various binding sites,
those factors that are causal for the common expression patterns seen for the members of
a particular battery of genes can be more easily identified. In other words, the appearance
of a common binding site in the promoter regions of several genes that are related only on
the basis of their temporal or spatial pattern of expression, could indicate that the shared
factor is responsible for the similar behavior. Obviously, further testing using in situ

hybridization and reporter constructs would be necessary to clarify the situation. It will
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also become easier to identify the factors that act to specify the expression patterns of the
various gene networks as more sequence data from promoter regions is accumulated. As
an example of this, after a number of neuro-specifc gene transcripts were isolated
researchers have been able to identify elements that contribute to their common expression
patterns by comparisons of their regulatory regions (Schoenherr and Anderson, 1995).

In this introductory chapter I describe a method for obtaining additional
occurrences of previously identified short sequences sites, here specific protein binding
sites in the genomic DNA, and I show how this method can be used to determine the
number of these sites in the genome that are homologous within a designated criterion of
homology. Most methods of identifying sites of protein:DNA interaction do not and can
not directly identify additional genes or genomic regions that share common elements.
This method does not rely on common expression patterns, on mutation studies or on
extensive (=expensive) sequencing projects for the identification of additional sites of
potential interaction for known DNA binding factors. It can be used to identify additional

copies of any given sequence, of sufficient length, in the genome.

Traditional methods used to identify protein binding sites

There are several biochemical methods for identifying protein:DNA sites of
interaction. 1) Reporter constructs using segments from the DNA 5’ to a transcribed
region are often used to define the segment of DNA flanking a transcribed region that is
necessary and sufficient for correct expression of the particular gene. Additional mutation
or deletion constructs can then be used to narrow down the exact location, identity and

function of individual protein binding sites. 2) Studies using purified factors or nuclear
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extracts can be used to identify protein binding sites on isolated genomic regions by gel-
shift (Thézé er al., 1990) or by footprint analysis (Wang et al., 1995). 3) A set of
potential binding sites for a protein can be isolated from a pool of degenerate
oligonucleotides using an affinity column of purified protein attached to a resin and a cycle
of PCR and gel-shift separations (Aufiero er al., 1994). All of these biochemical methods
require the prior identification of the gene and the isolation of the genomic region from
which the gene is expressed.

Genetic studies are another valuable method for the identification of potential
protein binding sites but they require as a subsequent test one or more of the experiments
mentioned above. Genetic evidence can lead to the identification of putative target genes
for given transcription factors. Identification of the specific target sites requires extensive
comparisons of promoter regions and/or detailed in vitro mutagenesis studies. A difficulty
in genetic screening for gene networks is the possibility that redundancies in regulatory
mechanisms will mask the effect of the deletion of a particular gene product. Another
important factor is that these methods require an organism in which genetic studies can be
performed.

A third method of identifying potential binding sites is computer assisted promoter
comparison. This method does not require that the genes have similar patterns of
expression that they be from the same organism or even from the same genus. In some
cases, comparisons of flanking regions of genes from similar organisms or homologous
genes can indicate potential binding sites, because of the selective restrictions on DNA

sequences that interact with a regulatory protein. In theory and in practice such sites will
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mutate more slowly as they require a corresponding change in the binding protein in order
to maintain the proper function and will hence appear as conserved sequence islands.
However, frequently the subtle base changes allowable at protein binding sites and the
short recognition sequences make the task of identification of sites by homology alone
nearly impossible. Not until a number of sites have been identified for a particular factor
can the allowable substitutions be determined. Clearly there needs to be some direct
means of identifying multiple transcripts that have common regulatory elements in their
flanking DNA.. This work demonstrates the use of sequence specific oligonucleotide

screening to isolate additional genomic regions containing identified protein binding sites.

Short oligonucleotide screening of cloned DNA libraries

For several years short oligonucleotide probes have been used to screen libraries in
attempts to isolate clones for specific proteins or gene families (Wood et al., 1985,
Honoré er al., 1993). Typically the labeled probe consists of a set of degenerate
oligonucleotides based on amino acid sequence from a conserved domain in homologous
proteins or from amino acid sequence obtained from purified protein. These probes are
hybridized to the target sequence under controlled conditions. The excess probe is
removed by repeated washing steps with decreasing amounts of sodium chloride. This
causes all but the most complementary probe:target hybrids to dissociate. The
dissociation is a function of the melting temperature (T,,) of the hybrid. In sodium
chloride the Ty, is based on the length of the probe, the GC concentration of the probe and
the molarity of the salt in the buffer. There are several difficulties in this method when

using short probes. One difficulty is the increased effect of the base composition on the
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Tw with short synthetic probes. Due to the limited number of bases the GC percentage
can drastically differ between the various probes in a degenerate mix making it very
difficult to determine the correct melting temperature (Tm). The GC percentage in longer
probes tends to average out and usually ends up being closer to that of the average DNA
of the organism (in sea urchin DNA the GC content is about 40% and is slightly higher in
expressed sequences).

To render the melting reaction in the wash steps length dependent only on probe
length, reagents have been developed that eliminate the effects of base composition on the
Tm; Von Hippel's group has extensively investigated the use of two such reagents:
tetraalkylammonium (TAA) salts (Melchior and Von Hippel ez al., 1973) and betaine
(N,N,N-trimethylglycine, Rees et al., 1993). Both of these products enable the user to
control the conditions of the hybridization or the washes. By doing so distinct numbers of
allowable base pair mismatches or differences can be selected without regard to GC% of
the probe or target sequence.

The TAA salts that have been the most carefully studied are tetramethylammonium
chloride (TMACL) and tetraethylammonium chloride (TEACL). TMACL does not effect
the overall stability of the DNA hybrids as do longer side chain TAA salts, such as
TEACL. The long side chain TAA salts destabilize the basepair stacking and so reduce
the overall T,, of the duplex by 30°C or more. The TAA salts reduce the effect of the
GC% on Ty, by binding to the A:T base pairs. Experiments probing the B form of DNA
with TMACL and TEACL analogs indicate that their binding to the DNA occurs in the

major groove and that they associate with and stabilize A:T base pairs. This stabilization
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results in the elimination of base composition effect on melting temperatures (Melchior
and Von Hippel 1973). The increased preferential contact with the A:T base pairs is
probably due to hydrophobic interactions with the methyl group on the thymidine base.
The presence of TAA+ salts binding in the major groove is confirmed by experiments
using DNA from a native strain of T4 phage, that has normally glucosylated dC residues in
its DNA, and a mutant strain of T4 that does not have glucosylated DNA (Rees et al.,
1993). The glucosylated (hydroxymethyl) cytosine residues are known to fill the major
groove of DNA. This occlusion inhibits the TAA+ salt from associating with the DNA as
evidenced by a lack of stabilization of native T4 DNA.

Betaine is believed to function in a manner similar to the TAA salts in reducing the
effect of base composition on the T,,. Betaine, like the long side chain TAA salts, reduces
the Tr by ~20°C. The mechanism of destabilization has not been specifically identified.
The temperature decrease is probably due to the reduced polarity of the solvent (Rees et
al., 1993). The duplex destabilization property of betaine and the long side chain TAA
salts does not make them as suitable as TMACL for some purposes. In order to use small
oligonucleotide probes the Ty, in the final wash solution must be well above room
temperature. For longer probes and different situations the temperature reduction
capacity of TEACL or betaine can be very useful to bring the working temperature range
into more convenient limits.

To illustrate the range of effective use for TMACL with different length
oligonucleotides, the number of base pair mismatches allowed, before the duplex melts,

has been plotted versus the blot wash temperature in a solution of 3M TMACL buffer
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(Fig. 2). The correlation between allowed mismatch and wash temperature is linear for
each length Thus the Ty, is dependent on length only. The results in Chapter 2
demonstrate that this correlation is very specific and exact. As the probe lengths increase
past 100 bp the effect of length on the Ty, is less pronounced, as indicated by formula (1)
in the legend to Fig. 2. This also reduces the effectiveness of the TMACL in eliminating
the base composition effect. The procedure used in Ch 2 requires TMACL only in the
wash steps. This is a variation from the methods described by others where TMACL is
used in the hybridization and washing buffers (Wood et al., 1985, Honor€ et al., 1994). It
proved not to be necessary to use TMACL in the hybridization buffer. Hybridization in
standard conditions using 0.9 M NaCl buffer at T,, -20°C, was sufficient for proper
identification of target sites. The use of TMACL only in the wash steps allows greater

control over the amount of probe left duplexed to the filter DNA.

Oligonucleotide Probe Design

Obviously specific sequence probes are relatively simple to design. The only
factors to consider are the length and the prevalence of the particular sequence in the
genome as discussed above. Degenerate oligonucleotide probes have several factors that
make their use more difficult and challenging. To design a probe from homologous
regions of DNA those positions that are the most hi ghly conserved should be chosen as
the baSis for the probe. If the starting materials are proteins, then the additional factors of
codon redundancy and codon usage of the organism under study must be considered.
Choosing peptide sequences that have the fewest possible codon choices reduces the

degeneracy of the probe, and therefore increases the actual amount of specific probe in the
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final hybridization. A brief look at Figure 2 shows that increased probe length increases
the specificity and the melting temperature. What is not shown however, is the increase in
less than full-length probes that are produced in the synthesis of longer oligos. After 40
synthesis cycles less than 50% of the starting strands will be completely elongated even if
the rate of successful strand elongation is ~98%. Another factor not included in the chart
is the additional cost of longer probes.

One of the additional benefits of using TMACL in this type of screening protocol
is that the filters can be autoradiographed at any stage of the process and thus intermediate
wash steps can be analyzed to show the various levels of conservation of the target site for
the probe in use, whether it is a repeat fragment or a protein binding site. The washes can
also be done empirically when the degree of similarity between the probe and target is
unknown. The results are analyzed between washings until all of the probe has been
removed. A genome blot can also be washed in this manner to determine the optimal
conditions for screening a cloned DNA library. This is particularly important in cases
where the exact sequence of the target is not known, such as in the case of homologous
proteins from different species. This greatly reduces the chances of missing a clone due to
excessively stringent washing of the filters.

Additionally inosine can be substituted for positions where there is a high degree of
degeneracy. Inosine is able to pair with A, C, and T in mild sodium buffer without
problems(Honoré€ er al., 1993). Inosine also reduces the stability of the duplex as a whole

thereby reducing the overall T, of the hybrid. In these cases the ability to wash in steps is
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a necessity. The use of inosine also contributes to an increase in false positives obtained in

the screening process.

Specific short oligonucleotide probes

Using specific sequence short oligonucleotide probes, genome blots or cloned
DNA libraries can be tested directly for additional instances of any particular repeat family
or known target site greater than ~12 bases long. A sample flowchart of our protocol is
outlined in Fig. 3. If the repeat family is highly prevalent (>1,000 copies), based on
qualitative estimates from a genome blot, then the number of genomic clones that will be

needed in the screen to isolate additional copies of the repeat is very low.
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Organization of Thesis

This introduction to the technology developed in my work constitutes Chapter 1.

Chapter 2 describes the identification of the SpRFA-70/SpZ12-1 inverted repeat
element. This repeat element was initially identified as a conserved sequence that occurs in
the cis-regulatory domain of the Cyllla cytoskeletal actin gene and in the flanking
sequences of the genes for two transcription factors that bind to the same target sites in
the CylIla promoter; SpZ2-1 and Sp3A2. The number of copies of two different
segments of the repeat is determined. The high frequency in which these two segments of
the repeat occur together is a possible indication of a function for this combined site
though each segment also occurs independently. The identification of a protein that binds
with high affinity to a particular region of the repeat element is described. The quantity of
protein in the egg and 24 hour emﬁryo nucleus is compared. These findings are described
in: Anderson et al., 1994

Chapter 3 describes the characterization of a factor that binds to the SpRFA-
70/SpZ12-1 inverted repeat element. Also described is the cloning of a cDNA that codes
for this protein. We identify this protein as the sea urchin homologue of replication factor
A 70 kD subunit (SpRFA-70). We demonstrate that it binds with high specificity to one
particular section of the repeat. SpRFA-70 is shown to have both double- and single-
stranded DNA binding activities. The discussion section of this chapter also summarizes

the work that comprises this thesis. This paper is in preparation for publication.



A-13
Appendix 1 describes a search for the presence of the two regions of the SpRFA-
70/SpZ12-1 repeat in the genomes of other organisms. Genomic DNAs from several sea
urchin species as well as 15 other unrelated species were used to screen for these regions.
Appendix 2 details a series of in vivo competition experiments in which various
portions of the CylIlla promoter region were co-injected with a reporter construct
consisting of the CylIlla control region fused to the CAT reporter protein coding

sequence. This paper was published as Franks ez al., 1990

Future Prospects

Several avenues of exploration have now opened up with regard to SpRFA-70 and
the regulation of gene expression. One area which still requires some work is the
identification of the actual binding site for SpRFA-70. This will require the cloning and
expression in bacteria of all three subunits of the holoenzyme. Researchers using the
human RFA have been successful at expressing all three subunits in the same bacterium
using a common T7 promoter. With recombinant SpRFA it should be possible to obtain
sufficient quantities of the factor to obtain a clear footprint.

It would be interesting to see if, for any of genes for the threevsubunits, there is an
SpRFA-70 site in the upstream flanking regions. If present this would imply a self-
regulatory mechanism and demonstrate at least one regulatory role for SpRFA-70.
Preliminary work indicated that a clone containing coding region for SpZ12-1 has an
SpZ12-1 site but not an SpRFA-70. Since little is known of the function of RFA in gene
regulation, if all of the genes for the RFA subunits have RFA-70 sites in their control

regions this set of genes might be an ideal network or battery on which to work.
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Fig. 1 Diagram illustrating the two regions of the SpRFA-70/SpZ12-1 repeat.
The gray area represents the region containing the SpRFA-70 binding site. The gray arrow
above that section indicates the position and orientation of the 28 bp oligonucleotide
probe used to detect that portion of the whole repeat. The specific binding site for
SpRFA-70 is somewhere within the sequence of the probe. The black area represents the
section containing the SpZ12-1 site. The black arrow below the SpZ12-1 region indicates
the site and position of the 21 bp oligonucleotide probe used to detect this segment of the
repeat. The exact location of binding for SpZ12-1 is indicated by the box. The same

probes were used for PCR amplifications.



SpRFA-70

Ao

S B e

10 bp

SpZ12-1




A-18
Fig. 2 Number of allowed mismatched base pairs vs wash temperature. The lines
show the decreasing number of allowed mismatches at the particular temperature for the
indicated probe lengths. For specific length probes we use the following relations to

calculate the number of allowable mismatches and the appropriate wash temperature:

7 - 93°c—[§99]
L

@ ismatch = [ L ] o (T, — washtemp)
100
) washtemp = [100 ¢ mismatch] T

Tm is the melting temperature, and L is the length of the oligonucleotide.
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Fig. 3 Screening procedure flowchart During the wash steps, the detection of
lower levels of homology is possible by autoradiography of the filters after intermediate
temperature washes. It is important that the filters are not allowed to dry during any of
these steps. Libraries should be plated at 20,000 colonies or plaques per plate. For
genomic libraries 2- 3 genomic equivalents should be used for determining the number of

copies per genome.
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Determine potential
target site >12 bp

Plate library @ 20,000
colonies or plaques per plate

!

Double lift from each plate

!

Hybridize filters @ Tm - 20°C
Tm=93°C - (600/L)

!

Selective Stringency Washes:

1°1X @ 25°in 2X SSC 0.2% SDS, 10 min.

2°1X @ 25°in 1X SSC 0.2% SDS, 15 min.

3°2X @ 37° in TMACL Soln., 15 min.

4°2X @ 37+5° in TMACL Soln., 15 min.

l

Multiple intermediate temperature washes
can be done in steps to insure that all of the
probe is not removed before reaching the
final desired stringency

l

|5° 2X @ Final Temp. in TMACL Soln.

[DO NOT DRY. Exposc on film overnight |

Perform or repeat colony/plaque screening

until pure clones have been isolated.
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This communication concerns a very highly conserved in-
verted repeat sequence element that serves as a target site
for a sea urchin maternal DNA-binding factor. The mater-
nal factor is present in relatively large amounts in unfertil-
ized eggs, but is about 100X less prevalent per embryo in
24-hr embryo nuclear extract. The inverted repeat target
site is found in the regulatory domain of the CyIlla cyto-
skeletal actin gene and also in two upstream genes encoding
transcription factors that bind to a functionally important
cis-regulatory element of the CylIla gene. There are about
460 copies of the inverted repeat target site per genome.
About 15% of these sites occur in a nested arrangement to-
gether with a second inverted repeat that binds another
previously characterized maternal transcription factor.
This arrangement is the same as that which occurs in the
Cyllla gene, and it may be of regulatory significance with
respect to activation of certain genes in oogenesis and early
embryogenesis. € 199 Academic Press, Inc.

INTRODUCTION

This communication concerns a highly conserved in-
verted repeat sequence which occurs several hundred
times in the genome of Strongylocentrotus purpuratus.
This sequence motif is likely to be of functional impor-
tance for early development because, as we show below,
the repeat contains specific target sites for a maternal
DNA-binding protein. In the following, we provisionally
refer to this DNA-binding protein(s) as P10. Inverted
repeat sequence elements are often observed to serve as
target sites for transcription factors, which interact
with them as facing homotypie or heterotypic pairs [for
example, in the target sites for the yeast mat, and
MCMI factors (Johnson and Smith, 1992) and sites for
regulators of the HLH (e.g., Ellis et al, 1990) and leucine
zipper (Cao et al, 1991) classes). In an experimental
study of the transcription factors required to establish
the territorial expression of the Cyllla cytoskeletal ac-
tin gene in the early S. purpuratus embryo, we encoun-
tered an inverted repeat target site for a tightly binding

protein factor, initially referred to as “P6” (Calzone et
al., 1988; Thézé et al, 1990). This factor, now termed
SpZ12-1, contains 12 sequence elements very similar to
canonical Zn fingers. As will be reported elsewhere,
SpZ12-1 is present in egg cytoplasm and embryo nuclei,
and its interaction with its target sites in the regulatory
domain of the Cyllla gene is probably required during
embryogenesis for spatially accurate expression (un-
published data of G.-W. Wang). In the Cyllla gene, the
two halves of the newly discovered inverted repeat
which is our present subject, i.e., the sequence that in-
cludes the P10 target sites, immediately flank on either
side the inverted repeat to which two SpZ12-1 molecules
bind. We show that the same unique arrangement of
these two different inverted repeat factor-binding sites
occurs a number of times in the genome, though each
inverted repeat also occurs without the other. Curiously,
P10 target sites are present not only in the Cyllla regu-
latory domain, but also in the vicinity of two upstream
genes encoding transcription factors (Calzone et al,
1991; Hoog et al, 1991) that recognize different regula-
tory sites in the Cyllla gene. Interactions at these other
sites are also required for proper Cyllla expression.
These two regulatory genes, and the Cyllla gene itself,
are all activated in oogenesis and are expressed in em-
bryogenesis. P10 may thus serve as a maternal regula-
tor of a functionally related network of genes required
early in the sea urchin life cycle.

MATERIALS AND METHODS
Extracts

24-hr embryo nuclear extracts were prepared as de-
scribed previously (Calzone et al, 1988). Egg extracts
were prepared from a postmitochondrial fraction of egg
cytoplasm, as will be described in detail elsewhere (F.
Calzone, unpublished data). Ovary and testis extracts
were prepared by a modification of the procedure of
Calzone et al. (1988): Gonads were removed from adults
and diced with a razor blade. Mature gametes were re-
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moved by suspending the gonad fragments in 2X vol
filtered seawater and centrifuging them at full speed in
a tabletop centrifuge for 5 min. This was repeated until
the supernatant was clear of gametes when viewed
under a dissecting microscope. The gonads were then
twice washed in 5 vol of ice-cold 1 M glucose and spun 5
min at full speed in a tabletop centrifuge. The pellet was
resuspended in 10 vol of ice-cold buffer consisting of 10
mM Tris-HCl, pH 7.4,1 mM EDTA, 1 mM EGTA, 1 mM
spermidine, 0.36 M sucrose, 1 mM DTT, and frozen in
liquid nitrogen. Nuclear extracts were later prepared as
previously described (Calzone et al, 1991), with the ex-
ception that the ovary extract was not fractionated with
4 M (NH,),S0, as were the other nuclear extracts.

Site Frequency Determinations

Genomic site frequencies were obtained by screening
an EMBLS3 genomic library, as follows: Probes used
were, for the P10 site, GTAATGTAACCAAAT-
TTAATGTATATGTC, and for the SpZnl2-1 site,
TGTTGCTAGGTAGGTCAAGC. Probes were labeled
with T4 polynucleotide kinase, and hybridizations were
carried out at 42°C for the P10 probe and 32°C for the
Zn12-1probe, in 0.9 M NaCl, 0.012 M EDTA, 0.18 M Tris,
pH 8.0, 5X Denhardt’s solution, 50 mM Na-phosphate,
pH 7.4, 0.25% SDS, and 100 pg/ml sheared denatured
calf thymus DNA. The following washes were then
carried out: 15 min at 25°C in 2X S8SC, 0.2% SDS; 15 min
at 25°C in 1xX SS8C, 0.2% SDS; and 2X for 30 minin3 M
Me,NCl (tetramethylammonium chloride), 50 mM Tris
(pH 8.0),2mM EDTA, 0.1% SDS, at 32°C. For the filters
probed with the Zn12-1 oligonucleotide, two additional
rinses in the Me,NCI mix for 30 min at 37°C were per-
formed, and for the filters probed with the P10 oligonu-
cleotide two washes in the Me,NCl mix were carried out
at 54°C. These final washes allow for a 4- to 5-bp mis-
match with respect to each probe. For each screen two
sets of Amersham Hybond N+ nylon filter disks were
used to lift plaques off the plates.

RESULTS

Occurrence of the P10 Inverted Repeat in Three
Known Genes

The observation that initially focused our interest on
the inverted repeat sequence here termed the “P10 tar-
get site” was its occurrence in the vicinity of three genes
that are likely to be functionally related. The first of
these genes is the CyIIla gene, which encodes a cytoskel-
etal actin. The expression of this downstream gene is
strictly confined to the aboral ectoderm of S. purpuratus
embryos (Cox et al., 1986). The second of these genes is a
regulatory gene, SpP3A2, which encodes a transcription
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factor of novel sequence, at least two target sites for
which exist in the regulatory domain of the Cyllla gene
(Thézé et al, 1990; Calzone et al, 1991). The third is an-
other regulatory gene, SpZ2-1, (formerly P3A1), which
encodes a second transcription factor that is apparently
a 2-Zn finger protein and that recognizes almost exactly
the same target sites as does the P3A2 protein (Calzone
et al, 1991; Hoog et al, 1991). Interference with factor
interactions at these “P3A” target sites, by in vivo com-
petition (Hough-Evans et al, 1990; Franks et al,, 1990) or
by site deletion (unpublished data of C. Kirchhamer),
has been shown to result in ectopic expression of Cyllla
fusion gene constructs. Either or both of the products of
these two regulatory genes are thus probably required
for spatial regulation of embryonic Cyllla expression
(Calzone et al., 1991; Hoog et al., 1991).

The inverted P10 repeat target site was first noticed
in scanning DNA sequences obtained upstream of the
SpZ2-1 gene, and a computer search revealed almost
exactly the same inverted repeat within the regulatory
domain of the Cyllla gene. According to genome blots
(not shown) this same sequence element is also present
as a dispersed repeat in the DN As of two other Strongy-
locentrotid species, but is not detectable in Lytechinus
DNA. These particular sequences had escaped detection
as protein-binding sites in our earlier analyses of the
Cyllla gene (Calzone et al., 1988; Thézé et al, 1990), for
the reason that they probably function during oogene-
sis, rather than in embryogenesis, as shown below. In
the Cyllla gene the two elements of the P10 inverted
repeat target site occur in a particularly interesting ar-
rangement. Thus they lie immediately external to an-
other inverted repeat which is a target site for the
known Cyllla regulatory factor SpZ12-1 (see above).
The location of the P10 sequences upstream of the
Cyllla and of the SpZ2-1 genes is shown diagrammati-
cally in Fig. 1a. A subsequent search of sequences in the
vicinity of the SpP3A2 gene then revealed contiguous
SpZ12-1 and P10 sites in the 8 region of this transcrip-
tion unit as well (Fig. 1a). Two additional sequence fea-
tures that the two regulatory genes included in Fig. 1a
share with the CylIla gene are that the SpZ2-1 gene also
contains a canonical target site for its own product (or
that of SpP3A42) and that the SpP3A2 gene also contains
a target site for the SpZ12-1 factor.

The unusually high degree of similarity among the
P10 target site sequences discussed here is shown
explicitly in the alignment given in Fig. 1b. It can be
seen that in the seven copies of the P10 site shown from
the three genes analyzed, 46 of 66 nucleotides (nt) are
identical in the share