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ABSTRACT The sea urchin early histone repeating unit
contains one copy of each of the five histone genes whose
coordinate expression during development is regulated by
gene-specific elements. To learn how within the histone re-
peating unit a gene-specific activator can be prevented to
communicate with the heterologous promoters, we searched
for domain boundaries by using the enhancer blocking assay.
We focused on the region near the 3* end of the H2A gene
where stage-specific nuclease cleavage sites appear upon
silencing of the early histone genes. We demonstrated that a
DNA fragment of 265 bp in length, defined as sns (for silencing
nucleoprotein structure), blocked the enhancer activity of the
H2A modulator in microinjected sea urchin embryos only
when placed between the enhancer elements and the promoter.
We also found that sns silenced the modulator elements even
when placed at 2.7 kb from the promoter. By contrast, the
enhancer activity of the modulator sequences, located down-
stream to the coding region, was not affected when sns was
positioned in close proximity to the promoter. Finally, the H2A
sns fragment placed between the simian virus 40 regulative
region and the tk promoter repressed chloramphenicol acetyl-
transferase expression in transfected human cell lines. We
conclude that 3* end of the H2A gene contains sequence
elements that behave as functional barriers of enhancer
function in the enhancer blocking assay. Furthermore, our
results also indicate that the enhancer blocking function of sns
lacks enhancer and species specificity and that it can act in
transient assays.

Genetic and biochemical evidence supports the notion that
chromatin is organized in discrete functional domains and that
each domain defines a functionally autonomous unit of gene
expression (1–3). Such an organization infers the existence of
topological barriers, f lanking the domain, that would preserve
gene units in which they reside from the influence of regula-
tory sequences located in neighboring domains. Domain
boundary elements can take the form of specialized chromatin
structures or are the binding sites for regulators. The best
characterized are as follows: the scs elements of the Drosphila
87A1 hsp 70 locus (4–6), the 59 HS4 element of the chicken
b-globin locus control region (LCR) locus (7), and the cluster
of binding sites for the Drosphila suppressor of Hairy-wing
[su(Hw)] protein of the gypsy retrotrasposon (8, 9). These
elements are chromatin insulators in that when placed at the
borders of a transcription unit they reduce the position effect
at the integration sites in gene transfer experiments (7, 10–14).
Another element thought to be associated with domain

structures is the matrix or scaffold-associated region (MAR or
SAR). However, while some SARs attach to a nuclear matrix,

few elements, such as the A elements of the chicken lysozyme
gene and the MAR elements of the human Apolipoprotein
gene, confer position-independent expression to linked re-
porter genes in stable transformants (15, 16). SAR sequences
have been found in close association with regulative elements
and are thought to define the basis of a chromatin loop (17).
Themutually exclusive binding of histoneH1 and highmobility
group IyY has led to the suggestion that SAR sequences are
involved in the condensation and decondensation of chromatin
domains and hence in the regulation of gene expression (18).
Scaffold-associated region elements have been mapped in

the intergenic H1–H3 spacer of the Drosophila histone repeat
unit (17). By analogy, it might be postulated that chromosomal
boundary elements subdivide the tandem repeated arrays of
the sea urchin early histone genes (19) into discrete functional
domains, each domain containing one repeat. Topological
constraining of the repeating unit in one functional domain
might give the advantage of placing the five histone genes
under the control of master regulators, so that their transient
expression in the early cleavage embryos (20) can be regulated
in a coordinated fashion. However, extensive investigations on
the molecular mechanism underlying the timing of transcrip-
tion in the sea urchin embryo indicate that each of the five early
histone genes, within a tandem repeat, constitutes an inde-
pendent transcription unit with different promoter organiza-
tion and gene-specific regulative elements (21–25). Hence, if
we assume that the five histone genes are confined in a
chromosomal domain, then some mechanisms must operate to
prevent a gene specific enhancer to activate the other promot-
ers of the repeating unit.
The modulator sequence element of the early H2A gene,

first described by Birnstiel and collaborators (26, 27), is the
only transcriptional enhancer identified in the early histone
repeating unit. Its binding factor, the modulator binding factor
1 (MBF-1), is required for maximal activity of the early H2A
promoter at morula stage but is not involved in the silencing
of the early H2A gene at mesenchyme blastulaygastrula stage
(28). Since the modulator, like enhancers, communicates
with its target promoter in an orientation- and position-
independent manner (28), what then prevents the MBF-1
activator, once bound to the modulator, to contact down-
stream and upstream promoters in the histone repeating unit?
We have started addressing these issues by looking for

enhancer blocking elements. In this paper we present evidence
for one sequence element located near the 39 end of the sea
urchin H2A early subtype histone gene that insulates homol-
ogous and heterologous enhancers from the basal promoter.
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MATERIALS AND METHODS

Constructions of Plasmids. The DNA constructs, schemat-
ically drawn in Figs. 2, 4, and 5 were constructed from the tk-70
pBL2 and the pBL3-CAT vectors (29). Multiple copies of the
modulator oligonucleotide were cloned upstream the tk and
downstream the chloramphenicol acetyltransferase (CAT)
coding region as described (28). The simian virus 40 (SV40)
enhancer fragment that included the 21-bp repeats was cloned
upstream the tk promoter of the tk-70 pBL2 vector. The sns
fragment (for silencing nucleoprotein structure) was isolated
by HpaII and Sau3A restriction enzyme digestion of the SacI
subclone of PH70 histone DNA (20). In some constructs the
265-bp-long sns DNA or a pUC18 fragment of an equivalent
size were cloned between the modulator or the SV40 enhancer
and the tk promoter. In other constructs the sns fragment was
cloned in the downstream multiple cloning sites, either 39 of
the CAT coding region or 39 of the modulator sequences. The
orientation of the DNA inserts was determined by sequence
analysis.
Gene Transfer and CAT Expression. Plasmids were linear-

ized by digestion with either HindIII or ClaI restriction en-
zymes whose sites are located in the polylinker regions 59 and
39 to the CAT sequences, respectively. Linearized plasmids
were brought to a total concentration of 200 mgyml with
HindIII digested Paracentrotus lividus sperm DNA of roughly
5 kb and weremicroinjected into sea urchin P. lividus eggs from
a mature female as described (28). Embryos were raised and
processed to monitor CAT gene expression by RNase protec-
tion experiments. Nucleic acid samples from a pool of 50–70
microinjected embryos, at morula (5 h of development) or
early gastrula (20 h of development) stages, were digested with
RNase-free DNase I and hybridized with 32P-labeled antisense
CAT RNA transcribed in vitro from the H2A- INSERT-CAT
plasmid (28). Hybridization conditions, RNase digestion, and
gel fractionation of the RNase-resistant hybrids were as de-
scribed (30). Transfection was carried out by incubating the
human cell lines, HeLa and U-2 OS, with calcium phosphate
precipitates containing 20 mg of recombinant SV40 CAT
plasmids and 2 mg of the internal control b-galactosidase
expression plasmid pON1 (31). Cell lysates were assayed for
b-galactosidase activity (31), normalized, and then assayed for
CAT enzymatic activity (32).
Electrophoretic Mobility Shift Assays. Nuclear extracts

from P. lividus embryos at the gastrula stage were prepared as
described (33). Nuclear extracts (5 mg) were preincubated with
7 mg of poly(dA-dT)z(dA-dT) and O.3 mg of Escherichia coli
DNA in 15 ml of 10 mM Hepes (pH 7.9), 60 mM KCl, 1 mM
DTT, 1 mM EDTA, and 4% Ficoll for 5 min on ice before the
addition of 1.5 ng of end labeledHpaII–Sau3A H2A fragment.
After 20 min incubation on ice, binding reactions were loaded
onto 4% polyacrylamide gel in 50mMTris, 50 mMH3BO3, and
2 mM EDTA (pH 8.3) and electrophoresed at 10 Vycm for 2 h
at room temperature. For competition experiments unlabeled
homologous or plasmid DNA fragments in the amounts de-
scribed in the legend to Fig. 3 were added to the preincubation
mixture prior to the addition of the extract.

RESULTS

Modulator Blocking Sequences Are Located Near the 3*End
of the H2A Gene. Chromatin boundary elements are often
flanked by micrococcal nuclease cutting sites or are embedded
in nuclease hypersensitive domains (4, 7). As previously shown,
the early histone gene chromatin undergoes structural rear-
rangements during development that can be summarized as
follows. First, the regular nucleosomal packaging that is lost
when the early histone genes are transcriptionally activated, is
regained at mesenchyme blastula stage upon silencing (34).
Second, at mesenchyme blastula stage the DNA region located

in proximity of the 39 palindromic sequence of the early H2A
is preferentially cleaved by the micrococcal nuclease (35).
In light of these observations, we explored the possibility

that chromatin boundary elements reside in the DNA region
containing the nuclease hypersensitive cutting sites located
near the 39 end of the H2A gene. Previously, the micrococcal
nuclease cleavage sites were erroneously mapped downstream
to the 39 palindromic sequence because of the partial DNA
sequence that was available when the experiments were per-
formed. With the completion of the DNA sequence gaps we
relocated these sites in the H2A stop codon and at 200 bp from
it (Fig. 1). To search for chromatin boundary elements we
performed the enhancer blocking assay (5). The DNA frag-
ment containing the micrococcal cleavage sites flanking the 39
H2A palindromic sequence was isolated by cutting a PH70 (20)
subclone with the HpaII and Sau3A restriction enzymes (Fig.
1). The DNA fragment was defined as sns. The sns fragment
was cloned in both orientations between multiple copies of the
modulator sequence element and the tk promoter fused to a
CAT reporter gene. The constructs depicted in Figs. 2 and 3
were microinjected into sea urchin eggs, embryos raised and
processed to determine CAT expression by the RNase pro-
tection assay. The results of four different microinjection
experiments are presented in Figs. 2 and 3. The tk-CAT vector,
construct F, is not expressed (Fig. 2, lane 9). In agreement to
our previous evidence (28), the presence of multiple copies of
the MBF-1 binding sites, as in construct A, activated CAT
expression from the tk promoter at morula (Fig. 2, lane 1) and
gastrula (Fig. 2, lanes 5 and 10; Fig. 3, lane 9) stages. Placing
the H2A sns element between the enhancer and the promoter,
constructs B and C, drastically reduced the transcription of the
reporter gene (Fig. 2, lanes 2, 6 and 11; Fig. 3, lane 10). This
modulator blocking activity was independent of the orienta-
tion (Fig. 2, lane 12). To test whether the absence of detectable
CAT transcripts in embryos microinjected with constructs B
and C was not due to the increased distance of the modulator

FIG. 1. Nucleotide sequence of early H2A gene and flanking
regions. Thick underlines indicate the binding sites for the MBF-1 and
CCAAT binding factor (CBF) factors to, respectively, the modulator
and the CCAAT sequences of the H2A promoter. Arrow refers to the
transcription starting site. The deduced amino acid sequence of the
H2A coding region is reported above the DNA sequence. Arrowheads
pointing to the sequence refer to the mesenchyme blastula-specific
micrococcal nuclease (MNase) cutting sites. The 39 palindrome is
indicated by arrows while the conserved motif for the RNA processing
is overlined. The sns sequence is boxed, and the HpaII and Sau3A
recognition sites flanking the sns fragment are underlined.
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sequence elements from the tk promoter, we cloned seven
copies of the modulator sequence elements in the polylinker of
the tk-CAT vector (29) located downstream of the CAT coding
sequence. When this plasmid was cut with the ClaI restriction
enzyme, whose site is located between the CAT gene and the
modulator elements, the linear construct D was generated
(Figs. 2 and 3). In this construct 2.7 kb of plasmid DNA
separates the modulator sequences from the tk promoter.
Nevertheless, the extent of CAT transcription in embryos at
morula and gastrula stages microinjected with construct D
(Fig. 2, lanes 3 and 7) is identical to that observed in embryos
at the same developmental stages raised from the same batch
of eggs microinjected with construct A (Fig. 2, lanes 1 and 5).
These results confirm that the enhancer activity of the mod-
ulator sequence elements is independent of the transcriptional
state of the early histone genes (28). Again, placing the H2A
sns fragment in the inverted orientation between the enhancer
and promoter, as in constructs E, silenced the enhancer
function of the modulator elements, and no CAT expression
was detected in the microinjected embryos (Fig. 2, lanes 4 and
8).

The H2A sns Sequences Insulate the Modulator from the
Basal tk Promoter. To provide further insights regarding both
the specificity and the mechanism of action of the antimodu-
lator element, we monitored CAT expression in sea urchin
embryos injected with the constructs depicted in Fig. 3. In one
construct (L), the H2A sns element was substituted with a
plasmid fragment of an equivalent size. Equivalent amounts of
CAT transcripts were detected by RNase protection experi-
ments in microinjected embryos at 20 h of development (Fig.
3, lane 11), indicating that placing the plasmid fragment
between the modulator and the tk promoter did not block the
enhancer function, as it did the H2A sns fragment. In the
construct K, the H2A sns fragment was cloned downstream to
the CAT coding region whose expression is under the control
of the early H2A promoter. We showed previously (28) that a

FIG. 2. Modulator blocking activity by sns sequences in microin-
jected sea urchin embryos. (Top) CAT RNA transcripts were detected
by RNase protection assay. 32P-labeled antisense RNA, transcribed in
vitro from the H2A-CAT DNA containing a pUC18 insert (28) and
schematically drawn (Middle), was hybridized with total RNA ex-
tracted from 50 sea urchin embryos at the indicated developmental
stage, microinjected with the constructs A-F depicted (Bottom) or with
100 mg of yeast tRNA. One half of the RNase-resistant products were
run on denaturing polyacrylamide gel along with labeled HpaII-
digested end labeled pUC18 fragments (lane M). Only fragments
ranging from 353 bp to 110 bp are shown. Gels were dried and exposed
overnight at 2808C with an intensifying screen. The expected 217-
nucleotide resistant fragment is indicated by an arrow.

FIG. 3. Detection of the enhancer blocking function of the sns
element placed at different locations with respect to the promoter. Sea
urchin embryos were microinjected with the constructs drawn in the
lower part of the figure. RNase protection to monitor CAT transcrip-
tion was carried out as in Fig. 2. Developmental stages expressed as
hours of postfertilization are indicated on top of the figure. The lanes
marked 5 h and 20 h corresponded to morula and early gastrula stages,
respectively. The marker DNA fragments (lane M) range in size from
344 to 154 bp and are derived from pBR322 cut with HinfI restriction
enzyme and end labeled. Fluorograms were exposed overnight. Arrow
refers to the 217-nucleotide protected RNA band.
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H2A 59 f lanking region which included the binding sites for the
modulator (MBF-1) and the CCAAT (CBF) factors (see Fig.
1 for the DNA sequence) can promote reporter gene expres-
sion even in embryos at the gastrula stage (20 h postfertiliza-
tion) when the early histone genes are transcriptionally silent.
As expected, placing the H2A sns element downstream the
CAT coding region had no effect on the level of CAT gene
expression at both early (5 h postfertilization) and late (20 h
postfertilization) developmental stages (Fig. 3, lanes 7 and 8).
A similar result was obtained with construct J in which the sns
fragment was moved downstream to the heptamerized mod-
ulator sequences placed 39 to the coding region (Fig. 3, lane 5).
Finally, to distinguish between enhancer blocking and pro-
moter interference, two further constructs were microinjected
in the sea urchin embryo. In construct G (Fig. 3) the sns
fragment was moved 2.7 kb away from the tk promoter and
placed in closed association with the heptamerized MBF-1
binding site. Construct I (Fig. 3) had the sns sequences placed
immediately upstream the basal tk promoter, whereas a dimer
of the modulator sequence was located downstream to the
CAT coding region. As shown in Fig. 3, placing the sns
fragment away from the tk promoter efficiently repressed CAT
expression (compare lanes 1 and 2). By contrast, the abun-
dance of the reporter gene transcripts in gastrula embryos
injected with construct I (lane 4) was similar to that of embryos
injected with construct D (lane 1). From these results, we
conclude that (i) the sns sequences abolished CAT transcrip-
tion by affecting the function of the modulator elements and
not by interfering with the activity of the basal promoter, and
(ii) the repression of the enhancer activity of the modulator is
not due to the binding of negative regulators to the sns
fragment, but rather to a mechanism by which one or more
elements function as chromatin boundaries that insulate the
enhancer from the promoter.
Nuclear Protein Binding to the sns Sequences. As a first

effort on the characterization of the proteins that bind to the
H2A sns boundary element we performed an electrophoretic
mobility shift assay. Two major DNA binding activities were
detected by gel shift with crude nuclear extracts from sea
urchin gastrula embryos (Fig. 4). The two proteins seem to
interact specifically with the H2A sns sequences since addition
of molar excess of unlabeled homologous DNA reduced the
formation of the labeled complexes, whereas plasmid se-
quences competed very poorly. However, attempts to identify
the interacting sequences by DNase I footprinting showed no
clear protection pattern on the H2A fragment (not shown).

This would imply that either the two complexes recognize
structural features rather that specific sequences on the sns
DNA, or the protein complexes bind with low affinity to the
DNA.
The Enhancer-Blocking Activity of H2A sns Element Is Not

Enhancer- and Species-Specific. To try to understand more of
the function of the H2A sns element, we tested whether this
element was capable to insulate an heterologous enhancer
from the basal promoter and in a different species. We chose
the SV40 enhancer because it activates transcription from
heterologous promoters of linked reporter genes in a variety of
vertebrate systems. The H2A sns fragment or plasmid se-
quences were cloned between the SV40 enhancer and the basal
tk promoter fused to the reporter CAT gene. These constructs,
schematically drawn in Fig. 5, were transiently transfected in
two human cell lines, Hela and U-2 OS. The expression of the
reporter gene was monitored 2 days after transfection by
detecting the CAT enzymatic activity on total cellular extracts.
As shown in Fig. 5, the H2A sns fragment insulated the SV40
enhancer from the tk promoter in either orientation. Substi-
tuting the H2A sns element with plasmid sequences no block-
ing effect was detected.

DISCUSSION

We have demonstrated that a DNA fragment located near the
39 end of the early histone H2A gene, defined as sns, contains
sequence elements that repress enhancer function in the
enhancer blocking assay. As functional tests in the sea urchin
embryo, we microinjected CAT expression vectors whose
promoters were under the influence of multiple copies of the
30-bp-long modulator element. As previously demonstrated,
the modulator can be equated to an enhancer since one copy

FIG. 4. Nuclear protein binding at the sns sites. The HpaII–Sau3A
fragment (Fig. 1) was 39 end labeled with [a-32P]dATP and the large
fragment of DNA polymerase I. The probe (1.5 ng) was incubated with
5 mg of nuclear extract from gastrula embryos in the absence or in the
presence of 25, 50, and 100 ng of unlabeled homologous and plasmid
fragments, respectively. Nuclear protein complexes were fractionated
by acrylamide gel electrophoresis.

FIG. 5. SV40 enhancer blocking function by the sns fragment in
human cell lines. The plasmid constructs A–E were transfected into
HeLa cells and in the osteosarcoma cell line U-2 OS. Detection of the
CAT enzymatic activity on cellular extracts were performed 48 h after
transfection. CAT refers to an enzymatic reaction carried out by using
1.2 units of a commercial chloramphenicol acetyltransferase. The
autoradiogram shows the thin-layer chromatographic separation of
[14C]chloramphenicol and its acetylated derivatives.

Biochemistry: Palla et al. Proc. Natl. Acad. Sci. USA 94 (1997) 2275



of this element was sufficient to elicit transcription from an
heterologous promoter in a position and orientation manner
(26, 28). Here we confirmed these data and further show (Figs.
2 and Fig. 3) that moving the heptamerized modulator se-
quences at almost 3 kb from the basal tk promoter did not
reduce the extent of transcription of the linked reporter gene.
Similar results were obtained with two copies of the modulator
(data not shown). Despite the presence of multiple copies of
the modulator in several of the constructs we tested, the sns
fragment when inserted between the modulator elements and
the tk promoter prevented transcriptional activation of the
reporter gene. This enhancer blocking function was position-
dependent because placing the sns fragment in any other
location did not affect transcription of the CAT gene. From
these results we may suggest that sns represses transcription by
an active silencing mechanism with the binding of one or more
repressor molecules.
The sns fragment, concomitantly with the repression of the

early histone genes repeating unit (20), becomesmost probably
associated with a positioned nucleosome (35). Since a posi-
tioned nucleosome nearby a promoter might affect transcrip-
tion, constructs in which either element, the modulator and the
sns, were placed at different locations were microinjected into
sea urchin embryos and tested for CAT gene expression. Two
lines of evidence indicate that the sns element blocks the
activity of enhancers rather than interfering with the pro-
moter. First, repression of CAT expression was observed in sea
urchin embryos microinjected with construct G (Fig. 3) in
which the sns fragment was cloned downstream the modulator
sequences at 2.7 kb from the basal promoter. Second, when the
sns fragment was placed immediately upstream to the tk
promoter, while the modulator elements was moved down-
stream to the reporter coding sequences (construct I of Fig. 3),
the abundance of CAT transcripts did not change significantly.
The sns region contains different sequences features: the last

four and the termination codons of the H2A gene, the
G1C-rich inverted repeat and the CAAGAAAGA motif, and
the homopyrimidine tract. The palindrome and the CAA-
GAAAGA sequence are highly conserved features of all five
histone genes (36) and are required for the 39 processing of the
histone mRNA precursors (37). Similar hairpin–loop struc-
tures and downstream sequence elements are needed for the
production of mature histone mRNA analyzed in other sys-
tems (38). Interestingly, a highly conserved homopyrimidine
sequence, where a S1 nuclease cleavage site has been mapped
(39), is also located in similar position in the early H2A histone
gene of the closely related sea urchin Psammechinus miliaris
(M. Birnstiel, personal communication). It remains to be seen
whether all these sequence features are needed for the repres-
sion of the enhancer function.
Our results suggest, but do not prove, that the H2A sns

contains a chromatin insulator. Consistent with this hypothesis
is the evidence that enhancer activity is not affected when the
sns fragment is placed 39 to the coding region. If the H2A sns
element is a chromatin insulator, then what is its function in the
histone repeating unit? Given that the H2A modulator is the
only transcriptional enhancer identified among the regulatory
regions of the early histone genes (26–28), we may postulate
the following model. The H2A sns element, in its normal
location, would create a chromosomal functional domain
containing the five genes, whose promoters should then all be
under the influence of the H2A modulator. Alternatively, the
sns element could block the H2A-specific MBF-1 transcription
factor in the activation of the heterologous promoter of the
neighboring transcriptional units.
The elucidation of the mechanisms by which the H2A sns

sequences blocks enhancer function could help the clarifica-
tion of the mechanism of action of the modulator element. We
may speculate that nucleoprotein complexes at the sns se-
quences, when inserted between an enhancer and a promoter,

interfere with DNA looping or with the tracking of the MBF-1
transcription factor bound at the enhancer. Alternatively, as it
has been shown for the b-globin locus control region insulator
(7), they could block MBF-1 from displacing a nucleosome
over the modulator. A mechanism of action consisting in the
alteration of the nuclear compartmentalization of the tran-
scription unit is less likely. In fact, we observed repression of
the SV40 enhancer by the sea urchin H2A sns sequences in
transient assays, in the human cell lines, where the transfected
DNAmight not be properly packed into chromatin. This result
is not surprising because it has been shown that the binding
sites for the suppressor of Hairy-wing [su(Hw)] protein can
insulate the heat shock elements from the basal promoter also
in a transient assay (40). Therefore, our results would indicate
that enhancer blocking by the sns complex does not require
integration in the genome. In addition, they would imply an
evolutionary conservation for the function of the sea urchin
H2A sns sequences.
Finally, the lack of species and enhancer specificity of action

of the H2A sns element has some interesting practical impli-
cations. Integration of exogenous DNA in gene transfer ex-
periments and in transgenic animals occurs randomly into
chromatin; therefore, the constructs are subjected to position
effects at the integration site that cause differences in expres-
sion (41). When placed flanking a transcriptional unit the H2A
sns element could drastically reduce this chromosomal position
effect at the integration site. The demonstration of a chromatin
insulator function for the sea urchin H2A sns sequences should
clarify this issue.
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