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ABSTRACT

The orthodenticle-related protein (HpOtx) gene
derived from the sea urchin Hemicentrotus
pulcherrimus encodes two distinct isoforms,
HpOtxE and HpOtxL, which are differentially
expressed during early embryogenesis and are
driven by TATA-less and TATA-containing pro-
moters, respectively. In order to determine if the
TATA element is involved in the establishment of
the temporally speci®c expression pro®le of the
HpOtx gene, reporter genes under the control of
modi®ed or wild-type HpOtxE/L promoters were
introduced into fertilized eggs. When the activities
of the different promoter constructs were examined,
we found that deletion of the TATA element from the
HpOtxL promoter causes early expression, whereas
addition of the TATA element to the HpOtxE pro-
moter causes delayed expression. This suppressive
action of the TATA element on transcription from
the HpOtxE/L promoters requires the presence of
upstream CACGTG elements. These results indicate
that the presence or absence of the TATA element
determines, at least in part, the expression pro®le of
the HpOtxE/L promoters, in concert with the tran-
scription factor(s) that binds to the upstream
CACGTG element. Immunoblot and gel retardation
analyses suggest that functional interaction
between CACGTG binding factor(s) and TATA
factor(s) may be regulated by an unidenti®ed third
factor(s) during early embryogenesis in the sea
urchin.

INTRODUCTION

Most sexually reproducing organisms initiate embryonic
development immediately after the formation of a zygote,
i.e. fertilization of an egg by a sperm (1). During the very early
stages of embryonic development, cell division is under the
control of maternal mRNAs stockpiled during oogenesis. As
development proceeds, this maternal stock gradually dis-
appears and is replaced by zygotically expressed mRNAs. The
speci®c developmental stage at which this transition from
maternal to embryonic control of gene expression occurs
appears to be species-speci®c (reviewed in 2,3). For instance,
major zygotic gene activation begins at the two-cell stage in
mouse, at stage 7 (approximately 100 cells) in leech, at cycle 7
(90±125 cells) in nematode, and at later stages in Axolotl
(cycle 11, corresponding to approximately 2000 cells) and
Xenopus (cycle 12, corresponding to approximately 4000
cells) (reviewed in 2). There are some variations in the timing
of this transition even within groups of related species such as
mammals (reviewed in 3). Although the molecular basis for
this species speci®city during the maternal-to-zygotic transi-
tion is not yet completely understood, it appears that in
Xenopus and Drosophila there may be a critical nucleocyto-
plasmic ratio at which repressive factors are titrated out to
allow zygotic gene activation (reviewed in 4). Candidate
repressive factors are proposed to be chromatin components in
Xenopus (5) and/or speci®c transcriptional repressors in
Drosophila (6). In mouse, on the other hand, the ®rst round
of DNA replication, which remodels nucleosome structures, is
essential for the expression of several of the earliest embry-
onic genes, suggesting that zygotic gene activation is
prevented by repressive chromatin that constrains the access
of transcription factors to binding sites in the one-cell embryo
(reviewed in 7±9).

In addition to structural changes in chromatin, the activity
of the basal transcriptional apparatus is thought to play a
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pivotal role in establishing transcriptional competence at a
species-speci®c developmental stage. For instance, the
amount of TATA binding protein (TBP) is developmentally
regulated in Xenopus. It is barely detectable in oocytes and
during early cleavage stages, but accumulates to maximal
levels at the onset of the midblastula transition (MBT), the
period of major zygotic gene activation (10). In fact, in vitro
and in vivo analyses in Xenopus have revealed that TBP is a
bona ®de rate-limiting factor for basal transcription prior to
MBT (10). TFIIB and TFIIF are expressed constitutively
during embryogenesis, whereas regulation of phosphorylation
of the largest subunit of RNA polymerase II appears to
coincide with MBT in Xenopus (10). Similar stage-
speci®c changes in TBP expression and RNA polymerase II
modi®cation have been reported in mouse embryos as well
(11,12).

A de®ciency in co-activator activity is another character-
istic feature of the transcriptional apparatus that exists at the
very early stages of embryonic development (10,13). In
Xenopus, GAL4-VP16 was shown to bind promoter DNA
while failing to activate transcription in early embryos (14).
Similarly, upstream activating sequences present in the
histone H2B promoter do not function normally in cell
extracts derived from pre-MBT embryos, although basal
transcriptional activity is restored by the addition of TBP (10).
Considering that activation can be restored by the addition of
HeLa cell extract, the lack of activation in pre-MBT cell
extracts is more likely due to a de®ciency in certain co-
activators than to the presence of one or more dominant
repressors (10). In fact, the activation potential, which is
normally acquired before the onset of gastrulation in Xenopus,
can be precociously conferred by injecting RNA encoding a
human co-factor into early embryos (10). Consistent with the
idea that the activation potential is achieved at the time of
MBT, co-activator activity ®rst appears in two- to four-cell
mouse embryos, which is when the major onset of zygotic
gene activation occurs in this organism (13,15). Interestingly,
activation is TATA element-independent in undifferentiated
cells, e.g. two- to eight-cell mouse embryos, but has a strong
requirement for the TATA element in differentiated cells,
e.g. PMEF primary cells derived from 13-day-old mouse
embryos (16). Thus, at least in mouse embryos, the TATA
dependence of activated transcription is also developmentally
regulated.

Here we examine the effect of the TATA element on the
stage-speci®c expression of the orthodenticle-related protein
(HpOtx) gene in the sea urchin Hemicentrotus pulcherrimus,
which is particularly well suited for the study of the
mechanisms of gene regulation during early stages of
development. For instance, the results of reporter assays are
highly quantitative since foreign DNA can be readily
integrated into chromosomes of a large number of synchron-
ized embryos by the particle gun method (17). HpOtx encodes
two distinct isoforms, HpOtxE and HpOtxL, which are
expressed at the unhatched blastula and blastula stages, and
are driven by TATA-less and TATA-containing promoters,
respectively (18). The mRNAs of these two isoforms accu-
mulate in a distinct set of cells during embryogenesis (19),
indicating that they regulate a distinct set of genes (20).

An example of the differing functions of the two isoforms of
HpOtx can be found in the arylsulfatase (HpArs) gene, which

is expressed in a stage- and tissue-speci®c manner during
embryogenesis in H.pulcherrimus (21±23). Cis and trans
regulatory elements of this gene have been extensively studied
over the past 10 years (reviewed in 24,25). A 229 bp fragment
(referred to as the C15 fragment) located in the ®rst intron of
HpArs was found to contain strong enhancer activity that
appears to be mediated by the coordinated action of HpOtxL
and CAAT binding factors (20,26). HpOtxE, which is
produced from the same gene as HpOtxL by virtue of
differential promoter utilization and alternative splicing (18),
cannot activate transcription of the HpArs gene even though
the two HpOtx proteins differ only in their extreme N-terminal
regions (18). Furthermore, it is also known that orthologous
Otx proteins in Strongylocentrotus purputatus play an indis-
pensable role in cell fate decisions (27). Therefore, the HpOtx
tandem promoter could provide an ideal system to investigate
the molecular mechanisms of how similar but distinct
transcription factors with different functions are generated
from the same gene during early embryogenesis.

MATERIALS AND METHODS

Embryo culture

Gametes of the sea urchin, H.pulcherrimus, were collected by
intracoelomic injection of 0.55 M KCl, washed three times
with arti®cial sea water (ASW) and inseminated (26).
Fertilized eggs in which reporter constructs had been intro-
duced (as described below) were cultured at 16°C in a petri
dish (6 cm in diameter) with a cell concentration of ~1.3%
(v/v) (~0.2 ml of eggs suspended in 15 ml of ASW). To
prepare nuclear extracts of the different stage embryos,
fertilized eggs were cultured at 16°C with gentle aeration at
a cell concentration of ~1% (v/v) (~1 ml of eggs suspended in
100 ml of ASW) (26).

Construction of reporter plasmids

The HpOtxE promoter fragment (base pairs ±461 to +292,
numbered with repect to the transcriptional initiation site as
+1) (18) was ampli®ed by PCR using the primer pair TK714
and TK715 and the sperm DNA as a template. The PCR
product was inserted into the EcoRV site of the pBluescript
KSII(+) plasmid (Stratagene) to generate pHpOtxE6. The
oligonucleotides used in this study are summarized in Table 1.
The SacI±XhoI fragment of pHpOtxE6 containing the HpOtxE
promoter was ligated into the corresponding sites of the pGL3-
basic vector (Promega), which encodes luciferase as a reporter
gene, to generate pM1249. Site-speci®c mutagenesis (28) was
conducted on pM1249 using oligonucleotides TK867 and
TK1094 to generate pM1521, a construct with a truncated
HpOtxE promoter fragment (base pairs ±190 to +180). The
TATTCA sequence at base pairs ±28 to ±23 in the HpOtxE
promoter of pM1521 was changed to TATAAA and TATCCA
by site-speci®c mutagenesis using the TK1150 and TK1149
oligonucleotides to generate pM1598 and pM1599, respect-
ively. The CACGTG sequence (E-box) at base pairs ±66 to
±61 in the HpOtxE promoter of pM1521 and pM1598 was
altered to a HindIII site (AAGCTT) by site-speci®c muta-
genesis using the TK1812 oligonucleotide. This generated
pM3139 and pM3142, respectively.
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The HpOtxL promoter fragment (base pairs ±293 to +282)
was ampli®ed by PCR using the primer pair TK712 and
TK713 and the sperm DNA as a template. This fragment was
inserted into the EcoRV site of pBluescript KSII(+) to
generate pHpOtxL14. The KpnI±SmaI fragment of
pHpOtxL14 containing the HpOtxL promoter was ligated
into the corresponding sites of the pGL3-basic vector to
generate pM1248. The TATAAA sequence at base pairs ±26
to ±21 in the HpOtxL promoter of pM1248 was deleted by
site-speci®c mutagenesis using the oligonucleotide TK804,
resulting in pM1293. The CACGTG sequence (E-box) at base
pairs ±220 to ±215 in the HpOtxL promoter of pM1248 and
pM1293 was changed to a HindIII site (AAGCTT) by site-
speci®c mutagenesis using the oligonucleotide TK1815 to
generate pM3145 and pM3148, respectively.

The XhoI±HindIII fragment containing the H.pulcherrimus
arylsulfatase (HpArs) promoter (base pairs ±252 to +38) (29)
was excised from pAL(DXh) and ligated at the same

restriction sites (i.e. XhoI and HindIII) in the pGL3-basic
vector to generate pM1533. Site-speci®c mutagenesis was
conducted on pM1533 using the oligonucleotide TK2227 to
generate pM3571, a construct containing the truncated HpArs
promoter fragment (base pairs ±168 to +38). The TATAAA
sequence at base pairs ±32 to ±27 in the HpArs promoter of
pM3571 was deleted by site-speci®c mutagenesis using
oligonucleotide TK1107 to generate pM3572.

Luciferase assay and RT±PCR analysis

Introduction of reporter plasmids into fertilized eggs was
conducted as previously described (17). The pRL-CMV
plasmid encoding Renilla reniformis luciferase (Dual-
Luciferase Reporter Assay System, Promega) was introduced
along with sample DNA (reporter plasmid) as a reference to
normalize for transfection ef®ciency. Bombardment using a
particle gun gene delivery system (GIE-III IDERA, Tanaka
Co. Ltd) was carried out in triplicate for each DNA on
approximately 0.2 million embryos. Bombarded embryos
were cultured in a petri dish (6 cm in diameter) and incubated
at a constant temperature of 16°C. At the indicated time,
aliquots of bombarded embryos were taken from the dishes,
collected by centrifugation and stored at ±80°C until being
used in either luciferase assays (approximately 20 000
embryos 3 3) or RT±PCR analyses (approximately 6700
embryos 3 3). The luciferase assays were carried out
according to the manufacturer's protocol (Promega).

For RT±PCR analysis, total RNA was prepared from
collected embryos using the Isogen RNA extraction system
(Wako Pure Chemical Industries, Ltd). Samples were subse-
quently treated with 0.1 mg/ml DNase I for 18 h at 37°C to
degrade contaminating genomic DNA. The 800 bp DNA
fragment encoding the region from immediately 3¢ of the
transcriptional initiation site of the HpOtxE promoter to the
middle of the open reading frame (ORF) of ®re¯y luciferase
was ampli®ed from 0.3 mg of total RNA using the One Step
RNA PCR Kit (AMV) (TaKaRa Biomedicals) and the primers
TK1682 and TK1686. As a reference, the 190 bp DNA
fragment encoding the 3¢-untranslated region (3¢-UTR) of the
ubiquitin gene was ampli®ed using the primer pair TK1591
and TK1592. The PCR conditions used were 30 min at 50°C
for reverse transcription and 2 min at 94°C for denaturation
and inactivation of AMV reverse transcriptase, followed by
the indicated number of cycles; each cycle comprised 30 s at
94°C, 30 s at 57°C and 90 s at 72°C. PCR ampli®cation was
carried out for 28 and 20 cycles for HpOtxE and ubiquitin,
respectively. PCR products were resolved on 1.8% agarose
gels and stained with ethidium bromide, followed by
visualization using a FMBIO II Multi-View image analyzer
(TaKaRa Biomedicals).

Isolation of cDNA encoding TBP of H.pulcherrimus

To isolate cDNA clones encoding H.pulcherrimus TBP
(HpTBP), we ampli®ed an aliquot of a gastrula cDNA library
(30) by PCR using the primers TK753 and TK755. These
primers were designed to match perfectly with the nucleotide
sequences in the highly conserved region of TBP from other
sea urchin species (31). The fragment had an expected size of
345 bp and was subcloned into the EcoRV site of pBluescript
KSII(+) (Stratagene). It was con®rmed to be a bona ®de
HpTBP clone by sequence analysis and comparison with other

Table 1. Oligonucleotides used in this study
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members of the TBP family. The full-length HpTBP cDNA
clone, including its long 3¢-UTR, was obtained by screening
the same gastrula cDNA library using the 345 bp PCR-
generated DNA fragment as a probe. The entire clone was
sequenced using both universal primers and the speci®c
primers TK848, TK849, TK852, TK853, TK870, TK871,
TK872 and TK873. The complete nucleotide sequence of
HpTBP cDNA was deposited in GenBank under the accession
no. AB074420.

Isolation of a cDNA encoding the N-terminal
region of upstream stimulatory factor (USF) of
H.pulcherrimus

To isolate cDNA clones encoding H.pulcherrimus USF
(HpUSF), the 420 bp DNA fragment corresponding to the
region from 7 to 147 amino acids of the S.purputatus USF
(SpUSF) was ampli®ed from 0.3 mg of total RNA using the
One Step RNA PCR Kit (AMV) (TaKaRa Biomedicals) and
the primers TK2396 and TK2398, which were designed to
perfectly match the nucleotide sequences of SpUSF. The
fragment with the expected size of 420 bp was subcloned into
the EcoRV site of pBluescript KSII(+) (Stratagene) and was
con®rmed to be a bona ®de HpUSF clone by sequence analysis
and sequence comparison with other members of the USF
family. To isolate cDNA clones including the entire 5¢-UTR,
the 5¢-rapid ampli®cation of cDNA end (5¢-RACE) experi-
ment was performed using the 5¢-Full RACE Core Set Kit
(TaKaRa Biomedicals) and the primers TK2457, TK2458/
2461 and TK2459/2460 as RT-primer, ®rst primer pair and
second primer pair, respectively. The second-round PCR
product was subcloned into pBluescript KSII(+) and se-
quenced with universal primers for veri®cation. As a result,
the DNA fragment containing the 45 bp of the 5¢-UTR as well
as the coding region from 1 to 21 amino acids of HpUSF were
obtained and then combined with the sequences of the
RT±PCR products described above. TK2396 was found to
perfectly match not only the nucleotide sequence of SpUSF
but also that of HpUSF. The nucleotide sequence of this partial
HpUSF cDNA clone was deposited in GenBank under the
accession no. AB082982.

Preparation of recombinant proteins, and GST-pulldown
and gel retardation assays

An ~750 bp NdeI±BamHI fragment obtained from PCR using
the primers TK850 and TK851 was ligated into the corres-
ponding restriction sites of a pET28a expression vector
(Novagen). This generated pM1541, which was used to
express His-tagged HpTBP in bacterial cells. Recombinant
HpTBP protein was prepared according to the protocol used
previously to obtain yeast TBP protein (32). Recombinant
yeast TFIIA and TAND were prepared as previously described
(32). GST-pulldown and gel retardation assays were also
performed as described previously (32).

To prepare recombinant HpUSF protein, an ~420 bp
NdeI±BamHI fragment, obtained by PCR using the primers
TK3442 and TK3441, was ligated into the corresponding
restriction sites of the pET28a expression vector (Novagen).
This generated pM3988, which was then used to express the
His-tagged N-terminal region (9±147 amino acids) of HpUSF
in bacterial cells. Note that the most C-terminal six amino acid
residues (142±147 amino acids; QPSGAA) were derived from

a primer corresponding to the same region of SpUSF. It is
currently unknown whether HpUSF has the same sequence or
not. Recombinant HpUSF protein was prepared according to
the protocol used to obtain HpTBP protein.

Antibody production, preparation of SDS lysates from
embryo cultures and immunoblot analysis

Anti-HpTBP and -HpUSF polyclonal antibodies were pre-
pared by injecting gel-puri®ed recombinant HpTBP and
HpUSF (9±147 amino acids) proteins into New Zealand
White rabbits as previously described (33). Preparation of
SDS-lysed embryo cultures was carried out using a slight
modi®cation of the method described in Edelmann et al. (31).
Approximately 10 000 embryos were removed from a 1%
(1 packed ml per 100 ml of ASW) culture at 0, 8, 11, 14, 25,
35, 45, 63 and 70 h post-fertilization and collected by
microcentrifugation at 4°C for 10 s. Embryo pellets were
washed once each with Ca2+- and Mg2+-free ASW (500 mM
NaCl, 9 mM KCl, 30 mM Na2SO4, 2 mM NaHCO3, pH 8.0)
(31) and STE buffer (150 mM NaCl, 10 mM Tris±HCl pH 7.4,
1 mM EDTA, 1 mM EGTA) (31). Washed embryos were
boiled in 500 ml of SDS lysis buffer (0.5% SDS, 50 mM
Tris±HCl pH 7.4, 2 mM PMSF, 0.7 mg/ml bestatin, 4 mM
benzamidine, 80 mg/ml pepstatin A, 1 mg/ml leupeptin, 0.05
mg/ml antipain) for 10 min and stored at ±80°C until use. For
immunoblot analysis, 20 ml of SDS-lysed sample (corres-
ponding to approximately 400 embryos) was separated on a
12.5% SDS-polyacrylamide gel, transferred to a nitrocellulose
membrane and probed with anti-HpTBP and anti-HpUSF
antibodies as described previously (33).

Preparation of stage-speci®c nuclear extracts and
detection of E-box binding activities

Nuclei and nuclear extracts were prepared from embryos at the
hatched blastula, mesenchyme blastula and gastrula stages
according to the method described by Sakamoto et al. (26).
Gel retardation assays were conducted as described previously
(34) with a few modi®cations. Brie¯y, four pairs of single-
stranded oligonucleotides, i.e. TK3449/3450, TK3451/3452,
TK3453/3454 and TK3455/3456, were annealed to generate
four double-stranded oligonucleotides containing the wild-
type E-box from HpOtxL, the mutated E-box from HpOtxL,
the wild-type E-box from HpOtxE and the mutated E-box
from HpOtxE, respectively. These double-stranded oligo-
nucleotides were radiolabeled with [g-32P]ATP using T4
polynucleotide kinase and puri®ed by the spun column
technique. Gel retardation assays were performed in a solution
containing 20 mM HEPES pH 7.6, 5 mM MgCl2, 60 mM KCl,
1 mM dithiothreitol (DTT), 0.1% Triton X-100, 10% glycerol
and 100 mg/ml of poly(dI-dC) as non-speci®c competitor. Two
micrograms of nuclear extract was added to each assay and
incubated for 10 min at 4°C prior to the addition of 1±2 ng of
radiolabeled probe. The reaction mixture was then incubated
for 30 min at 15°C. The DNA±protein complex was resolved
from free probe on a 4% polyacrylamide gel in 0.53 TBE
buffer (89 mM Tris, 89 mM boric acid, 2 mM EDTA, pH 8.0)
containing 5% glycerol and 0.5 mM DTT. The gel was dried
and visualized by autoradiography.
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RESULTS

A role for the TATA element in the temporally speci®c
expression of HpOtx mRNAs

Two proteins, HpOtxE and HpOtxL, are produced from HpOtx
by virtue of differential promoter utilization and alternative
splicing (18) (Fig. 1). Based on several reports that TATA and/
or initiator elements determine the timing of expression of
tandem promoters during development (35,36), we examined
the contribution of core promoter structures to the temporal
speci®city of the expression from the HpOtxE/L promoters. A
canonical TATA element (TATAAA) was found in the
HpOtxL promoter but not in the HpOtxE promoter (Fig. 1)
(18). Thus, we ®rst tested whether the presence of the TATA
element contributes to the later expression of the HpOtxL
promoter and, conversely, if its absence allows earlier
expression of the HpOtxE promoter. The HpOtxL promoter
fragment (base pairs ±293 to +282) (Fig. 1) with or without the
TATAAA sequence was fused to the ®re¯y luciferase reporter
gene and subsequently introduced into fertilized eggs along
with a reference plasmid encoding the Renilla luciferase gene
(Fig. 2A). Fire¯y luciferase activity normalized to that of
Renilla luciferase showed that the deletion of the TATAAA
sequence from the HpOtxL promoter induced earlier expres-
sion (Fig. 2A) without shifting the transcriptional initiation
site (data not shown). The results were reproduced in several
independent experiments (Fig. 3A and data not shown). When
we conducted similar experiments using an HpArs promoter
fragment (base pairs ±160 to +38), the opposite effect was
obtained when the TATAAA sequence was deleted, in that
expression from the HpArs promoter was decreased and/or
delayed (Fig. 2B). Therefore, the role of the TATA element in
suppressing early expression appears not to be a universal
function but rather one that is speci®c to the HpOtxL
promoter.

We reasoned that if the TATA element were necessary for
the temporally speci®c expression pro®le of the HpOtxE/L

promoters, the addition of a TATAAA sequence to the
HpOtxE promoter would delay its expression. However, in our
experiments, luciferase gene expression from the HpOtxE
promoter (base pairs ±190 to +180) (Fig. 1) was not
signi®cantly affected by the presence of a TATA element
(data not shown). The sensitivity of the dual-luciferase assay
method may not be suf®cient to detect small differences in
initiation of gene expression because it may take several hours
to generate luciferase proteins from a reporter gene. Therefore,
we decided to measure the amounts of luciferase mRNA
directly using quantitative RT±PCR (Fig. 2C). The increased
sensitivity of this method allowed us to observe in several
independent experiments that substitution of the wild-type
TATTCA sequence at base pairs ±28 to ±23 by TATAAA
caused delayed expression of the HpOtxE promoter (Figs 2C
and 3B, and data not shown). This effect is intrinsic to the
TATA element since the TATCCA sequence cannot act as an
effective substitute (Fig. 2C, lanes 11±14). The level of
ubiquitously expressed ubiquitin mRNA (37), used as a
control, was constant in all of the RT±PCR experiments
(Fig. 2C).

Functional interaction between TATA and upstream
CACGTG elements

We have demonstrated that the presence of the TATA element
delays expression from the HpOtxE/L promoters but not from
the HpArs promoter (Fig. 2). These results indicate that the
TATA element cannot be the only factor determining the
expression pro®le of the HpOtx promoters. Thus, we assumed
that promoter-speci®c transcription factors and their func-
tional interaction with TATA-binding factors (TFIID or TBP)
direct the temporally speci®c expression of these promoters.
Considering that in most cases the TATA element affects
transcription positively (38), it is likely that certain factors
speci®cally bound to the HpOtxE/L promoters suppress the
function of TFIID (or TBP) at an earlier stage of embryo-
genesis. To identify such factors, we ®rst performed a
computer-aided database search (Y.Akiyama, National

Figure 1. Schematic representation of the HpOtx gene and the two mRNAs generated from it by differential promoter utilization and alternative splicing (18).
The rectangles above the straight line with 5¢ and 3¢ demarcations indicate exons, and shaded areas within them correspond to ORFs. The double inclined
lines connecting the rectangles depict the splicing pattern of the intervening introns. The nucleotide sequences around the E-box (CACGTG) and the transcrip-
tional initiation site (marked with arrows) are shown for both HpOtxL and HpOtxE.
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Institute of Advanced Industrial Science and Technology,
Japan, http://www.cbrc.jp/research/db/TFSEARCHJ.html)

(39) for transcription factor binding sites that are shared by
the HpOtxE and HpOtxL promoters but not by the HpArs
promoter. This screen identi®ed only the CACGTG element,
located at base pairs ±220 to ±215 of the HpOtxL promoter
and at base pairs ±66 to ±61 of the HpOtxE promoter, as a
candidate (Fig. 1). The CACGTG element, also referred to as
the E-box (40), has been known to act as the binding site for a
family of transcription factors containing a basic/helix±loop±
helix/leucine-zipper (b/HLH/Z) motif. The b/HLH/Z family
includes various transcription factors such as USF, Myc, Mad,
Max, Mxi1, TFEB, TFE3 and AP4 (reviewed in 41).

Next we tested whether the upstream CACGTG element
(E-box) was involved in the establishment of the HpOtxE/L
expression pro®le. When the E-box was mutated, the deletion
of the TATA element decreased and/or delayed expression of
the HpOtxL promoter (Fig. 3A). In contrast, the same TATA
deletion induced early expression of the intact HpOtxL
promoter (Fig. 3A). This indicates that the difference was
not due to the condition of the embryos used in this particular
experiment. Thus, removal of the upstream CACGTG element
appeared to reverse the function of the TATA sequence. It is
noteworthy that the expression pro®le of the HpOtxL
promoter lacking an E-box is very similar to that of the

Figure 2. The effect of the TATA element on the temporal expression pro-
®le of three promoters in H.pulcherrimus. (A) Fire¯y luciferase activities at
different times after fertilization with the wild-type HpOtxL promoter
(closed rectangle) or with the mutant HpOtxL promoter (closed circle) lack-
ing the TATAAA sequence (transfections were conducted at time 0). Raw
values were normalized to the activity of co-transfected Renilla luciferase
and expressed as a percentage of the maximal value which was taken to be
100%. (B) Relative luciferase activities under the control of the HpArs pro-
moter with (wild-type, closed rectangle) and without (closed circle) the
TATAAA sequence. All procedures are the same as represented in (A).
(C) RT±PCR analysis was used to measure the amount of ®re¯y luciferase
mRNA transcribed under the control of the HpOtxE promoter containing
the TATTCA sequence (wild-type, lanes 3±6), TATAAA sequence (lanes
7±10), or TATCCA sequence (lanes 11±14) at the indicated post-fertiliz-
ation time. Lane 2 represents the amount of the wild-type HpOtxE-lucifer-
ase construct mRNA immediately after transfection. Results obtained from
the mutated HpOtxE-luciferase constructs were similar to those of the wild-
type (lane 2). Ubiquitin mRNA, which is ubiquitously expressed, was used
as an internal standard for all the RNA samples. M (lane 1) shows the
migration pattern of molecular weight markers.

Figure 3. Functional interaction between the TATA and upstream
CACGTG sequences elicits the temporally speci®c expression from the
HpOtxL and HpOtxE promoters. (A) Relative luciferase activities from in-
tact HpOtxL promoters with (wild-type, closed rectangle) and without
(closed circle) the TATAAA sequence as well as under the control of an
HpOtxL promoter lacking the E-box and containing (open rectangle) or
lacking (open circle) the TATAAA sequence. Note that the effect of the
TATA element on the temporal expression pro®le is reversed when the
CACGTG element (E-box) is deleted. (B) RT±PCR analysis was undertaken
to measure the amount of luciferase mRNA transcribed under the control of
an HpOtxE promoter with the TATTCA sequence (wild-type, lanes 3±6) or
the TATAAA sequence (lanes 7±10), as represented in Figure 2C. Results
of similar analyses in the absence of the E-box are shown in lanes 11±20.
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HpArs promoter with regard to the effect of the deletion of the
TATA element (Figs 2B and 3A). A similar functional
interaction between the TATA element and E-box was also
observed for the HpOtxE promoter (Fig. 3B), in that the
delayed expression of the HpOtxE promoter caused by
insertion of the TATA element (Figs 2C and 3B, lanes
1±10) was negated by mutation of the E-box (Fig. 3B, lanes
11±20). These results suggest that as yet unidenti®ed b/HLH/Z
transcription factor(s) that are speci®cally bound to the
CACGTG element may communicate with TFIID (or TBP)
to direct the temporally speci®c expression of the HpOtxE/L
promoters.

Isolation and characterization of TBP from
H.pulcherrimus

cDNA clones encoding sea urchin TBP have been isolated
from two related species, S.purputatus and Lytechinus
variegatus, by Childs and co-workers (31). It has been
shown that the amount of TBP protein is relatively constant
throughout embryogenesis in S.purputatus (31). Our obser-
vations that TATA utilization by the HpOtxE/L promoters is
developmentally regulated by an upstream CACGTG element
raises the possibility that the amount of TBP might be different
in H.pulcherrimus embryos than in S.purputatus, even though
they are taxonomically very closely related.

To address this issue, we isolated the cDNA encoding
H.pulcherrimus TBP (HpTBP) by PCR ampli®cation and
cDNA library screening. The longest cDNA we obtained was
2137 bp. The ORF encoded a protein of 250 amino acids with
an estimated molecular weight of 27 kDa (Fig. 4A). Although
the cDNA encoding S.purputatus TBP (SpTBP) has been
shown to have a long 5¢-UTR (466 bp) (31), we found that

HpTBP cDNA has a much shorter 5¢-UTR (105 bp). However,
HpTBP does have a longer 3¢-UTR (1302 bp) (data not
shown). The amino acid sequence of HpTBP is 99, 98 and
82% identical to those of S.purputatus (Sp), L.variegatus (Lv)
and Saccharomyces cerevisiae (Sc), respectively, within the
C-terminal highly conserved region, and 82, 73 and 6.7%
identical within the N-terminal non-conserved region
(Fig. 4B). Phylogenic analysis (42) con®rmed that HpTBP is
more closely related to SpTBP than to LvTBP and ScTBP
(data not shown).

To further verify that the isolated cDNA encodes a bona ®de
HpTBP, we examined its TATA binding activity (Fig. 5A,
left) and its ability to interact with yeast TFIIA (Fig. 5A, right)
as well as with the N-terminal domain of yeast TAF145
(TAND) (33) (Fig. 5B). We veri®ed that the recombinant
HpTBP protein was able to bind to the TATA element of the
adenovirus major late (AdML) promoter (Fig. 5A, left) and to
TAND (Fig. 5B) as strongly as yeast TBP. In addition, HpTBP
can form a complex with yeast TFIIA on the AdML promoter,
although the af®nity of HpTBP for yeast TFIIA appears to be
much weaker than that of yeast TBP (Fig. 5A, right). These
observations indicate that the isolated cDNA encodes a
functional H.pulcherrimus TBP.

We generated polyclonal antibodies against HpTBP to
compare the expression level at each stage of embryogenesis.
Immunoblot analysis showed that HpTBP levels were almost
constant throughout embryogenesis, at least when calculated
on a single-embryo basis (Fig. 5C, upper panel). This is similar
to what is observed in S.purputatus (31). A polyclonal
antibody against yeast TBP recognized SpTBP as a closely
spaced doublet at, and after, the blastula stage, indicating that
SpTBP is post-translationally modi®ed during this period of

Figure 4. (A) Amino acid sequence alignment of HpTBP with those of TBPs from other sea urchin species (Sp, S.purputatus; Lv, L.variegatus) and yeast
(Sc, S.cerevisiae). An asterisk denotes the boundary between the N-terminal non-conserved region and the C-terminal highly conserved region. Dashes
indicate gaps introduced to maintain optimal alignment. Shading indicates identical residues. (B) Schematic representation of the comparison of the four
TBPs. The C-terminal highly conserved regions are shaded. The percentage of identical residues when compared with HpTBP are calculated individually for
the N- and C-terminal regions and are shown in each rectangle.
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embryogenesis. However, our antibody did not reveal any
such modi®cation of HpTBP (Fig. 5C, upper panel).

Isolation of the USF from H.pulcherrimus involved
in vitro E-box binding activity

Since we did not observe any signi®cant changes in the
amount or modi®cation state of HpTBP, we also examined
whether CACGTG binding factors were developmentally
regulated. The major protein in sea urchin extracts capable of
binding to the CACGTG element has been shown to be USF

(34). Sea urchin USF is known to be required for transcription
of genes such as Spec (43) and U6 (34). Importantly, human
USF can increase the rate or stability of TFIID binding to the
promoter and thereby stimulate transcription (44±46). To
obtain an anti-HpUSF antibody, we ®rst isolated a partial
cDNA clone encoding the N-terminal half (1±141 amino
acids) of HpUSF using the RT±PCR method. The amino acid
sequence of HpUSF within this region is 97 and 83% identical
to those of SpUSF (43) and LvUSF1 (47), respectively
(Fig. 5D). Thus, HpUSF is more similar to SpUSF than to
LvUSF1, as was observed for TBP (Fig. 4). Immunoblot
analysis using a polyclonal antibody against the N-terminal
half of HpUSF proteins demonstrated that two forms of the
HpUSF-like factor were expressed almost constantly at all of
the stages examined (Fig. 5C). The smaller form was always
more abundantly expressed than the larger form. It is
noteworthy that two distinct forms of USF with similar
molecular sizes to those of HpUSF-like factors were also
expressed constantly throughout development in another sea
urchin, Lytechinus pictus (47). Intriguingly, as was observed
for HpUSF-like factors, the smaller form, i.e. LvUSF1, was
more abundantly expressed than the larger form, i.e. LvUSF2
(47).

Next, we tested for E-box binding activity and for any
changes in E-box binding patterns during the course of
embryogenesis using probes from HpOtxE and HpOtxL
promoter regions and USF1 consensus oligonucleotides (48)
(Fig. 6). Gel retardation analysis was performed using nuclear
extracts prepared from embryos at the hatched blastula stage,
mesenchyme blastula stage and gastrula stage, corresponding
to ~12±14, 24 and 32 h after fertilization, respectively. E-box
speci®c DNA binding activity was detected in all three nuclear
extracts at similar levels with oligonucleotides (22 bp) derived
from OtxE/L promoters containing the wild-type E-box
sequence (Fig. 6A±C), or with USF1 consensus oligonucleot-
ides (23 bp; purchased from Santa Cruz Biotechnology) (data
not shown). The positions of the speci®cally retarded bands on
the EMSA gel were apparently the same irrespective of the
development stage and amounts of protein used in the assays
(data not shown), suggesting that only one or a very restricted
number of related proteins of similar size act as E-box binding
factors during embryogenesis of H.pulcherrimus. To deter-
mine if HpUSF was the factor that bound to these three E-box
sequences, antiserum speci®c for HpUSF was used. Addition
of antisera against HpUSF to DNA-binding reaction mixtures
containing nuclear extracts prepared at the mesenchyme
blastula and wild-type OtxL probe produced supershifts of
the retarded bands (Fig. 6D, lane 2), indicating that HpUSF
was mainly responsible for the E-box binding activity
expressed at this stage. Similar results were obtained with
nuclear extracts prepared at other stages or with other E-box
containing probes (data not shown). Therefore, we conclude
that neither the amount nor the DNA binding activity of
HpUSF(s) changed signi®cantly during H.pulcherrimus
embryogenesis, suggesting that HpUSF expression or DNA
binding activity is not tightly regulated. Further analyses will
be required to determine if any other regulatory function of
HpUSF(s), e.g. interaction with basal transcriptional machin-
eries, is involved in the temporally speci®c expression of the
HpOtx gene.

Figure 5. In vitro and in vivo characterization of HpTBP. (A) Gel mobility
shift analyses of TBP±TATA element interactions (left) and TFIIA±
TBP±promoter DNA interactions (right). Hp and Sc indicate the source of
TBP as H.pulcherrimus and S.cerevisiae, respectively. Adenovirus major-
late promoter (±119 to +61) was used as a probe. The amount of protein
used for each assay was 20 ng of TBP (left), 10 ng of TBP and 12 ng of
yeast TFIIA (right). The positions of the TBP±DNA complex and
TFIIA±TBP±DNA complex are indicated by an asterisk on the right. A
double asterisk denotes the position of the free probe. (B) Interaction of
TBP with GST±TAND. GST±TAND fusion proteins were incubated with an
equimolar amount of TBP. Complexes were obtained by incubating the
proteins with glutathione Sepharose beads, and washing them extensively
with buffer containing 0.2 M KCl. The bound proteins were then analyzed
by SDS±PAGE and Coomassie blue staining. (C) Immunoblot analysis of
extracts prepared from whole embryos collected at indicated times post-
fertilization. Anti-HpTBP and -HpUSF polyclonal antibodies were used as
primary antibodies. A single asterisk denotes the position of HpTBP; double
and triple asterisks denote the positions of alternative forms of HpUSF-like
factors. The size markers are shown on the left. (D) Amino acid sequence
alignment of the N-terminal region of HpUSF with those of corresponding
regions of USFs from other sea urchin species (Sp, S.purputatus; Lv,
L.variegatus). Shading indicates identical residues.
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DISCUSSION

In this study, we demonstrated that the functional interaction
between TATA and upstream CACGTG elements contributes
to establishing the temporally speci®c expression pro®le of the
tandem promoters of the HpOtx gene. Immunoblot analysis
showed that the amount of TBP is relatively constant
throughout embryogenesis, at least when calculated on a per
embryo basis. However, since the number of cells increases
dramatically during embryogenesis (>1 3 103-fold), the
amount of TBP per cell should be greatly reduced at later
stages (31). This may explain why a promoter that should be
activated at a relatively late stage (e.g. HpArs) requires the
TATA element for ef®cient transcription (Fig. 2B). Although
the expression of both HpOtxE and HpOtxL is delayed by the
presence of the TATA element, there is a clear difference in
the onset of gene expression between these two promoters
with regard to the effect of E-box deletion. Deletion of the
E-box induced earlier expression of the HpOtxE promoter
irrespective of the presence of the TATA element (Fig. 3B),
while the same deletion delayed expression of the HpOtxL
promoter (Fig. 3A). This may be due to a difference in core
promoter structure and/or promoter-speci®c transcription
factors that still remain active on HpOtxE/L promoters
lacking the E-box. For instance, the HpOtxE core promoter
may be intrinsically pre-programmed to be expressed much
earlier than the HpOtxL core promoter and E-box binding
factors can delay the expression of the former but not of the
latter.

In order to compare the expression of HpUSF at different
developmental stages, we also isolated a cDNA clone
encoding the N-terminal region of HpUSF and generated a
speci®c polyclonal antibody against the expressed polypep-
tide. Similar to previously reported LvUSFs (47), two
different sizes of HpUSF were expressed continuously

throughout development with the smaller form always being
expressed in higher amounts compared with the larger form
(Fig. 5C). These observations are consistent with the gel
retardation analyses which showed that the levels of the
retarded E-box bands supershifted by anti-HpUSF antisera
(Fig. 6D and data not shown) remained relatively constant
during the three developmental stages (Fig. 6A±C). Hence, we
assume that some other regulatory function of HpUSF
required after its binding to the E-box and/or some other
unidenti®ed but minor E-box binding factor(s) must direct the
faithful and temporally speci®c expression of the HpOtx gene
in cooperation with the TATA factor. Further analysis will be
required to clarify this point.

In other organisms, there are several genes like HpOtx that
are known to be controlled by tandem promoters, one
containing a TATA element and the other lacking this
element. The Saccharomyces cerevisiae HIS3 gene is under
the control of TR (consensus TATA) and TC (non-consensus
TATA) proximal elements which direct transcriptional initi-
ation at +13 and +1, respectively (reviewed in 49). Under
conditions of constitutive expression, transcription is initiated
with equal ef®ciency from both sites (50,51). However, a
transcriptional activator, Gcn4, can stimulate transcription of
this gene almost exclusively from the +13 site (50,51),
indicating that Gcn4 activates a TATA binding factor
(TFIID or TBP) in a core promoter-speci®c manner. The
Drosophila melanogaster alcohol dehydrogenase (Adh) gene
is also regulated by tandem promoters. The distal promoter
contains a non-consensus TATA element and is used primarily
in early- to mid-stage embryos as well as in adult ¯ies. The
proximal promoter has a consensus TATA element that is
active during late embryonic and early- to mid-stage larval
development (reviewed in 35). In this case, however, the
initiation element appears to be more important for differential
promoter utilization than the TATA element itself (35).

Figure 6. E-box binding activities detected in stage-speci®c nuclear extracts. (A) Gel mobility shift analysis was performed using nuclear extracts (2 mg)
prepared from embryos at the hatched blastula stage and double-stranded oligonucleotide extending either from base pairs ±229 to ±208 of the HpOtxL
promoter (OtxL) or from base pairs ±75 to ±54 of the HpOtxE promoter (OtxE) as probe. `wt' and `mt' indicate wild-type and mutant probes, respectively;
the latter probe contains the mutant AAGCTT sequence while the former probe contains the wild-type CACGTG sequence. The positions of the most
prominently shifted bands of the non-speci®c and speci®c E-box probes are marked by single and double asterisks, respectively, on the right. `Probe' at the
bottom denotes the position of the free probe. (B) Gel mobility shift analysis was conducted as represented in (A) except that nuclear extracts prepared at
the mesenchyme blastula stage were employed. (C) Gel mobility shift analysis was conducted as represented in (A) except that nuclear extracts prepared at
the gastrula stage were employed. (D) Immunoshift analysis was performed. The wild-type OtxL probe was incubated with either nuclear extract (2 mg) alone
prepared from embryos at the mesenchyme blastula stage (lane 1), or together with antiserum directed against recombinant HpUSF (lane 2) or with
preimmune serum (lane 3).
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Considering that the initiation element is also recognized by
TFIID through its subunits TAF250 and TAF150 (35,52), the
functional interaction between promoter-speci®c factors and
TFIID may precisely direct the stage-speci®c expression of the
tandem promoters of the Adh gene. The mouse gene encoding
translation initiation factor eIF-1A is expressed preferentially
by a proximal TATA-containing promoter in fully-grown
oocytes, whereas in blastocysts it is expressed almost exclu-
sively by a distal TATA-less promoter (36). These observa-
tions suggest that tandem promoters carrying different core
promoter elements (e.g. TATA, initiator) are commonly used
to direct environmentally, temporally and/or spatially speci®c
expression of the same gene in a wide variety of organisms
from yeast to mammals. Recent studies demonstrate that there
are an increasing number of core promoter recognition factors
besides TFIID, including TFTC (53), TRF1 (54) and TAC
(55). In addition, there is some evidence for the existence of
tissue-speci®c isoforms of TFIID (56±58). Therefore, it is
likely that distinct TFIID-like complexes are involved in the
expression of the HpOtxE/L promoters under physiological
conditions. Our future goal is to determine the identities of the
TATA and CACGTG binding factors that coordinately
regulate the expression of the HpOtxE/L promoters.
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