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ABSTRACT The sea urchin early H2A histone gene, like
the other four members of the repeating units, is transiently
expressed during very early development. To investigate the
mechanisms underlying the faithful expression ofthe early H2A
gene, we focused our attention on the modulator element. We
showed by DNase I cleavage protection patterns that the
modulator includes the upstream sequence element 1 (USE1)
and mapped at nucleotides -137 to -108 in the early H2A gene
promoter. Functional tests conducted by micronijection into
sea urchin embryos then showed that the modulator element
binds the transcriptional factor called modulator-binding fac-
tor 1 (MBF-1). We found in fact that coinjection of an excess
of the MBF-1-binding site, either as the modulator or as the
USE1, efficiently impaired the activity of the H2A promoter.
An unexpected rmding was the expression of the reporter gene
from the early H2A promoter at the gastrula stage of embry-
onic development, when the early histone genes are transcrip-
tionally silent. In addition, we also found that the modulator
element was active at the gastrula stage. The potential enhancer
activity of the modulator was tested by micro'ijecting several
constructs containing single or multiple copies ofthe modulator
element placed 5' or 3' to a thymidine kinase gene (tk) promoter
in both sea urchin embryos and Xenopus laevis oocytes and
determining the expression of a reporter chloramphenicol
acetyltransferase gene under the control of the linked tk
promoter. We found that an oligonucleotide bearing the MBF-
1-binding site activates the expression of the reporter gene
independently ofthe position and orientation. Weconclude that
the modulator binds the MBF-1 activator and that it is a
transcriptional enhancer of the early H2A histone gene.

Initiation of transcription by the RNA polymerase II pro-
moters is controlled mainly by the interaction of regulatory
factors with components of the preinitiation complex (1)
formed from the basal transcription factors and assembled at
the basal promoter (2-4). Thus, promoter-bound regulators
can control transcription of specific genes (i) during cell
differentiation and embryonic development and (ii) in differ-
ent tissues. Regulative regions of RNA polymerase II pro-
moters are usually distinct in upstream promoter sequences
and enhancers (5). Typical enhancers, such as viral (6, 7) and
cellular (8, 9) enhancers, have a modular structure with
several binding sites for sequence-specific transcription fac-
tors/activators. However, in many cases single activator-
binding sites, if multimerized, can act as enhancers when
placed at a distance relative to the transcription start site
(10-12). In addition, enhancer elements containing a single
binding site for activators have been described. This is the
case, for instance, for embryonic enhancers determining the
stage-specific activation of late (-H1 (13) and late Li H2B
(14, 15) histone genes of sea urchin.

We are interested in the elucidation of the molecular
mechanisms that underlie the timing of transcriptional acti-
vation of the sea urchin early histone gene subtypes. This
gene family is organized in several hundred tandem repeated
arrays (16). Each repeating unit contains one copy of each of
the five histone genes. Transcription ofthe early histone gene
family occurs transiently in early-cleavage embryos, reach-
ing the maximum at the 32- to 64-cell stage of development
and declining to an undetectable level at the gastrula stage
(17). The transcriptional elements required for temporal and
maximal expression for each of the five genes have been
identified by gene transfer methodology (18) and by promoter
binding studies. From all of these studies it appears that each
gene has evolved its own specific mechanism for proper
temporal expression during development (19-24).

Several nuclear factor-binding sites are present in the
upstream promoters of the early histone genes. Nonetheless,
for any of them, transcriptional enhancer activity has not yet
been demonstrated. However, the expression of early H2A
gene of Psammechinus miliaris, tested in Xenopus laevis
oocytes, depends on the presence and integrity of an up-
stream element, denoted "modulator" (25, 26), which has
been equated to an enhancer (27). In fact, a DNA segment
containing this control element can act in frog oocytes in both
orientations. Our functional tests performed by microinjec-
tion in X. Iaevis oocytes allowed identification in the modu-
lator of the Paracentrotus lividus early H2A gene of a
cis-acting element, the upstream sequence element 1 (USE1),
thus confirming the positive role played by this sequence
element in the expression of the H2A gene (28). Promoter
binding analysis in nuclear extracts of sea urchin embryos
actively transcribing the early histone genes led to the
identification of the factor binding to USEl, which has been
denoted "modulator-binding factor 1" (MBF-1) (21).
We wished to define the role of the modulator in the

activation of early H2A gene expression in the homologous
system. We found that the activity of exogenous H2A pro-
moter in microinjected sea urchin embryos relies upon the
binding of MBF-1 to the modulator. Furthermore, an oligo-
nucleotide containing the MBF-1-binding site activated tran-
scription of a reporter gene, when placed at a distance and in
both orientations relative to the viral tk promoter.§

MATERIAL AND METHODS
DNase I Protection and Electrophoretic Mobility-Shift As-

says. Nuclear extracts from Pa. lividus at the 32- to 64-cell
stage of development were prepared as described (21). DNA
fragments (1-2 ng) of the H2A promoter labeled at the 5' end
with [y32P]ATP and T4 polynucleotide kinase were incu-

Abbreviations: USE, upstream sequence element; MBF, modulator-
binding factor; CAT, chloramphenicol acetyltransferase; RT, re-
verse transcription; tk/TK, thymidine kinase.
tTo whom reprint requests should be addressed.
§The sequence for the H2A promoter reported in this paper has been
deposited in the GenBank data base (accession no. M25281).
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bated for 20 min at 40C with 50-150 ug of either bovine serum
albumin or nuclear extract in 50 p1 of 10 mM Hepes, pH
7.9/60 mM KCl/1 mM dithiothreitol/1 mM EDTA/4%
Ficoll. Samples were digested with DNase I under the
conditions described in the legend to Fig. 2, extracted with
phenol, and loaded on denaturing polyacrylamide gel.

Construction of Plasmids. To construct the H2A-CAT
plasmid, the Acc I-Rsa I DNA fragment from clone pH70
(29), spanning nucleotides -140 to 90 relative to the H2A
transcription start site, was subcloned in the chloramphemi-
col acetyltransferase (CAT) expression vector pBL3-CAT
(30). H2A-CAT-INSERT was obtained by cloning a Sau3A
258-bp pUC18 fragment in the BamHI site of the polylinker
of the H2A-CAT plasmid. MODULATOR-TK-CAT plas-
mids were constructed by shotgun cloning of ligated double-
stranded oligonucleotides bearing the H2A modulator se-
quence (the sequence is shown in the next section) either
upstream or downstream the CAT coding sequences of the
tk-70 pBL2 vector under the control of the thymidine kinase
gene (tk) promoter (30). The copy number and the orientation
of the modulator elements were determined by DNA se-
quence analysis.

Detection of CAT Expression in Injected Sea Urchin Em-
bryos and Xenopus Oocytes. Linearized H2A-CAT, MODU-
LATOR-TK-CAT, or TK-CAT plasmids brought to a total
concentration of 200 pg/ml were microinjected with sea
urchin sperm DNA of roughly 5 kb into sea urchin Pa. lividus
eggs from a mature female by the procedure of McMahon et
al. (18). For the competition experiments, seven copies of
ligated modulator or USE1 oligonucleotides were coinjected
with the H2A-CAT construct. The sequences (5' to 3') of the
sense strands of the modulator and USE1 oligonucleotides
were as follows: modulator, GATCAATCGCCAACA-
GAGGGAGCTATTCCC; USE1, GTAGACAATCGCCAA-
CAGAGGGA. Expression of the CAT gene in the microin-
jected embryos at the 32-cell and gastrula stages of develop-
ment was determined by reverse transcription (RT)-PCR as
reported (21). Briefly, nucleic acid samples from a pool of
about 30 microinjected embryos either at the 32-cell stage or
gastrula stage were incubated with 1 mg of RNase-free
DNase per ml for 60 min at 37°C, extracted with phenol/
chloroform, and precipitated with ethanol. An amount of
RNA samples equivalent to those extracted from 1-5 em-
bryos was reverse-transcribed from a specific downstream
CAT primer (see the sequence below). After incubation at
98°C for 5 min to denature the reverse transcriptase, the
upstream primer was added, and the resulting cDNAs were
amplified by Taq DNA polymerase for 30 cycles under the
following conditions: denaturation for 1 min at 95°C; anneal-
ing for 1 min at 54°C; and extension for 1 min at 72°C. The
sequences (5' to 3') of the 3' primers were: ATTCCGGAT-
GAGCATTCATACG, located at nucleotides 196-217 rela-
tive to the ATG codon for the H2A-CAT plasmid; and
GCACCTTGTCGCCTTGCGTA, located at nucleotides
530-549 relative to the ATG codon for MODULATOR-TK-
CAT plasmid. The sequences (5' to 3') ofthe 5' primers were:
TCTAGCCAAGAACCATCGCTTC, located at nucleotides
3-22 relative to the transcription start site of the H2A gene
for the H2A-CAT plasmid; and TCACTGGATATACCAC-
CATT, located at nucleotides 14-33 relative to ATG codon
of the CAT coding sequence for the MODULATOR-CAT
plasmid.

Microinjection in X. laevis oocytes and CAT assays was as
described (21).

RESULTS

DNase I Cleavage Protection Patterns (Footprints) of the
Early H2A Gene Promoter. The modulator was previously
identified in the early H2A regulative region ofPs. miliaris by

mutational analysis performed in frog oocytes (25-27). Nu-
cleotide sequence comparison of the early H2A upstream
promoter regions ofPs. miliaris and Pa. lividus revealed two
extended blocks of conserved sequences respectively cen-
tered on the modulator and on the CCAAT box (Fig. 1).

Previous promoter binding studies in nuclear extracts
prepared from embryos at the 32- to 64-cell stage have
mapped an upstream sequence element denoted USE1 at
nucleotides -117 to -129 within the Pa. lividus H2A pro-
moter (28). An oligonucleotide containing this sequence
element was then shown to bind a transcription factor de-
noted MBF-1 (21). However, when we recently prepared
DNase I cleavage protection patterns of the H2A promoter
fragments with different nuclear extract preparations and
with higher protein concentrations, we reproducibly ob-
served that the USE1 sequence element was included in a
larger protected region. This is clearly evident from the
results presented in Fig. 2. DNase I footprinting of sense and
antisense strands of a modulator-containing early H2A pro-
moter fragment in nuclear extracts from embryos actively
transcribing the early histone genes allowed delineation ofthe
boundaries of the protected sequence of the modulator (Fig.
2). From these results and from those of the functional tests
described below, we conclude that the modulator element of
the early H2A promoter is centered between nucleotides
-137 and -108.
The Modulator Is an Essential Transcriptional Element of

the Early H2A Promoter. As mentioned before, the site of
binding of the transcription factor MBF-1 was previously
shown to correspond to the USE1 sequence element. The
DNase I protection patterns shown in Fig. 2 indicate that the
interacting sequence of the modulator extends beyond the
USE1 sequence element. Therefore, it is expected that
MBF-1 binds to the modulator element and activates tran-
scription of the early H2A histone gene. To provide evidence
that binding of MBF-1 to the modulator is essential for
high-level activity of the early H2A promoter, we carried out
competition experiments in microinjected sea urchin em-
bryos. To this end an H2A DNA fragment spanning nucle-
otides -140 to 90, which includes the modulator element and
the CCAAT box, was fused to the CAT reporter gene. The
resulting H2A-CAT construct, depicted in Fig. 3C, was
microinjected into Pa. lividus eggs that were fertilized and
tested for expression of the CAT gene at the 32-cell and
gastrula stages. In a parallel experiment, CAT expression
was determined in 32-cell-stage sea urchin embryos coin-
jected with the same construct and an -70-fold excess of
either ligated USE1 or modulator oligonucleotides.
To identify the CAT transcripts, the RNA samples were

reverse-transcribed first, and the resulting cDNA was am-
plified by PCR. To make sure that the PCR products reflected
the relative transcriptional level in the microinjected em-
bryos, an internal control RNA, transcribed in vitro from the
H2A-CAT-INSERT template (see Fig. 3C) was coreverse-
transcribed and coamplifled with the RNA samples of the

MODJLATOR
Pa. lividus -147 iACATCC ATI A---GCT -10l
Ps. miliaris -155 CATGAAATCGAGGT-lo6

CCAMT
Pa. "idus -100 G- -----jGTGGA 1GGCGTCCACC -57
Ps. miliaris -105 GCGGCAG CCCC TGATTGGACAATTGTCACAATGCCTCCTGACC -56

FIG. 1. Nucleotide sequence comparison between the upstream
promoters of the early H2A histone gene of Pa. lividus and Ps.
miliaris. To enhance identity, gaps, indicated by dashes, have been
introduced in the Pa. lividus sequence. Thick overlines indicate the
protected regions deducted from DNase I footprinting experiments
(Fig. 2 and data not shown).

Biochemistry: PaUa et al.



Proc. Natl. Acad. Sci. USA 91 (1994)

A.. i

__o It," .:...

W...t,.,

_avf 4*f

B

(D< <F
+ uP 1n x
< az m w

-L, P-9

dip

1o

_II KI

01- 3

-1 33
6W-

dOW
ow

4 _ _to -ol
am- m

-1 38
-8

FIG. 2. DNase I cleavage protection patterns of the early H2A
promoter fragment by nuclear extracts from 32-cell-stage and 64-
cell-stage embryos. Deletion mutant subclones of the H2A promoter
were utilized to label coding (A) and noncoding (B) strands at the 5'
end. The labeled fragments were respectively incubated with 50-150
tg (A) and 100 ,ug (B) of nuclear extracts and digested with 5 Mg of
DNase I for 3 min at room temperature. As a control, the labeled
DNA fragments were incubated with 100 Mg ofbovine serum albumin
(BSA) and digested with DNase I at the same conditions. The
digestion products were analyzed together with the cleavage prod-
ucts of the G+A sequence reaction on denaturing polyacrylamide
gel.

microinjected embryos. The expected PCR products were
356 bp and 624 bp for the H2A-CAT and H2A-CAT-INSERT,
respectively. The results presented in Fig. 3 show that an
H2A promoter fragment that included the MBF-1 and
CCAAT factor binding sites promoted CAT expression in
microinjected embryos at the 32-cell stage of development.
Indeed, the bands of 356 bp and 624 bp were detected by
RT-PCR in the RNA samples from the 32-cell-stage (Fig. 3 A
and B, lane 1) and, surprisingly, from the gastrula-stage (lane
4) injected embryos. By contrast, the activity of the H2A
promoter was drastically reduced in embryos coinjected with
either USEl (lane 2) or modulator oligonucleotides (lane 3).
Inclusion or omission of a 1000-fold excess of sonicated
genomic DNA to the cloned DNA constructs did not affect
the transcription levels (our unpublished results), and hence
competition of transcription seen after addition of USEl or
modulator oligonucleotides is a sequence-specific effect.
The roughly 600-bp DNA band detected in the samples not

subjected to competition (Fig. 3A, lanes 1 and 4) was occa-
sionally observed in different experiments and appeared to be
a PCR product of the internal control RNA. Strangely
enough, this doublet DNA fragment was never seen in the
PCR products of the samples blocked by competition.
The expression of the reporter gene occurring at the

gastrula stage suggests that this DNA fragment lacks the
sequence elements required for temporal regulation (Fig. 3 A
and B, lane 4). However, when we used an early H2A
promoter fragment spanning nucleotides -226 to 40 for the
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FIG. 3. Competition of the H2A promoter activity by the MBF-
1-binding sequence in coinjected sea urchin embryos. (A and B)
Linearized H2A-CAT construct was microinjected into Pa. lividus
eggs that were fertilized and allowed to develop to the 32-cell stage
(lanes 1 and 5) and gastrula stage (lanes 4 and 8). In parallel, sea
urchin eggs were coinjected with the same construct and a 70-fold
excess of ligated USE1 (lanes 2 and 6) or modulator (lanes 3 and 7)
oligonucleotides, and embryos were harvested when they reached
the 32-cell stage. Nucleic acids were extracted from a pool of 30
microinjected embryos and processed for RT-PCR (lanes 1-4) and
PCR (lanes 5-8). An amount ofRNA or total nucleic acids equivalent
to those extracted from one or three embryos, respectively, was
amplified. The amplification products and a 123-bp ladder DNA
marker (lane M) were analyzed by gel electrophoresis. (A) Ethidium
bromide staining of the agarose gel. (B) DNA blot of a similar gel
hybridized with labeled antisense CAT RNA. (C) Schematic drawing
ofthe H2A-CAT and H2A-CAT-INSERT plasmids and the expected
RT-PCR products.

microinjection experiments, we obtained identical results
(not shown). Therefore, the regulative sequences needed at
the gastrula stage to inactivate expression of the early H2A
histone gene are not located in the upstream promoter or in
the mRNA leader region. To be sure that the H2A-CATDNA
was present in all microinjected embryos, an aliquot of the
nucleic acid samples was withdrawn before DNase I diges-
tion and amplified with taq DNA polymerase without a
reverse transcription step. As shown in lanes 5-8 of Fig. 3 A
and B, the expected PCR fragment of 324 bp was obtained for
all samples. From these results we conclude that the activity
of the H2A promoter relies upon the binding of transcription
factor MBF-1 to the modulator element.
Enhancer Activity of the Modulator. We first tested whether

multiple copies of the modulator placed 5' or 3' to a heter-
ologous promoter could activate transcription of the reporter
gene. Unfertilized Pa. lividus eggs were microinjected with
the constructs (depicted in Fig. 4A) respectively bearing three
copies of the modulator oligonucleotide 5' to a tk promoter
(construct a) and two copies in head-to-head arrangement 3'
to the CAT coding sequence (construct b). Sea urchin eggs
were also injected with the TK-CAT vector as a negative
control. CAT expression was monitored by RT-PCR assays
in embryos at 32-cell and gastrula stages. The tk promoter
was not active in sea urchin embryos as shown (Fig. 4B) by
the lack of PCR products in the RNA sample from embryos
microinjected with the TK-CAT plasmid (construct c in Fig.
4B, lane 4). By contrast, a major amplified DNA band of the
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FIG. 4. Enhancer activity ofthe H2A modulator. (A) Drawings of
TK-CAT constructs containing either multiple or single copies of the
modulator oligonucleotide. The location, orientation, and arrange-
ment of the modulator elements are indicated by arrows. (B) Con-
structs a-fwere microinjected into sea urchin eggs. CAT transcripts
were detected by RT-PCR in embryos at the 32-cell stage (lanes 1 and
3-7) and, for construct a, also at the gastrula stage (lane 2). The
oligonucleotide primers were located in the CAT coding sequence. (B
Upper) Ethidium bromide staining of the agarose gel. (B Lower)
Autoradiogram ofDNA blot of the same gel hybridized with labeled
antisense CAT RNA. (C) Autoradiogram of the CAT assays per-
formed on extracts of X. laevis oocytes injected with constructs b,
c, and e.

expected size of 536 bp is generated by RT-PCR of the RNA
samples from embryos at the 32-cell-stage (lane 1) and
gastrula-stage (lane 2) embryos injected with construct a, in
which three copies of the modulator were placed 5' to the tk
promoter. An identical result was obtained with two copies
of the modulator oligonucleotide cloned downstream to the
CAT coding sequence (construct b, lane 3).
We next asked whether a single MBF-1-binding site could

activate transcription from a remote location and in both
orientations. As shown in Fig. 4B, the expected DNA band
of 536 bp was generated by RT-PCR of the RNA samples
from 32-cell-stage embryos injected with the constructs in
both orientations containing a single modulator element
located upstream (constructs d and e, lanes 5 and 6) to the tk
promoter and downstream to the CAT coding region (con-
struct f, lane 7). To make sure that the PCR products were

generated from reverse transcription ofRNA molecules and
not from residual contamination of the injected DNA, PCR
amplifications of the RNA samples were also carried out
without performing the reverse transcription step. No PCR
products were obtained in such cases (not shown).

In summary, these results indicate that the modulator
element of the H2A promoter activates transcription from a
heterologous promoter independently of position and orien-
tation of a linked gene and that MBF-1 is active also at the
gastrula stage.
The modulator element was first identified in X. laevis

oocytes (25-27), where an activity related to the MBF-1
activator was also demonstrated (21, 28). It was of some

interest, therefore, to determine whether the enhancer ac-

tivity ofthe modulator element is also conserved between sea

urchin and Xenopus. To this end, constructs b, c, and e of
Fig. 4, containing one or two copies ofthe modulator located
5' to the tkpromoter and 3' to the CAT coding sequence, were
microinjected in frog oocytes that were tested for CAT
enzymatic activity. The results shown in Fig. 4C indicate that
in Xenopus, like in sea urchin, the early H2A modulator
activated expression of the reporter gene even when located
at a remote position relative to the tk promoter.

DISCUSSION
We have demonstrated that the activity of the early H2A
promoter is strictly dependent on the interaction of the
transcription factor MBF-1 with the H2A modulator element.
In fact, transcription of the CAT gene from a linked H2A
promoter that included the modulator and CCAAT elements
was drastically reduced in sea urchin embryos coinjected
with the same construct and a 70-fold excess of the MBF-1-
binding site. These results indicate, therefore, that the mod-
ulator is a positive transcriptional element of the H2A gene.
The interacting sequence of MBF-1 was previously shown to
correspond to the USE1 sequence element (21, 28), which is
12 nucleotides shorter relative to the 3' end than the modu-
lator element, as it is defined in this paper. However, the
similar competitive effect on the activity of the H2A pro-
moter that was observed in sea urchin embryos microinjected
with excess ofboth USE1 and modulator oligonucleotides led
us to conclude that MBF-1 interacts with USE1 and the
modulator sequence elements with similar affinity.
We were surprised to find that the H2A promoter fragment

activated CAT expression at the gastrula stage, when the
transcription of the early histone genes has been shut down.
Consistent with this observation, promoter binding analysis
in nuclear extracts from gastrula-stage embryos showed an
identical DNase I protection pattern, with the MBF-1 and
CCAAT factor binding sites fully protected (unpublished
observation). Furthermore, our results indicate that the
MBF-1 activator binds to the modulator and activates tran-
scription of the CAT gene also at the gastrula stage. As far as
the temporal expression of the early histone genes is con-
cerned, it appears that each early histone gene bears its own
regulative program of expression during embryogenesis. For
instance, as for the early H2A gene, the inactivation of the
early H2B gene at the gastrula stage seems to depend on
regulatory sequences that are not located in the upstream
promoter (24). The octamer binding factor involved in the
faithful expression of the early H2B gene activates, in fact,
the early H2B promoter in early and late cleavage embryos
(24). By contrast, the sequence elements for temporal regu-
lation of the early H3, H1, and H4 histone genes are placed
in the 5' flanking regions (19-22). However, only in the case
of the early histone H1 gene has a cis-acting element that
regulates the temporal expression been identified (20). In
conclusion, our results indicate that the sequence elements
required for temporal regulation of the early H2A gene are
localized either far upstream of the MBF-1 binding site or in
the region 3' to the CAT coding sequence. The latter possi-
bility seems particularly interesting, since we have previ-
ously shown that a nuclease hypersensitive site appears in
that region at the gastrula stage (31) in proximity to the
palindromic sequence known to be essential for 3' processing
ofthe H2ARNA precursor (32). Alternatively, the regulatory
sequences responsible for the inactivation ofH2A expression
could be located, as suggested for the early H2B gene (24),
within the coding sequence. Finally, the possibility still
remains that the regulatory sequences lacking in the injected
H2A-CAT DNA are involved in posttranscriptional regula-
tion.
The results reported in this paper confirm and extend

previous observations made by Birnstiel and coauthors (25-

Biochemistry: Palla et al.
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27). These authors obtained the first evidence for a cis-acting
transcriptional element, the modulator, that could activate
transcription of the downstream gene in both orientations.
We have demonstrated here in both sea urchin and in frog
oocyte that an oligonucleotide containing a MBF-1-binding
site activates transcription from the tk promoter of a linked
reporter gene. This activation occurs independently of the
position and the orientation of the modulator relative to the
promoter. We conclude therefore that the modulator element
of the early H2A gene, which is essential for high-level
expression of the early H2A histone gene in cleavage stage
sea urchin embryos, and enhancers share similar properties
and are different names for the same genetic control element.
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