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ABSTRACT Embryonic nuclear proteins from the sea
urchin Strongylocentrotus purpuratus bind in vitro to a cis-
acting element that lies upstream of the actin gene CyllIb and
consists of two direct repeats homologous to steroid hormone
response elements. This sea urchin element is specifically
recognized by transcription factor COUP-TF from HeLa cell
nuclear extracts as well. A sea urchin gene homologous to the
human COUP-TF1 gene was detected by blot hybridization to
S. purpuratus genomic DNA. Screening of a genomic DNA
library with a human COUP-TF1 cDNA probe produced
overlapping genomic clones that carry the S. purpuratus gene.
Our results indicate that the sea urchin homologue has a
structure similar to the human COUP-TF1 gene, i.e., con-
served intron positions characteristic of this subgroup of ste-
roid hormone receptors. Sequencing of the exons that encode
the DNA- and ligand-binding domains of the sea urchin protein
revealed 96% and 92% amino acid identity to the domains of
the human protein, respectively. Transcripts derived from the
S. purpuratus COUP-TF homologous gene were detected in
ovarian and embryonic RNAs from various stages.

The protein COUP-TF (chicken ovalbumin upstream pro-
moter-transcription factor) is required for expression of the
chicken ovalbumin gene (1, 2), binds specifically to the rat
insulin II gene promoter (3), and belongs to the steroid/
thyroid hormone receptor superfamily as determined by its
structure and the extensive sequence homology of its DNA-
and ligand-binding domains (4, 5). A specific ligand for
COUP-TF has not yet been identified, but its activation in
transfection assays was achieved by physiological concen-
trations of dopamine, suggesting an activation of COUP-TF
through this membrane receptor pathway (6). The Drosophila
seven-up (svp) gene was shown to be the fly homologue ofthe
human COUP-TF1 gene, and loss of svp function causes an
apparent change of cell fate of certain photoreceptor cell
precursors during eye development (7). Another member of
the human COUP-TF subfamily (ARP-1 or COUP-TF2) has
been isolated (8, 9) and shows an 87% overall amino acid
identity to COUP-TF1. ARP-1 was shown to down-regulate
the apolipoprotein Al gene and bind to the regulatory regions
ofthe chicken ovalbumin gene, rat insulin II gene, and human
apolipoprotein B and CIII genes (8). COUP-TF1 was shown
to bind specifically to a COUP-like element which is part of
a negative regulatory region in the long terminal repeat of
human immunodeficiency virus type 1 (10). Thus, it appears
that the COUP-TFs are capable of both up- and down-
regulating the activity of a variety of genes in a plethora of
tissues.
The Strongylocentrotus purpuratus actin gene CyII~b is

activated during the cleavage stages ofthe sea urchin embryo
(11), in the cells destined to become the aboral ectoderm (12).
The upstream region of CylI~b is necessary for proper
expression in microinjected embryos and contains at least

five different elements (13). Within its regulatory region
(position -440), we identified a COUP-TF binding site which
we call C1R. This site is part of a more complex element, C1,
as shown by footprinting and gel mobility-shift assays (13).
Deletion of the C1 element results in a 2-fold reduction of
activity from the CyflIb promoter in microinjected embryos,
suggesting a possible in vivo role of this element in the
regulation of the gene (13). Intrigued by the extensive se-
quence conservation between the human COUP-TF1 gene
and the fruit fly svp gene, we used the human COUP-TF1
cDNA as a probe to isolate and characterize the homologous
gene from S. purpuratus.t Our data show that this gene
encodes a sea urchin member of the steroid/thyroid receptor
superfamily (14).

METHODS
Preparation of Nuclear Extracts. S. purpuratus embryos

were cultured at 1-2 x 107 embryos per liter of artificial
seawater in stirring vessels with constant aeration at 15'C.
Nuclei and nuclear protein extracts were prepared as de-
scribed (15, 16).
Genomic DNA Blots. High molecular weight genomic DNA

was prepared from sperm of individual S. purpuratus (17).
Digested DNA (10 pug) was electrophoresed in 1% agarose
gels and transferred onto nitrocellulose membranes (18). The
membranes were prehybridized in 0.5 M sodium phosphate
buffer (pH 6.8) with 1% SDS, 2 mM EDTA, lx Denhardt's
solution (19), and calf thymus DNA (100 ,ug/ml) for 2 hr at
600C. Hybridization took place in the same buffer containing
denatured probe (106 cpm/ml) at 60'C for 16-18 hr. The
membranes were washed in 0.1 M sodium phosphate buffer,
pH 6.8/0.2% SDS/2 mM EDTA twice (20 min each) at room
temperature and twice at 50WC. The final two washes (30 min
each) were in 0.05 M sodium phosphate buffer, pH 6.8/0.1%
SDS/1 mM EDTA at 600C.

Mobility-Shift Assays. The reaction mixture (10 jAl) con-
tained 10 pug of nuclear proteins, 5000-10,000 cpm of 32p-
labeled oligonucleotide probe, 2.5 ,ug of poly(dA-dT) as
nonspecific competitor, 1 mM MgCl2, 50 mM KCI, 20 mM
Hepes (pH 7.8), 5 mM dithiothreitol, and 10o (vol/vol)
glycerol. The samples were incubated on ice for 15 min and
electrophoresed in 6% polyacrylamide gels in Tris borate/
EDTA buffer (20) at 40C.
Genomic Library Screening. A S. purpuratus genomic

library constructed withDNA from individual "B" (21) in the
vector EMBL3 was screened with the 1.5-kilobase (kb)
human COUP-TF cDNA insert (5) as described (22). The
prehybridization, hybridization, and washing conditions
were the same as described for the genomic DNA blots.

Sequencing. Genomic fragments from clones A3 and A4
were subcloned in the vector pBluescript (Stratagene) and
their sequences were determined by the chain-terminating
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tThe sequences reported in this paper have been deposited in the
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dideoxynucleotide method (23) with the modifications
adopted for double-stranded plasmid templates (24).

Reverse Transcription-PCR. Total RNA was extracted
from embryos and ovarian tissue (25). Reverse transcription
was performed with 10 Ag of total RNA and 0.1 ,tg of (dT)20
in 50 A.l containing 100 mM Tris (pH 8.3), 10 mM MgCl2, 50
mM KCI, 14 mM 2-mercaptoethanol, 5 units of RNAguard
(Pharmacia), and 20 units of avian myeloblastosis virus
reverse transcriptase (Pharmacia). The reaction mixture was
incubated at 420C for 2 hr, followed by inactivation at 950C for
5 min. The PCR mix (50 Al) contained 2.5 A.l of the cDNA
reaction mix, 2mM MgCI2, 10mM Tris (pH 8.3), 50mM KCI,
1 mM dNTPs, 1 pug of each primer, and 5 units of Taq DNA
polymerase. The PCR conditions were 1 min at 950C, 1 min
at 600C, and 2 min at 720C. Ten microliters of the PCR mix
was loaded on a 1.5% agarose or 6% polyacrylamide gel and
the DNA products were analyzed by blot hybridization.

RESULTS
The CyllIb Upstream Element Cl Contains a COUP-TF

Binding Site. The sequence homology between the C1 ele-
ment (AGGTCAGC GGTCA, Fig. 1A) and the COUP ele-
ment of the chicken ovalbumin gene (GTGTiCAAAGGTCA),
as well as the spacing between the AGGTCA half-sites (26),
suggested that COUP-TF may bind to the C1 element or,
conversely, the protein(s) that binds to C1 may also bind to
the COUP element. To explore these possibilities, we per-
formed mobility-shift assays using either S. purpuratus em-
bryonic nuclear proteins, which were previously shown to
protect the C1 site (13), or human HeLa cell nuclear proteins.
With the Cl oligonucleotide as probe, several specific pro-
tein-DNA complexes were formed (Fig. 1B Left). The mu-
tant oligonucleotide Clmut at 40-fold excess partially com-
peted with the C1 probe for protein binding, suggesting that

A ClL

the introduced substitutions were not sufficient to abolish
binding and thus, that some of these positions (Fig. 1A) are
important for recognition. When 100-fold excess COUP
competitor was added, a number ofcomplexes still remained,
suggesting that in addition to COUP-TF (bands marked with
an asterisk in Fig. 1B), other nuclear proteins recognize the
C1 element. When we used HeLa cell nuclear extract, a
number of specific complexes were also formed. Competition
with the COUP element of the ovalbumin gene eliminated the
COUP-TF-specific complexes, but only the unlabeled C1
oligonucleotide successfully competed with all the bands.
Thus, HeLa nuclear extract also contains proteins other than
COUP-TF which specifically bind the C1 element (presum-
ably the CiL palindrome). We repeated the previous exper-
iment by replacing the C1 probe with the COUP probe. Both
the sea urchin and HeLa cell extracts formed specific
COUP-TF complexes only (data not shown).
The C1 element was divided into two smaller fragments by

synthesizing two new oligomers (CiR and C1L). C1R con-
sists of 22 nucleotides from the 3' end of C1 containing the
AGGTCA repeats, whereas CiL consists of 20 nucleotides
from the 5' end including the imperfect palindrome TTTG-
GCGCGAAA. Mobility-shift assays with either ClL or C1R
(Fig. 1B Center) indicated that the corresponding binding
proteins are distinct, since the two oligomers did not com-
pete. Competition with unlabeled COUP was partial at 40-
fold excess, suggesting that sea urchin binding factor has
greater affinity for the C1R element than for the ovalbumin
COUP element. To further characterize the binding speci-
ficity of the C1R site, we made another mutant oligonucle-
otide (mutlr) by replacing the two cytosines at positions -433
and -441 with guanines. The result ofthese two substitutions
was complete abolishment of binding (Fig. 1B Right), in
agreement with the significant contact sites of human
COUP-TF on the ovalbumin promoter (3). These results

C1R

I G G

CyIIIb/Cl tattcGGTTA GCGTTT CGACTGATSCCTTTGCTAcctca
G T T G AT A
I I I I

-460 -450 -440 -430

r-

B

. a. a.
E :l D v

0 0 0
o X o 0 0 0

F--XlF-X- F9X- r--

o x 0 x0 x 0 0 E 0
0 0 000 000000

..*..

E aC: D E ClD
- - - _ -0

x X x x x x x x xx
00000 00000t ob 't v v MtP

-_ 4 * t ..-L

....D3 _l a: _

0 0 0 E
rX" Xirxi
0 x 0; 1 x0

X o X o X o X o

I~~~!CM_ MCYC

:4e4_

I - C 1 R --C 1 -,

H e L a I

FIG. 1. COUP-TF specific binding upstream of CyIIIb. (A) The C1 sequence upstream of CyIIIb from -421 to -471 is presented. Uppercase
letters correspond to the "footprinted" region (13). The imperfect palindrome ofClL is boxed, and arrows depict the direct repeats ofthe steroid
response element of the C1R site. The vertical bar separates the two elements used in B. The seven nucleotide substitutions of the Clmut
oligonucleotide are presented below the sequence, whereas the two substitutions in the C1R element are shown above the two arrows. (B)
Mobility-shift assays with the C1 element. The probe used in each assay is denoted below the autoradiogram. All lanes contained S. purpuratus
24-hr embryonic nuclear extracts except for the ones denoted HeLa. Numbers above each lane correspond to the fold excess of unlabeled
oligonucleotide competitor used in each case; -, no competitor. Asterisk marks the COUP-TF-specific bands.
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constitute strong evidence that the sea urchin protein which
binds the C1R element is homologous to human COUP-TF.
COUP-TF Homologous Genes Are Present in the S. purpu-

ratus Genome. Sea urchin genomic DNA blots with the
human COUP-TF1 cDNA as probe (Fig. 2A) revealed strong
and weak hybridization signals, which could be either relative
to the degree of homology of the probe to different genes
and/or relative to the size of the hybridizing fragments. The
number of observed bands should not correspond to the
number of genes, because the probe spans almost the entire
human cDNA and thus hybridizes to genomic fragments
belonging to exons separated by introns. A 4.3-kb EcoRI
band, which gives a strong hybridization signal, carries the
exon that encodes the SpCOUP-TF hormone-binding domain
and shows the highest degree ofhomology. Other bands must
represent another, less homologous gene(s) and the DNA-
binding domain ofSpCOUP-TF. The relatively small number
of bands indicates the presence of only a few homologous
genes.

Using the human COUP-TF cDNA probe, we screened
about 300,000 plaques of a sea urchin genomic library and
obtained 6 positive clones (A1-A6) that showed different
hybridization intensity signals. Detailed restriction mapping
of A3 and A4 indicated that these two clones were partially
overlapping and carried sequences homologous to the human
COUP-TF cDNA on their nonoverlapping regions (Fig. 2B).
The sequencing results confirmed that the DNA-binding
domain was encoded on A3 and the ligand-binding domain on
A4. These two domains are separated by the first intron ofthe
gene, which is found at the same position (Arg-Arg-Glu ...
intron 1 ... Ala-Val-Gln) as in human COUP-TF1 (27). The
second intron, which divides the ligand-binding domain, is
found also at a conserved position. The sequence of the
subclones, which includes the entire first and second exons
as well as part of the first and second introns, is presented
together with the predicted amino acid sequence in Fig. 3 A
and B. We are missing the third exon ofthe SpCOUP-TF gene
and thus the carboxyl terminus of the protein. The two exons
encode 381 amino acids, or about 81% of the total protein, if
the length of the carboxyl terminus is as conserved in the sea
urchin as it is between the human COUP-TF and the Dro-
sophila svp gene. The overall identity ofthe protein sequence

A

at hand to the human COUP-TFs (hCOUP-TF1 and hCOUP-
TF2 or ARP-1) is 73% (Fig. 3C). Within the DNA-binding
domain (the 66 amino acids which include the two zinc
fingers) and the ligand-binding domain (the rest of the car-
boxyl-terminal part of the protein) the identity of the amino
acid sequence is 96% and 92%, respectively. This impressive
structural identity indicates a functional conservation in
addition to the recognition of the same element. The exten-
sive similarity of the ligand-binding domains suggests that
these molecules are activated by the same hormone or the
same pathway. The amino acid identity ofSpCOUP-TF to the
Drosophila svp gene product (7) is also 96% for the DNA-
binding and 92% for the ligand-binding domain. A possible
functional conservation of the COUP-TFs that extends from
protostomes to such diverse deuterostomes as sea urchins
and humans may indicate a common signaling pathway.
Especially interesting would be the role of this molecule
during early embryonic development in cell fate determina-
tion, if a generalization of the svp function applies to other
animals.
SpCOUP-TF Is Expressed During Early Embryonic Devel-

opment. RNA blot hybridizations using total RNA isolated
from ovaries and various embryonic stages were suggestive
of the presence of SpCOUP-TF transcripts but inconclusive,
most probably because of the low abundance of the tran-
scripts. We thus employed a reverse transcription-PCR
method to detect the SpCOUP-TF transcripts. Fig. 4B shows
our strategy in selecting appropriate primers for the PCR. To
avoid amplification of contaminating genomic DNA in our
RNA preparations, the two PCR primers (Z and Dex), which
anneal to the DNA- and ligand-binding domains, respec-
tively, are separated by about 13 kb of intron sequence, so
that even ifgenomic DNA were amplified the products would
not interfere with the band obtained from the mRNA, which
is 453 bases long. The use of bacterial rRNA, omission of
reverse transcriptase from the reaction, or employment of a
different primer in this assay did not result in any synthesis,
indicating the specificity of the reaction. A product of the
expected size was detected (Fig. 4A) by blot hybridization of
the PCR products with an internal fragment of the ligand-
binding domain as a probe (Fig. 4B). When different sets of
specific primers (S and Dex or A and Dex) were used in the
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FIG. 2. Characterization of the S. purpuratus COUP-TF (SpCOUP-TF) gene. (A) Restriction enzyme-digested (B, BamHI; H, Hindill; R,
EcoRI) genomic DNA from individual "Buster" hybridized with the human COUP-TF cDNA probe. Molecular size standards were obtained
by digesting wild-type A phage DNA with HindIII. (B) Restriction enzyme maps of the overlapping clones A3 and A4 and the subclones used
for sequencing. In a schematic representation of the gene, the coding sequences are presented as gray and black boxes, the presumed 5'
untranslated region as a hatched box, and the upstream region as a solid line. Introns are depicted as open boxes marked "I" and the conserved
domains of the protein as black boxes (I, DNA-binding domain; II and III, steroid-binding domains). R or L on each side of the genomic clones
corresponds to the arms of the bacteriophage, and T3 or T7 denotes the orientation of the inserts within the polylinker of the subcloning vector
pBluescript. Dr, Dra I; H, HindIII; Kp, Kpn I; P. Pst I; R, EcoRI; S, Sal I; Xb, Xba I.
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PCR, products of the expected sizes were observed (data not
shown). These results indicate that the SpCOUP-TF gene is
transcribed in the ovary of the sea urchin and its mRNA is
deposited in the egg as a maternal transcript. Since we
detected SpCOUP-TF mRNA throughout embryonic devel-
opment to the 72-hr pluteus stage, the gene is most probably
activated during embryogenesis as well.

DISCUSSION
Within the 5' flanking region of the S. purpuratus actin gene
CyIJIB we identified the steroid response element AGGT-
CAgcGGGTCA as part of a larger "footprinted" region, C1.
A site-directed substitution of the entire C1 element results in
a 2-fold reduction of activity of a chloramphenicol acetyl-
transferase fusion construct microinjected into S. purpuratus
embryos, compared with the wild type (26). Since the C1 site
is composed of at least two distinct elements (CIL and C1R),
we are not able to determine the contribution of the steroid
response element alone to CylIIb expression. The in vitro
binding experiments presented here show that this element is
specifically recognized by COUP-TF and that nucleotide
substitutions which influence the binding of human
COUP-TF to the ovalbumin gene COUP element (3) also
abolish the specific binding of the sea urchin nuclear protein
to the C1R site. These results strongly suggest that Sp-
COUP-TF is the sea urchin homologue of human COUP-TF
but do not exclude the possibility that another member ofthe
steroid/thyroid receptor superfamily may be the protein
which binds this element in vivo. The spacing between the
direct repeats of CiR also suggests a high affinity for
COUP-TF (26), but other members of the family can bind in
vitro with variable affinity (28). Since COUP-TF and other

FIG. 3. DNA- and ligand-
binding domains of SpCOUP-
TF. (A and B) Nucleotide se-
quence of the first and second
exons, respectively. Deduced
amino acid sequence is presented
with single-letter code below the
corresponding codons. (C) Com-
parison of the SpCOUP-TF pro-
tein sequence (up to amino acid
381) with human (h) COUP-TF1
and COUP-TF2. Identical amino
acids are indicated by a dash;
dots indicate gaps introduced for
ease of comparison.

steroid receptors can bind to their response elements as
homo- or heterodimers (29, 30) with altered affinities, and
perhaps exhibit different physiological effects, a similar case
is also possible for the sea urchin receptor(s) that recognizes
the CIR element. The presence of more than one sea urchin
COUP-TF homologue is suggested from the genomic DNA
blots. Some of the visible bands may correspond to homol-
ogous DNA-binding domains (conserved within the family) of
other receptors. One such homologous genomic fragment
carrying a distinct DNA-binding domain, 65% homologous to
SpCOUP-TF, was also isolated during the S. purpuratus
library screening. This gene has an intron positioned within
the zinc fingers, which is characteristic of the other members
of the superfamily and not COUP-TF.
The remarkable conservation of the two intron positions in

the sea urchin and human genes is a unique characteristic of
this subgroup of hormone receptors, and thus it seems
possible that the COUP-TF-related family (including the fruit
fly svp gene) diverged very early from the other steroid/
thyroid hormone receptors and can be considered evolution-
arily "older" genes. The very small degree of divergence in
the ligand-binding domains is a strong indication in itself for
the existence of a common ligand. Other possible functions
of the highly conserved carboxyl terminus of these proteins
(e.g., dimerization, activation) could be performed by do-
mains under a lesser degree of evolutionary constraint (31).

Preliminary experiments using polyclonal antibodies
raised against the recombinant human COUP-TF suggest that
the sea urchin protein is about 90 amino acids larger than the
human. We estimate that the missing carboxyl terminus may
contain 50 or 60 of these amino acids and the rest can be
accounted for by the longer amino terminus of SpCOUP-TF.

CTGCAGGAATTCGATATCAAGCTTTCCATCTAAACATCAGTCACCAATATACCOCACGAACTTAGCTGACACCGCCTOCCATATAACGCJkGTGOGTGTCATGGAAACGATGCAGTTTGAG

AACAGTGCGTTACCGCAG TGGTTAAATGTTGTGC;T
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FIG. 4. Expression of the SpCOUP-TF gene during embryonic
development. (A) DNA blot hybridization to reverse transcription-
PCR products obtained from RNAs isolated from ovaries (OV), eggs,
and embryos (24, 36, 60, and 72 hr postfertilization). The cDNAs
were amplified with the oligonucleotides Z and Dex (see B), and the
Hpa II fragment, which does not overlap with the primers, was used
as probe. The expected band is marked by an arrow. rRNA, bacterial
ribosomal RNA; OV (-RT), the template was ovarian RNA but the
reverse transcriptase was omitted from the reaction; Dex/3, the
primer Dex was used in combination with the non-COUP-TF-specific
oligonucleotide 3 and ovarian RNA as template. (B) Positions of the
PCR primers, the expected size of amplified products, and position
ofthe Hpa II fragment used as probe. Only the products ofthe Z/Dex
combination are presented in A, although the A/Dex and S/Dex
products have also been obtained. DBD, DNA-binding domain;
LBD, ligand-binding domain.

The SpCOUP-TF gene is expressed at very low levels,
during oogenesis and embryogenesis, perhaps increasing by
the pluteus stage. In preliminary experiments using somatic
tissues, other than ovary, SpCOUP-TF transcripts were also
detected in the adult animal. Although we have no clue as to
what other target genes this receptor may be regulating, it is
possible that SpCOUP-TF is not exclusively participating in
an embryonic regulatory network. In this respect the function
of this transcription factor/hormone receptor may be more
generalized than that of its Drosophila counterpart, the svp
gene product. Is then its mode of activation ligand-dependent
throughout the life cycle of the sea urchin? Very little is
known about the presence of steroid hormones and steroid-
metabolizing enzymes in sea urchins (32). Estradiol and
progesterone were found in the ovaries of the sea urchin
Strongylocentrotus franciscanus (33), and estradiol was

shown to affect cleavage, nucleic acid metabolism, and
protein synthesis in S. purpuratus embryos (34). If Sp-
COUP-TF is a receptor for a steroid hormone, identification
of its activating ligand would be of great importance in
elucidating the function of signaling pathways during sea
urchin embryogenesis.
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