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Normal development requires that individual genes be expressed in their correct temporal patterns, but the
mechanisms regulating this process during early embryogenesis are poorly understood. We have studied the
early and late sea urchin histone genes during embryogenesis to address the molecular mechanisms controlling
temporal gene expression. By measuring the changes in expression of cloned H1-I DNA constructs after
microinjection into fertilized one-cell zygotes, we demonstrated that a highly conserved 30-base-pair segment
of DNA between positions -288 and -317 (USE IV) is responsible for the transcriptional activation of this late
histone gene at the late blastula stage. In this report, we demonstrate that an oligonucleotide corresponding to
USE IV acts as an embryonic enhancer element capable of activating the simian virus 40 early promoter in a
stage-specific manner. Using an in vivo competition assay and in vitro DNase I footprinting and mobility shift
assays, we also identified a protein(s) that interacts with this enhancer. Results of the competition assay
suggested that this factor acts to stimulate transcription of the Hl-I gene. The factor was found to be stored
in mature eggs as well as in all embryonic stages examined. The mobility of the factor found in eggs, however,
differed from that of the embryonic form, which suggested that posttranslational modification occurs after
fertilization.

A fundamental problem common to all multicellular or-
ganisms is the need to regulate genes in both temporal and
spatial manners. The different histone multigene families of
sea urchins have provided a convenient system for studying
the mechanisms of temporal gene expression during early
embryogenesis. Expression of the early or embryonic his-
tone genes, which are encoded by 300 to 500 tandem arrays,
is confined to a period up to the blastula stage of develop-
ment, about 12 h after fertilization (reviewed in 37). The late
histone gene family consists of 2 to 12 dispersed irregular
arrays (6, 26, 29, 30, 33, 38) whose transcripts are expressed
at low basal levels up until the blastula stage, when their
transcription rates increase (23, 28). Levels of late histone
gene transcripts peak in late-blastula- or gastrula-stage em-
bryos (5, 20, 28, 30, 33). In addition, these late genes are
used in the adult tissues of the organism, whereas the
high-copy-number early gene family is transcriptionally si-
lent (34).
Our current understanding of the molecular basis of gene

activation during embryogenesis depends largely on the
development of transient and permanent transformation
systems. Cloned genes encoding specific products can be
introduced into eggs, and regulation of their expression can
be observed during embryogenesis (7, 11. 31, 40, 49). It has
been demonstrated that relatively small sequences of DNA
promoter regions can correctly direct embryonic gene
expression specific to stage and cell lineage. A Xenioputs
actin gene with 2.8 kilobases of upstream sequences, the first
two exons and the associated intron, can direct correct
expression in myotomes (49). In sea urchins, the mecha-
nisms of temporal and spatial gene expression can also be
investigated by injecting cloned DNA constructs into eggs or
one-cell zygotes and then monitoring the expression of the
injected DNA during early embryogenesis (11, 40). Several
different genes have been shown to be properly regulated
when reintroduced into eggs by this procedure (8, 11, 14, 21,
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25. 33, 48). They are expressed in cells of the proper lineages
as well as at the proper stages of early embryonic develop-
ment. We have previously demonstrated that injection of the
late H1-3 gene of Strongylocentrotus puirpuiratlus into
Lvtechintus pictius zygotes results in low basal transcription
up until the blastula stage of development and that tran-
scripts then accumulate during the next 10 h, paralleling the
activity in the endogenous gene (33). Using in vitro muta-
genesis, we were also able to demonstrate that a highly
conserved late Hi gene-specific sequence of 30 base pairs
(bp) (USE IV) plays a major role in activation of the gene at
the late blastula stage of development (33). The sea urchin
gene transfer system therefore appears to be of general use
for studying the mechanism of embryonic gene activation.
Although there are many examples of virus- and tissue-

specific enhancers (27, 44, 45), few have been discovered to
function during early embryogenesis. A 74-bp enhancer
sequence located about 700 bp upstream of the Xenopius
GS17 gene promoter is sufficient to activate either homolo-
gous or heterologous promoters at the mid-blastula transi-
tion (31). Although there is no direct evidence for trans-
acting factors that interact with this enhancer, these factors
must be of maternal origin and stored as a protein or mRNA,
since there is no embryonic transcription before the mid-
blastula transition. We were prompted to ask whether the
embryonic activator sequence of the late H1-,B gene (USE
IV) could act as an enhancer element, since it is considerably
upstream of the RNA initiation site (-288 to -317) and
might therefore be shared with other genes activated at the
same time during embryogenesis. In this report, we demon-
strate that a 33-bp synthetic oligonucleotide corresponding
to USE IV can activate a heterologous promoter, the simian
virus (SV40) early promoter, at the correct time during
embryogenesis when placed downstream of the reporter
chloramphenicol acetyltransferase (CAT) gene. A putative
positive-acting enhancer binding protein was detected both
in vitro and in vivo. This protein was maternal in origin and
found during all embryonic stages tested, but the maternal
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form of the protein(s) behaved differently from the embry-
onic form on nondenaturing low-ionic-strength polyacryl-
amide gels.

MATERIALS AND METHODS

DNA constructs. A 33-bp oligonucleotide corresponding to
USE IV of S. purpuratus H1-p was constructed by annealing
oligonucleotides (5'-AAGTTTTAAATCTGATTCTGTAAC
TGTAAGTTT-3' and 5'-AAACTTACAGTTACAGAATC
AGATTTAAAACTT-3') synthesized on an Applied Biosys-
tems automated DNA synthesizer. Gel-purified 33-mer was
phosphorylated with T4 polynucleotide kinase, catenated by
treatment with T4 DNA ligase (36), and cloned into the
vector M13mp7. Clones with one and three copies of USE
IV were obtained and digested with BamHI to release the
insert fragment. This material was ligated into BamHI-
treated pSV2CAT or pA10CAT4N to generate constructs 2,
3, 5, and 6 (Fig. 1). Other constructs were described by Lai
et al. (33).

Microinjection of sea urchin one-cell zygotes. The proce-
dure used to inject zygotes was essentially that of McMahon
et al. (40) exactly as described by Lai et al. (33). Constructs
1, 2, and 3 (Fig. 1) were linearized with ApaI, and constructs
4, 5, and 6 (Fig. 1) were linearized with BglII. The wild-type
H1-,B DNA construct (33) was linearized with PstI.
CAT assays. Injected embryos were collected along with

about 1,500 uninjected embryos of the same stage. Embryos
were lysed in 250 mM Tris hydrochloride (pH 7.8) by three
freeze-thaw cycles (40). CAT enzyme activity was then
assayed as described elsewhere (40). Percent acetylation
was calculated by counts of acetylated chloramphenicol
divided by total counts, which were measured by scintilla-
tion counting of appropriate regions of the thin-layer chro-
matography plates. CAT activities were relative to the
average background level. Authentic bacterial CAT enzyme
(Sigma Chemical Co., St. Louis, Mo.) was used as a positive
control.
RNase protection assays. Preparation of probes, hybridiza-

tion to embryonic RNA samples, and subsequent analysis of
protected fragments were done essentially as described by
Melton et al. (41), with modifications as described by Lai et
al. (33).

Preparation of whole-cell extracts. All extracts were made
from a single mating, using dejellied eggs from one female
and sperm from one male. Embryos grown to the appropri-
ate stage at a 1% dilution at 15°C were harvested by
centrifugation and washed once with Ca2+-Mg2+-free sea-
water and once with 1.5 M dextrose. The embryos (or eggs)
were suspended in 10 volumes of nuclear lysis buffer (75 mM
NaCl, 0.5 mM EDTA, 12.5 mM Tris hydrochloride [pH 7.51,
0.1 mM phenylmethylsulfonyl fluoride, 0.01 M ,B-mercapto-
ethanol). Embryos were then homogenized in a Dounce
homogenizer (A pestle), and 1/10 volume of 4 M (NH4)2SO4
was added. The resulting homogenate was rotated at 4°C for
30 min and centrifuged (10,000 rpm for 15 min in an SS34
rotor; Ivan Sorvall, Inc., Norwalk, Conn.). To the superna-
tant was added 4.8 ml of saturated (NH4)2SO4 per 4 ml of
volume, and the preparation was rotated in the cold for 1 to
2 h. This solution was centrifuged, and the protein pellet was
suspended in a minimum amount of dialysis buffer (20%
glycerol, 10 mM N-2-hydroxyethylpiperazine-N'-2-ethane-
sulfonic acid [HEPES; pH 7.9], 0.1 mM EDTA, 100 mM
KCI, 0.5 mM phenylmethylsulfonyl fluoride, 1 mM dithio-
threitol) and dialyzed until the conductivity reached that of
0.1 M KCI. Protein concentrations were determined by using
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FIG. 1. Enhancer activity of USE IV oligonucleotides. (A) Con-
structs used to test the ability of USE IV to activate heterologous
promoters: 1, pSV2CAT; 2, pSV2CAT with one copy of a 33-bp
USE IV oligonucleotide cloned into the BamHI site; 3, same as
construct 2 except that three copies of USE IV were cloned in the
BamHI site; 4 to 6, same as constructs 1 to 3, respectively, except
that the vector pA1OCAT4N was used. This vector does not contain
the 21-bp repeats and the SV40 enhancer (22). (B and C) Results of
CAT assays of microinjected DNA constructs. Linearized DNA (2
pl of a 25-ng/,ul solution) was introduced into fertilized one-cell L.
pictus zygotes, embryos were collected at the indicated times after
fertilization, and extract equivalent to 50 injected embryos was
assayed for CAT enzymatic activity. Bracketed numbers indicate
the DNA constructs injected. Control lanes contained known quan-
tities of authentic CAT enzyme; lane UI represents activity from the
same number of uninjected embryos.

the Bio-Rad Protein Assay (Bio-Rad Laboratories, Rich-
mond, Calif.).

Preparation of nuclear extracts. Nuclear extracts were
prepared from hatched mesenchyme blastula-stage embryos
by the procedure of Morris et al. (42), which results in
transcriptionally competent extracts.
DNase I footprinting. DNA fragments were labeled in the

coding and noncoding strands by filling in the appropriate 5'
overhangs with the Klenow fragment of DNA polymerase.
Probe (5,000 cpm) was mixed with 100 ,ug of crude nuclear
extract in 25 ,ul of binding buffer (0.01 M Tris hydrochloride
[pH 7.5], 0.08 M NaCl, 4% glycerol, 0.01 M ,B-mercaptoeth-
anol, 1 mM EDTA) containing 1 ,ug of poly(dI-dC) poly(dI-
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dC) and incubated on ice for 30 min. The samples were

brought to 1.5 mM MgCl, and digested with 5 pug of DNase
I for 90 s on ice. The reaction was terminated by addition of
stop buffer (0.6 M NaCl, 0.2% sodium dodecyl sulfate, 10
mM EDTA), phenol-chloroform extracted, and ethanol pre-
cipitated. The DNA was then run on an 8% polyacrylamide-
7 M Urea sequencing gel and visualized by autoradiography.

Gel retardation analysis. Binding reactions were carried
out by incubating radiolabeled double-stranded oligonucleo-
tides with 20 ,ug of whole-cell extracts, using the conditions
described above for DNase I footprinting. After the 30-min
incubation on ice, samples were applied to low-ionic-
strength 5% polyacrylamide gels (15, 17) in TBE buffer (25
mM Tris [pH 8.0], 25 mM H3B03, 1 mM EDTA). Gels were

electrophoresed at 25 mA at 4°C, dried on 3MM paper
(Whatman, Inc., Clifton, N.J.), and autoradiographed. For
competition studies, the indicated quantities of competitor
were added to the reaction mixtures before addition of the
extract. Both the specific and nonspecific competitor DNAs
were synthesized oligomers of approximately 30 bp in length
and were used unligated.

RESULTS AND DISCUSSION

The promoter of the gene encoding the histone H1-,B
protein contains several sequences that have been conserved
among sea urchin species that diverged between 30 and 40
million years ago (46). One of these conserved sequences, a

30-bp region referred to as USE IV (upstream sequence
element), is responsible for the transcriptional activation of
the gene at the blastula stage of development (33). Other
conserved sequences of its promoter are responsible for low
basal levels of transcription observed during the period of
development up to the blastula stage (33). When USE IV is
deleted, the H1-,B gene is expressed at low basal levels
throughout early embryogenesis. To investigate whether
USE IV acts independently as an embryonic stage-specific
enhancer, a 33-bp double-stranded oligonucleotide corre-

sponding to the USE IV element of the S. plurpiuratalis H1-,B
gene was cloned in either one or three tandem copies into the
BamHI site at the 3' side of the bacterial CAT gene in the
vector pSV2CAT (18) or a derivative vector, pA1OCAT4N
(22). The resulting plasmids were microinjected into fertil-
ized one-cell L. pictius zygotes, and CAT enzymatic activity
was assayed during subsequent early embryonic develop-
ment. The half-life of CAT enzyme in sea urchin embryos
has been estimated to be about 40 min (13). This short
half-life ensures that detection of CAT enzymatic activity
during a given stage of embryogenesis is indicative of
relative transcription during that interval. The vectors
pSV2CAT and pA1OCAT4N were both inactive during the
first 18 h of embryogenesis (Fig. 1). Addition of one or three
copies of the USE IV oligonucleotide downstream of the
CAT gene, however, resulted in activation of the SV40 early
promoter by 18 h after fertilization (Fig. 1). coincident with
the time of maximal accumulation of H1-1 transcripts (32).
Occasionally, we observed that activation occurred as early
as 12 h postfertilization, as seen in the experiment with the
construct containing one copy of USE IV (Fig. 1). Thus. the
33-bp USE IV element acts as a stage-specific enhancer
element to determine proper regulation of expression during
early embryogenesis.

Like other enhancers (27, 44, 45), USE IV appears to
require a combination of (is-acting elements for maximal
activity. In the presence of only a TATA box (pA1OCAT4N).
the activity of USE IV is 5- to 10-fold lower than that of a

similar construct (pSV2CAT) containing the six Spl binding
sites and the SV40 enhancer. Sea urchin embryos contain an
octamer binding protein (1) that could interact with the SV40
enhancer to increase the activity of USE IV. We suspect that
the inactive SV40 enhancer just upstream of the TATA box
or the multiple Spl binding sites in the 21-bp repeats act as

proximal promoter elements in sea urchins that alone are
inactive or exhibit extremely low activity unless they are
near an authentic sea urchin enhancer. Similarly, the maxi-
mal activity of the USE IV enhancer in the context of its
homologous promoter requires the presence of other basal
promoter elements (33). The USE IV enhancer is unusual in
that a single copy appears to be at least as effective as three
copies (44). The inability of three copies of USE IV to
stimulate transcriptional activity further could be due to the
interaction of more than one nuclear factor with each USE
IV monomer, to the presence of as yet undetected negative
control sites, or to the fact that the spacing of tandem USE
IV elements is inappropriate. Slot blot quantitation (see
reference 33 for methods) confirmed that all of the six
constructs shown in Fig. 1 replicated to similar degrees
during embryogenesis (data not shown). Thus, the inactivity
of the pSV2CAT construct was due neither to its inability to
replicate nor to preferential loss of injected DNA.
Another unusual property of USE IV is its ability to

activate transcription at very low levels in the presence of
only the TATA box. This property raises the possibility that
the factors binding to this element may interact with TATA
box-binding proteins to activate transcription. Similar acti-
vation is achieved when an octamer element is placed within
70 bp of the start site of transcription in absence of other
regulatory elements except a TATA box (50). Maximal
activity of the H1-,B gene promoter, however, requires the
presence of multiple basal DNA elements, including USE 0,
USE I, USE II, and USE III, as well as the USE IV
enhancer (33). Moreover, the wild-type H1---CAT fusion
construct is able to stimulate transcription severalfold better
than are any of the heterologous SV40 promoter-sea urchin
enhancer constructs used in this study (data not shown).
To test for the presence of transcription factors that

interact with the USE IV enhancer, we devised a series of in
vivo competition assays. Authentic wild-type H1-,B DNA
was injected either alone or in the presence of excess
quantities of DNA fragments that contained the USE IV
enhancer, the basal promoter (TATA box, USE 0, USE I,
USE II, and USE III), or part of the Hi-coding sequence.
The DNA was injected into fertilized one-cell L. pictits
zygotes. When the embryos reached the late blastula stage,
20 h after fertilization, H1-f transcripts were quantitated
relative to endogenous late H3 transcripts by an RNA
protection assay (Fig. 2). Both the fragment containing USE
IV (fragment A) and that containing the basal promoter
(fragment B) were capable of inhibiting the accumulation of
H1-,B transcripts, whereas the fragment spanning the coding
region (fragment C) had no effect on H1-1 gene transcrip-
tion. The most likely explanation for this inhibition is that
the 5' sequences of the H1-,B gene contain (is-acting ele-
ments that interact with positively acting transcription fac-
tors required for the expression of the H1-1 gene. Thus,
USE IV appears to be a positively acting element, which
indicates that it is recognized by one or more positively
acting transcription factors.
We did not observe stoichiometric depression of the H1-3

gene transcription with coinjected competitor DNA mole-
cules. Inhibition of H1-13 gene transcription by 50% required
about a 15-fold molar excess for fragment A and a 35-fold
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FIG. 2. Inhibition of Hi-p gene expression with 5'-flanking DNA

fragments as competitors in vivo. (A) Hi-p DNA (3.0-kbp Sall
fragment in M13mpl9) (9) at a concentration of 10 ,ug/ml was

microinjected into fertilized one-cell L. pictus zygotes alone or in
the presence of the indicated molar excess of purified fragment A, B,
or C (diagrammed in panel C). Embryos were grown until they
reached the late blastula stage of development (18 h), RNA was

prepared, and the equivalent of 30 embryos was probed with Sp6
transcripts complementary to S. purpuratiis Hi-p (33) and L. pictuts
late H3 (34) to quantitate correctly initiated transcripts (41). Lanes:
M, 32P-labeled XX174 HaelIl digest as marker; S.p. gastrula, 0.5 ,ug
of authentic S. purputratuts 30-h gastrula-stage RNA; L.p. gastrula,
0.125 ,ug of authentic L. pictus 30-h gastrula-stage RNA; Ul, signal
from uninjected embryos. (B) Quantitation of the data shown in
panel A. Different exposures of autoradiograms of the data were

scanned with an LKB Ultroscan laser densitometer and plotted. (C)
Map of the Hi-p gene showing the three competitor fragments. A,
B, and C, used in panel A. ORF, Open reading frame.

molar excess for fragment B (Fig. 2B), possibly because of
subsaturating amounts of the injected reporter gene. Alter-
natively, competitor DNA fragments can form mixed con-

catemers with reporter gene fragments (14, 39), some of
which themselves can act as enhancers on adjacent Hi-p
promoters. Similar experiments with the actin CYIIIA gene,
however, resulted in closer to idealized stoichiometric de-
creases (35). These investigators included carrier sea urchin
DNA in their injections, which could provide spacers be-
tween competitor DNA and reporter DNA, thereby eliminat-
ing the possible enhancer activity of the competitor DNA.
Twenty embryos were collected at each time point and used
to quantitate the total amount of microinjected DNA (re-
porter and competitor DNAs cannot be distinguished by
hybridization analysis). Slot blot hybridization confirmed
that the injected DNA was replicated during embryogenesis

SacII HincU BomHl

A C
340bp 320bp

A(AUSE1)
310 bp.

FIG. 3. Inhibition of the temporal accumulation of Hi-p tran-
scripts with 5'-flanking DNA containing USE IV in vivo. (A) Hi-p
DNA (10 ,ug/ml) was microinjected alone (no competitor) or in the
presence of a 60-fold (fragment A), 65-fold [fragment A(AUSEIV)],
or 63-fold (fragment C) molar excess of the indicated DNA frag-
ment, and embryos were collected for preparation of RNA at the
indicated times after fertilization. Correctly initiated transcripts
were detected from the RNA equivalent of 20 embryos as described
in the legend to Fig. 2. (B) Quantitation of the results shown in panel
A. (C) Diagram of the Hi-p gene indicating the fragments used as
competitors. Fragments A and C were isolated from a wild-type
construct; A(AUSEIV) is the same EcoRI-HindIII fragment as in
panel A except that it was prepared from a construct with a 30-bp
deletion of USE IV (33).

and that the total amounts present with all competitors were
similar (data not shown).
We also examined the temporal regulation of expression of

the Hi-p gene microinjected in the presence of excess
quantities of competitor DNA fragments; one containing an
intact enhancer sequence, the same fragment with a 30-bp
deletion of USE IV, and a coding-region fragment (Fig. 3).
Coinjection of the DNA fragment containing the intact USE
IV element resulted in basal expression of the gene during
the first 18 h of embryogenesis, whereas the other two
fragments had no effect on the accumulation of Hi-p tran-
scripts during this same developmental interval. The altered
expression pattern of this wild-type gene in the presence of
coinjected USE IV mimicked the phenotype of USE IV
deletions (33) and provides further evidence that the regula-
tory protein(s) interacting with this element play a major role
in controlling the temporal expression of this gene. Tran-
scripts accumulated during the interval between 6 and 12 h
postfertilization even in the presence of excess quantities of
fragment A (Fig. 3) but not during the ensuing 6 h of
development. We are not sure whether other parts of the
HI-P promoter also confer some temporal expression or

---
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FIG. 4. DNase I footprint analysis of the USE IV region. Nu-
clear extracts prepared from 24-h postfertilization mesenchyme
blastula-stage embryos (100 pig) were used to protect a DNA
fragment extending from -227 to -372 from DNase I digestion (lane
24). Other lanes: G, Maxam-Gilbert sequencing reaction on the
fragment used as a marker: -, DNase reaction without added
nuclear extract. Shaded boxes represent regions protected from
DNase I digestion. (C) Diagram of the nucleotide sequence of the
USE IV element indicating the protected sequences and the oligo-
nucleotide that contains enhancer activity.

whether this activity represents a general increase in nuclear
transcription in embryos of this age.

We used DNase I footprinting (16) to detect USE IV
sequence-specific DNA-binding activities in embryonic pro-

tein extracts. Nuclear extracts derived from 20-h mesen-

chyme blastula-stage embryos contained an activity that
protected a region from -299 to -321 within the USE IV
sequence from DNase I digestion (Fig. 4). The protected
region was within the 33-bp region demonstrated to have
enhancer activity. This enhancer binding protein represents
the best candidate for a positive transcription factor that
determines the temporal expression of this gene. It is possi-
ble that many sea urchin genes that are activated during the
blastula stage of development (10, 12) share this enhancer
element.
There are several different mechanisms that the embryo

could use to activate a stage-specific enhancer. The tr-ants-
acting factor(s) could either be produced or bind DNA only
at the time when the enhancer is active. This mechanism
resembles one used by the Dr-osoplhila adli and iubx promot-
ers (2, 19) as well as the sea urchin early H3 gene (M.
DiLiberto et al., submitted for publication). Alternatively,

the trans-acting factor(s) could be made during oogenesis
and stored in the egg in a form capable of binding DNA but
must be modified at a later time to activate transcription. We
addressed this question by using the mobility shift assay (15,
17) with whole-cell extracts prepared from eggs and embryos
in different stages (Fig. 5). Using the 33-bp USE IV oligo-
nucleotide as a probe, we looked for sequence-specific
DNA-binding proteins in these staged extracts. We found
that 17-h late-blastula-stage extracts contained factors that
formed specific complexes with this probe (Fig. 5A). These
complexes could be effectively competed against by using
the USE IV oligonucleotide but not a 28-bp oligonucleotide
containing the CCAAT sequence of the early H3 gene. Using
equal quantities (20 pig of protein) of extract derived from
eggs and from 8-h early-blastula, 17-h late-blastula, and 30-h
gastrula embryos, we could estimate how the binding activ-
ities of these factors varied during early embryogenesis (Fig.
5B). Binding activity was present in mature eggs, increased
in the 8-h and 17-h extracts, and then declined in the 30-h
extract. Careful examination of the mobilities of these com-
plexes in eggs and embryos revealed that the egg complexes
always migrated faster than did the complexes from embry-
onic extracts. When gels were run for longer periods of time,
the differences could be seen more clearly (Fig. SC), con-
sistent with the possibility that the binding factor undergoes
posttranslational modifications during early embryogenesis.
Similar differences were detected in egg and embryonic
proteins that bind to the sea urchin actin CYIIIA gene (3). At
some time after fertilization, enhancer binding proteins are
either replaced or, more likely, posttranslationally modified.

It is tempting to speculate that the activity of the factor is
controlled by its posttranslational modification, be it phos-
phorylation, as in the case of the yeast heat shock factor
(47), or glycosylation, as in the case of a variety of RNA
polymerase II transcription factors (24). However, modifi-
cation of the USE IV binding protein(s) preceded the max-
imal rate of gene transcription by several hours, which raises
the possibility that the modification is due to embryonic
rather than maternal factors. In vivo, it may be that during
the first few cleavage stages, binding to the enhancer does
not occur because of the relatively high dissociation constant
(3). Activation of the enhancer occurs only when an ade-
quate concentration of binding proteins is reached in the
nucleus, which shifts the equilibrium toward binding. Early
posttranslational modification of the USE IV binding pro-
tein(s) may be required to allow the accumulation of suffi-
cient quantities to enhance gene transcription. Thus, the
embryonic genome may be responsible for the control of
temporal gene expression.
Another possibility is that other proteins that interact with

the USE IV binding protein(s) are involved in activation of
the enhancer. Consequently, the USE IV binding protein(s)
may be only a part of a larger complex that is needed to
activate gene transcription at the proper stage of develop-
ment (4).
Our method for identifying potential regulatory regions

was based on the premise that regulatory sequences would
be conserved between distantly related sea urchin species
(29). Adjacent to USE IV is another highly conserved late
histone gene-specific element, USE III. Deletions of this
element resulted in a minor but reproducible decrease in
transcription (33). It is possible that the region of DNA
encompassing USE III and USE IV is a more potent
enhancer than is USE IV alone. This view is supported by
the fact that most enhancers are larger than 30 bp and
generally interact with multiple factors (43). Moreover, in
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FIG. 5. Gel retardation analysis of the USE IV DNA-binding proteins present during sea urchin development. (A) Results obtained when
20 p.g of a 17-h crude whole-cell extract was added to the labeled 33-bp USE IV synthetic oligonucleotide. Unlabeled and unligated
oligonucleotide was added in various amounts as the specific (USE IV) and nonspecific (CCAAT) competitor. (B) Time course experiment
with 20 ,ug of crude whole-cell extracts from egg and from 8-, 17-, and 30-h embryos, using the 33-bp USE IV synthetic oligonucleotide as

a probe. (C) Results obtained when 20 ,ug of egg or 8-h extract was incubated with the USE IV probe as described for panel B except that
the polyacrylamide gel was run for 5 instead of 1.5 h. Positions of specific protein-DNA complexes (--, *-) and free probe (F) are indicated.

addition to USE III, at least two other regions surrounding
USE IV exhibit distinct DNase footprints (data not shown)
and might be involved with enhancer activity. The purifica-
tion and characterization of the USE IV binding factor(s)
should shed light on these problems and assist in elucidating
the molecular basis of gene activation during embryogenesis.
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