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Nuclear matrix attachment regions (MARs), which flank the immunoglobulin p heavy-chain enhancer on
either side, are required for the activation of the distal variable-region (V,;) promoter in transgenic mice.
Previously, we have shown that the MARs extend a local domain of chromatin accessibility at the p enhancer
to more distal sites. In this report, we examine the influence of MARs on the formation of a nucleoprotein
complex at the enhancer and on the acetylation of histones, which have both been implicated in contributing
to chromatin accessibility. By in vivo footprint analysis of transgenic . gene constructs, we show that the
occupancy of factor-binding sites at the p enhancer is similar in transcriptionally active wild-type and
transcriptionally inactive AMAR genes. Chromatin immunoprecipitation experiments indicate, however, that
the acetylation of histones at enhancer-distal nucleosomes is enhanced 10-fold in the presence of MARs,
whereas the levels of histone acetylation at enhancer-proximal nucleosomes are similar for wild-type and
AMAR genes. Taken together, these data indicate that the function of MARs in mediating long-range chro-
matin accessibility and transcriptional activation of the V,; promoter involves the generation of an extended

domain of histone acetylation, independent of changes in the occupancy of the p enhancer.

Transcriptional enhancers are thought to augment gene ex-
pression by inducing changes in chromatin accessibility and by
facilitating the recruitment of RNA polymerases to linked pro-
moters (6, 21, 61). Enhancer-induced changes in chromatin
accessibility involve multiple mechanisms. Specific proteins,
termed pioneer proteins, are able to bind directly to nucleo-
somal DNA (13). Moreover, various enhancer-binding proteins
have been shown to interact with components of chromatin
remodeling complexes that increase chromatin accessibility in
an ATP-dependent manner (73, 77). Finally, some proteins
that are bound at enhancers and/or promoters can associate
with histone acetyltransferase complexes (HATs) that mediate
acetylation of H3 and H4 core histones (9, 70). This type of
histone modification is targeted locally to enhancers and/or
promoters and is associated with the activation of promoters.
In addition, histone acetylation has been correlated with the
generation of an extended domain of general DNase I sensi-
tivity and chromatin accessibility (8, 28, 67). However, the
molecular mechanisms underlying the generation of long-
range chromatin accessibility are still obscure.

The murine immunoglobulin heavy chain gene, which has
been studied extensively as a model for tissue-specific gene
expression, contains an intronic locus control region (LCR),
located 1.5 kb downstream of the variable region (V) pro-
moter in the rearranged w gene (20). Similar to other LCRs,
this intronic regulatory region of the w gene confers proper
regulation and high-level expression upon transgenes irrespec-
tive of the site of chromosomal integration (18, 23, 37). Three
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regulatory elements contribute to the function of the intronic
LCR. First, the Ep enhancer spans a region of 220 bp and
contains multiple transcription factor-binding sites, termed
rE1 through pES, pA, pB, and Octa (an octamer) (20). Stud-
ies addressing the identity of proteins that interact with these
sites have shown that both ubiquitous proteins, such as the
basic helix-loop-helix factors E47 and TFE3, and tissue-specific
proteins, such as Etsl and Pu.l, assemble into a stable and
cell-type-specific nucleoprotein complex in vitro (3, 50, 53, 68).
Second, a promoter for noncoding germ line I transcripts is
located at the 3’ boundary of the w enhancer (42, 71). Finally,
the Ep enhancer is flanked on either side by nuclear matrix
attachment regions (MARs) (14). Specific sequences in the
MARs have been shown to interact with a B-cell-specific pro-
tein, Bright, which appears to antagonize the binding of a
widely expressed protein, NF-uNR (30, 78).

In tissue culture transfection assays, the activation of the V4
promoter requires only the p enhancer, whereas in germ line
transformation assays, the activation of the V; promoter re-
quires both the enhancer and the flanking MARs (23). A
function of the MARs in the regulation of chromatin structure
was inferred from multiple experiments. First, the chromatin
of transgenes lacking the MARs shows a pattern of DNase I
digestion characteristic of inactive genes (23). Second, we
found that the w enhancer in combination with a flanking
MAR can confer accessibility upon a distal site in nuclear
chromatin, whereas the enhancer alone mediates only local
chromatin accessibility (33). In these experiments, we replaced
the Vy; promoter with a promoter for a bacteriophage RNA
polymerase, which allowed an assessment of chromatin acces-
sibility in the absence of endogenous transcription and in the
absence of interactions between enhancer- and promoter-
bound factors. Finally, the immunoglobulin MARs were also
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shown to antagonize methylation-dependent repression of
long-range enhancer function (22). Taken together, these data
suggest that the MARs are important components of the
LCR that allow enhancer function over large distances.

MARSs, also known as scaffold-associated regions, are short
AT-rich DNA sequences that are widespread throughout the
eukaryotic genome and associate with a proteinaceous matrix
obtained after histone depletion of the nucleus (41, 57). MARs
may have a role in organizing chromatin loops and in the
functional insulation of chromatin domains from transcrip-
tional silencing caused by adjacent heterochromatin regions
(16, 27). In addition, MARs are frequently colocalized with
enhancers or with the boundaries of genes. In association with
enhancers, MARs have been shown to stimulate the expression
of linked genes (39, 58, 60). However, MARSs can also interfere
with the interactions between promoters and enhancers when
placed between these elements (27). Thus, the function of
MARSs appears to be dependent upon the context of regulatory
elements.

In principle, MARs could confer long-range function upon
the w enhancer by altering the nucleoprotein complex that is
assembled at the enhancer. Alternatively, the MARs could be
involved in propagating histone modification and chromatin
accessibility. Here, we describe experiments that are aimed at
addressing these possible mechanisms of MAR function. By
genomic footprinting of transgenes containing various parts of
the p LCR, we showed that the enhancer alone is fully occu-
pied by DNA-binding proteins, despite its inability to activate
a linked Vy; promoter. We also showed that the MARs allow
the generation of an extended domain of histone acetylation,
which could account for the long-range function of the p en-
hancer in combination with MARs.

MATERIALS AND METHODS

Cell lines and cell culture. All pre-B-cell lines were grown at 37°C and 5% CO,
in RPMI medium containing 10% fetal bovine serum and 50 pM B-mercapto-
ethanol. The pre-B-cell lines derived from transgenic mice used in this study have
been described (31-33) except for the pAMAR cell lines. The new pAMAR
pre-B-cell lines are identical to those described previously (23) except that they
contain polylinker sequences (Xbal, Notl, and HinfI) flanking the 220-bp en-
hancer (Enh 220) fragment at both sides, allowing the specific amplification of
the transgenic AMAR enhancer by ligation-mediated PCR (LM-PCR). The
rAMAR transgenic animals were obtained by microinjection of a Xhol/Sall
DNA fragment containing the pAMAR gene of plasmid puA2 + 1 (23). The
Abelson murine leukemia virus was used to immortalize the pre-B cells from the
fetal livers of these animals (31, 63).

RNA analysis. Total RNA from B cells was isolated using the acid-phenol-
guanidinium method (12). S1 probes for the transgenic . and the B-actin genes
were obtained by linear PCR amplification (30 cycles) using Tag DNA polymer-
ase (Boehringer Mannheim) from 10 pmol of specific 5'-end-, 3*P-labeled oli-
gonucleotides as primers and plasmids containing p (p1-27 digested with X#oI)
and B-actin (pmpactin digested with EcoRI) sequences as template DNA. The
oligonucleotides used as primers to obtain the SI probes were 5'-GGC CAT
CTC CTG CTC GAA GTC-3' for B-actin and 5'-CCC AGC TGC ATT TCA
TTG TAA GG-3' for the Vy; probe. Hybridization of the probes (~10,000 cpm)
to 3 to 5 pg of total RNA and digestion with S1 nuclease (Pharmacia) were
carried out at 37°C using standard methods (1). The protected fragments were
ethanol precipitated in the presence of 20 wg of yeast tRNA and electrophoresed
through 8% acrylamide—7 M urea gels in 0.5X Tris-borate-EDTA.

In vivo footprinting. In vivo footprinting was performed by incubation of pre-B
cells with dimethyl sulfate (DMS; Aldrich) followed by LM-PCR amplification of
the transgenic enhancer from the genomic DNA isolated from these cells, es-
sentially as described by Ausubel et al. and by Garrity and Wold (1, 24). For in
vivo DMS treatment, 50-ml aliquots of cell cultures containing ~5 X 107 cells
were collected by centrifugation (200 X g, 5 min), resuspended in 1 ml of

MAR-DEPENDENT FUNCTION OF p ENHANCER 197

prewarmed culture medium, and incubated for 5 min at 37°C. At this point, 2 to
10 pl of freshly prepared DMS (10% [vol/vol] in ethanol) was added and the
samples were further incubated at 37°C for 1 min. To stop methylation, the
mixtures were quickly transferred to 49 ml of ice-cold phosphate-buffered saline
(PBS) with 0.2% (vol/vol) B-mercaptoethanol (PBS-B-ME), and cells were col-
lected immediately by centrifugation. The cells were washed in 50 ml of ice-cold
PBS-B-ME and finally resuspended in 300 pl of the same buffer. Genomic DNA
was isolated after sodium dodecyl sulfate (SDS)-proteinase K digestion by phe-
nol-chloroform extractions and ethanol precipitation. Control genomic DNA (50
to 100 pg) in 175 pl of TE buffer (10 mM Tris-HCI [pH 8.0], 1 mM EDTA),
isolated from cells not incubated with DMS, was methylated in vitro with 25 .l
of DMS (0.25 to 1% [vol/vol] in water) for 2 min at 22 to 37°C. Reactions were
stopped by adding 50 pl of DMS stop buffer (1.5 M sodium acetate, pH 7.0; 1 M
B-mercaptoethanol; 100 pg of tRNA/ml), and DNA was recovered by ethanol
precipitation. The DNA pellets were resuspended in 200 pl of 1 M piperidine
(Aldrich) and heated at 90°C (30 min). Next, samples were frozen on dry ice, and
the piperidine was evaporated in a Speed-Vac centrifuge (Sorvall). The single-
stranded DNAs were resuspended in TE buffer, extracted with phenol-chloro-
form, and ethanol precipitated twice before being used as templates in LM-PCRs
(0.5 ng). A set of three nested oligonucleotides with increasing melting temper-
atures (7,,,) were utilized in LM-PCR as primers for Vent DNA polymerase
(New England Biolabs) (26). Typically, ~1 pmol of oligonucleotide 1 was used
for first-strand DNA synthesis (95°C for 7 min, 30 min at the 7, of oligonucle-
otide 1, and 76°C for 10 min). The products of this reaction were ligated over-
night at 17°C using T4 DNA ligase (Promega) to the annealed LM-PCR1 and -2
primers. The ligated products were amplified (18 to 20 cycles) with 10 pmol of
oligonucleotide 2 and LM-PCR1 (95°C for 1 min, 2 min at the 7,, of oligonu-
cleotide 2, and 76°C for 3.5 min). For the final extension, ~2 pmol of 5'-end-,
32p_labeled oligonucleotide 3 was added to the reaction mixture during 2 cycles
(95°C for 1 min, 2 min at the 7,,, of oligonucleotide 3, and 76°C for 10 min). The
products of each reaction were phenol-chloroform extracted, ethanol precipi-
tated, and resuspended in 25 pl of 95% formamide loading buffer. The samples
were heated at 95°C (3 min), and ~3 to 5 pl was electrophoresed through 6%
polyacrylamide-7 M urea gels in 0.5X Tris-borate-EDTA.

Chromatin extracts. Approximately 2 X 107 pre-B cells were fixed by adding
1/10 of the culture volume of fixing buffer (11% [vol/vol] formaldehyde, 100 mM
NaCl, 0.5 mM EGTA, 50 mM Tris-HCI [pH 8.0]). After incubation at 37°C (10
min) and 4°C (50 min), the formaldehyde was quenched by adding 1/20 of the
original volume of 2.5 M glycine. Subsequent steps were performed at 4°C. Fixed
cells were harvested by centrifugation (200 X g for 5 min), washed in PBS, and
resuspended in 15 ml of Triton buffer (10 mM Tris-HCI [pH 8.0], 10 mM EDTA,
0.5 mM EGTA, 0.25% [vol/vol] Triton X-100). After a 15-min incubation, Tri-
ton-washed cells were centrifuged (200 X g, 5 min), resuspended in 15 ml of
NaCl buffer (10 mM Tris-HCI [pH 8.0], 1 mM EDTA, 0.5 mM EGTA, 200 mM
NaCl), and incubated for an additional 15 min. Finally, the samples were cen-
trifuged, resuspended in 1 ml of sonication buffer (10 mM Tris-HCI [pH 8.0], 1
mM EDTA, 0.5 mM EGTA, 1% [wt/vol] SDS) containing a cocktail of protease
inhibitors (1 mM phenylmethylsulfonyl fluoride, 10 pg of aprotinin/ml, 0.8 pg of
pepstatin/ml, 0.6 g of leupeptin/ml), sonicated (Branson 450, using a microtip,
setting 5, and 100% duty) for 10 to 15 bursts of 10 s, and separated by cooling on
ice. This treatment yielded DNA fragments with an average size of 0.5 kb. Cell
debris was removed by centrifugation (14,000 X g, 5 min), and the supernatant
was stored at —80°C as bulk chromatin extracts. The concentrations of protein
and DNA in these extracts were estimated by their absorbances at 260 nm
(reported as the optical density at 260 nm [OD,g]).

Chromatin immunoprecipitations. Chromatin extracts were diluted to 6
OD,4 units/ml in immunoprecipitation buffer (IP buffer; 140 mM NaCl, 1%
Triton X-100, 0.1% sodium deoxycholate, 1 mM phenylmethylsulfonyl fluoride,
100 pg of yeast tRNA/ml, 100 g of bovine serum albumin/ml) and preincubated
for 1 h at 4°C with 10 pl of a protein A-Sepharose suspension/ml. A protein
A-Sepharose suspension (50% [vol/vol]) was reconstituted in PBS and washed
several times in IP buffer. After a short centrifugation (1,000 X g, 2 min), to
remove the protein A-Sepharose beads, the chromatin extracts were divided into
600-pl aliquots. One of these aliquots was kept for isolation of input DNA.
Specific serum recognizing acetylated H4 or acetylated H3 histones (a-AcH4 or
a-AcH3; Upstate Biotechnology) and serum recognizing the B220 surface B cell
as a negative control marker (a-B220; Calbiochem) were added to the other
aliquots at a 1:100 dilution (6 wl). After incubation at 4°C (5 h), 40 pl of the
protein A-Sepharose suspension was added to each tube, and the samples were
incubated for an additional 2 h. Protein A beads were harvested by centrifugation
(1,000 X g; 2 min) in Spin-X microcentrifuge tubes (Costar-Corning). Eluates
were kept as unbound samples. The protein A beads were washed twice with 0.5
ml of IP buffer, once in 0.5 ml of IP buffer containing 500 mM NaCl, once in 0.5
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ml of wash buffer (10 mM Tris [pH 8.0], 250 mM LIiCl, 1 mM EDTA, 0.25%
sodium deoxycholate), and finally twice with 0.5 ml of TE buffer. The chromatin
bound to the protein A-Sepharose beads was eluted in 300 wl of elution buffer
(50 mM Tris-HCI [pH 8.0], 10 mM EDTA, 1% [wt/vol] SDS) after heating at
65°C for 15 min. Bound and input chromatin samples were adjusted to 0.5%
(wt/vol) SDS in 600 pl. All samples were incubated overnight at 65°C to reverse
formaldehyde cross-links. Next, RNA was digested at 37°C (30 min) with 3 pl of
DNase-free RNase A (10 mg/ml). Then, the samples were deproteinized for 2 to
3 h at 37°C by adding 10 ul of proteinase K (12 mg/ml). After phenol-chloroform
extractions, the DNA was ethanol precipitated using glycogen (10 pg; Sigma) as
a carrier. Precipitated DNA was resuspended in 100 pl of TE, and the concen-
tration was estimated as the OD,g.

Semiquantitative PCR. A succession of fourfold dilutions of template DNA
were made to quantify the amount of specific DNA fragments in the immuno-
precipitation samples by PCR. The amount of template DNA in the starting tube
of the dilution series was ~20 ng. An initial amplification was performed using
20 cycles (94°C, 1 min; 55 to 60°C, 1 min; 72°C, 1 min) in 50 pl of PCR buffer (10
mM Tris-HCI [pH 8.3], 1.5 to 3 mM MgCl,, 50 mM KClI, 250 uM concentrations
of each deoxynucleoside triphosphate, 0.001% [wt/vol] gelatin, 0.5 uM concen-
trations of each oligonucleotide, and 1 U of Tag polymerase). After this PCR, 15
wl was transferred to a new tube containing 50 pl of fresh PCR buffer and cycled
20 times under identical conditions. Ten microliters of each amplification prod-
uct was analyzed in 2 to 3% Tris-acetate-EDTA-agarose gels. For amplification
of the single-copy endogenous sequences we used two PCRs of 22 cycles each.
The pairs of oligonucleotides used for PCR were as follows: VDJ-1 and VDJ-2
for the rearranged transgenic VDJ region, MB-1A and MB-1B for the endoge-
nous mb-1 promoter, T7-1 and T7-2 for the distal T7 region, and T3-1 and T3-2
for the proximal T3-large T region.

Oligonucleotides. All the oligonucleotides used in the LM-PCR experiments
were purified from 20% acrylamide-7 M urea gels. The annealed oligonucleo-
tides LM-PCR1 (5'-GCG GTG ACC CGG GAG ATC TGA ATT C-3") and
LM-PCR2 (5'-GAA TTC AGA TC-3") were used as linker primers for ligation
to the first-strand extension products of the LM-PCR. The sets of three nested
oligonucleotides were as follows: SPR-1 (5'-CTA AAT ACA TTT TAG AAG
TCG ATA AAC-3'), SPR-2 (5'-GTC GAT AAA CTT AAG TTT GGG GAA
ACT AG-3'), and SPR-3 (5'-CTT AAG TTT GGG GAA ACT AGA ACT ACT
CAA GC-3') for the top strand in the wild-type p transgene; 5’MAR-1 (5'-GAC
ATT ACT TAA AGT TTA ACC GAG G-3"), 5’MAR-2 (5'-TTA ACC GAG
GAA TGG GAG TGA GGC T-3'), and 5'MAR-3 (5'-CGA GGA ATG GGA
GTG AGG CTC TCT CAT AC-3’) for the bottom strand in the wild-type
transgene; 3J-1 (5'-AAC CAC CAA CCA GCA TGT TCA A-3"), 3J-2.2 (5'-
GCA TGT TCA ACC GAA ATA AGT CTA GAG C-3'), and 3J-3.3 (5'-GTT
CAA CCG AAA TAA GTC TAG AGC GGC CGG AAT-3') for the top strand
in the AMAR p transgene; 5J-1 (5'-CAT CTA GCC TCG GTC TCA AAA
GG-3'), 5J-2.2 (5'-TCT CAA AAG GGG TAG TTG CTG TCT AGA GC-3"),
and 5J-3.3 (5'-AAG GGG TAG TTG CTG TCT AGA GCG GCC GCT GA-3')
for the bottom strand in the AMAR . transgene; and LT-1.2 (5'-CAA AAG
ATC ATT AAA TCT GTT TGT TG-3'), LT-2 (5'-CTG TTT GTT GGG GAT
CCT CTA GAG TCT TC-3'), and LT-3 (5'-TGG GGA TCC TCT AGA GTC
TTC CCT TTA GTG-3') for the bottom strand in all the T3T7 transgenes. The
oligonucleotides SPR1, SPR-2, and SPR-3 were used for amplification of the top
strand of MPE-T3T7 and PE-T3T7. LM-PCRs using these primers indicated that
>95% of the signal detected came from the high-copy-number T3T7 transgenic
DNA and not from endogenous p enhancer. In the case of E-T3T7 and ME-
T3T7, the primers used for the top strand were CuLM-1 (5'-CAG TGT TGG
GAA GGT TCT GAT AC-3'), CuLM-2 (5'-GTT CTG ATA CCC TGG ATG
ACT TCA G-3'), and CpLM-3 (5'-CTG GAT GAC TTC AGT GTT GTT CTG
GTA GTT CC-3'). These CnLM primers hybridized in the Cp “stuffer” DNA
fragment adjacent to Enh 90 in E-T3T7 and ME-T3T7 (36). For amplification of
DNA from the chromatin immunoprecipitation experiments, the new oligonu-
cleotides used were VDJ-1 (5’- GCC TCA GTC AAG TTG TCC TGC-3'),
VDJ-2 (5'-GTA GTC CAT AGC ATA GTA AG-3'), MB-1A (5'-AGG GAT
CCA TGG TGA TGA AC-3'), MB-1B (5'-CAA ACA GGC GTA TGA CAA
GA-3"), T7-1 (5'-GGG AGA AGA ACA TGG AAG ACT CAG-3'), T7-2
(5'-TGC AAG TTT AAC ATA GCA GTT ACC-3'), T3-1 (5'-GGA TAG GAT
GGA TAT AAT GTT TGG), and T3-2 (5" -GGG CAA ATT AAC ATT TAA
AGC TAG-3').

RESULTS

Formation of an enhancer complex in wild-type and AMAR
i transgenes. In previous experiments, we observed marked
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differences in the levels of expression of wild-type and AMAR
p transgenes, and we found that gene constructs containing
MARS generate an extended chromatin accessibility relative to
gene constructs lacking MARs (23, 32, 33) (summarized in Fig.
1A and B). These observations raised the question of whether
transcription factors are bound to the p enhancer in the ab-
sence of flanking MARs. To analyze the nucleoprotein com-
plex at the w enhancer (E), we performed in vivo footprinting
experiments that detect the occupancy of individual factor-
binding sites (19, 24). Toward this end, we incubated p wild-
type and AMAR transgenic pre-B cells with DMS and analyzed
the methylation pattern of G residues in the p enhancer region
by an LM-PCR (24). To avoid amplification of endogenous
enhancer sequences, we generated a new set of AMAR trans-
genic pre-B-cell lines in which polylinker sequences are in-
serted immediately adjacent to the enhancer. These polylinker
sequences allow specific amplification of the transgenic . en-
hancer by LM-PCR and prevent any background amplification
from the endogenous locus, which would obscure the detection
of incomplete factor occupancy at the transgenic enhancer.
Using these sequences as anchors for transgene-specific oligo-
nucleotides in the LM-PCR assay, no amplification of the
endogenous locus could be detected in a nontransgenic mouse
line (data not shown). Consistent with previous experiments
(23), S1 nuclease protection assays of transgenic pre-B-cell
RNA indicated that the levels of expression of the modified
AMAR p transgene in multiple lines are reduced by a factor of
30 to 1,000 relative to those of the wild-type w transgene (Fig.
1C).

In vivo methylation of DNA in the transgenic pre-B-cell line
19-1-4, carrying a wild-type . transgene (~20 gene copies),
and in vitro methylation of the corresponding purified genomic
DNA revealed a specific pattern of protected and hyperreac-
tive guanosine residues at the transgenic w enhancer (Fig. 2).
This pattern is similar to that previously reported for the en-
dogenous w locus in mature B-cell lines (19). The genomic
footprints, observed on both DNA strands of the wild-type
transgene, coincide with the known transcription factor-bind-
ing sites wE1 to Octa and reveal the presence of a fully assem-
bled nucleoprotein complex at the w enhancer in vivo (Fig. 2,
lanes 1 through 4). Analysis of in vivo-methylated genomic
DNA from the AMAR transgenic line 61 (~20 gene copies)
revealed a pattern of protections and enhancements of meth-
ylated guanosines similar to that found with the wild-type
transgene (Fig. 2, lanes 5 through 8). This DMS modification
pattern of the AMAR p transgene was confirmed for four
additional AMAR p. transgenic lines (data not shown). A sim-
ilar pattern of DMS modifications was also observed with the
PE-T3T7 transgene, which contains the 220-bp p enhancer
fragment but lacks both MAR sequences and the V{; promoter
(Fig. 3, lanes 1 through 4). Although some subtle differences
were detected in the patterns of in vivo footprints of the wild-
type and the AMAR transgenic lines, this analysis indicates
that a nucleoprotein enhancer complex is stably assembled in
both the transcriptionally active wild-type and the transcrip-
tionally inactive AMAR p transgenes (summarized in Fig. 4).

Enhancer occupancy and DNase I-hypersensitive site for-
mation. In previous studies, we examined the ability of parts of
the p enhancer, alone or in combination with a MAR, to
induce changes in nuclear chromatin in the absence of a linked
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FIG. 1. Schematic diagram of transgenes containing . enhancer sequences. (A) Structure of the rearranged p wild-type and AMAR transgenes
containing the intragenic enhancer between the rearranged VDJ and Cp. exons. The positions of the Vy; and I promoters are shown by arrows.
The intragenic p enhancer (Enh), including the Ip promoter and binding sites for transcription factors (gray boxes) (20), is flanked by MARs
(hatched boxes). (B) Structure of T3T7 transgenes in which p enhancer sequences are linked to bacteriophage T3 and T7 promoters (arrows) at
enhancer-proximal and -distal (1 kb) positions (33). The MPE-T3T7 gene construct contains the entire p enhancer fragment (Enh), which includes
the Ip promoter (P) and enhancer core (E), and a single flanking MAR (M). The PE-T3T7 gene contains the Enh fragment without MAR
sequences. The construct E-T3T7 contains only Enh 90, and the construct ME-T3T7 contains the Enh 90 fragment and a single MAR. DNA
fragments (1 kb) from the large T (LT) and VP1 genes of simian virus 40 acted as reporters of transcription from the T3 and T7 promoters (33).
“Stuffer” sequences replace p LCR fragments in order to maintain the spatial relationship of the transgene components. To the right of each
transgene (A and B), the data obtained by Forrester et al. (23) and Jenuwein et al. (33) are summarized. The formation of DNase I-hypersensitive
sites (HS) at the p enhancer and the generation of transcripts (Vy; and Ip) by endogenous RNA polymerase II (Pol II Txn) or transcripts (T7,
distal; T3, proximal) by exogenous bacteriophage RNA polymerases (T7/T3 Pol Access) are indicated by a plus sign. (C) Total RNA samples
isolated from the B-cell cultures used in the in vivo footprinting experiments were probed for the presence of Vy-initiated transcripts by S1
nuclease protection assay. Detection of the B-actin mRNA was used as an internal control. As expected from previous data (23), the transgenic
enhancer in all w AMAR cell lines did not activate the distal Vi; promoter at a detectable level (lanes 3 through 8). The total RNA from
nontransgenic pre-B cells (N.T.; lane 1) and from p-transgenic pre-B cells (pwt; lane 2) were used as controls.
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vivo are marked with an open circle. The G residues whose reactivity to DMS is enhanced in vivo are marked with a closed circle.
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FIG. 3. Invivo DMS footprints in the w enhancer fragment of T3T7 transgenes. As described for Fig. 2, the genomic DMS-modified DNA from
transgenic pre-B cells was isolated and subjected to LM-PCR to amplify the top (A) and bottom (B) strands of the transgenic p enhancer. The
pre-B-cell lines used had the transgenes integrated in a transcriptionally inactive chromatin (33). In vitro and in vivo DMS methylation patterns
were visualized by autoradiography. The nucleotides are numbered as described by Ephrussi et al. (19). The protected and hyperreactive guanosine
residues are marked with open and closed circles, respectively.
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FIG. 4. Summary of the in vivo footprints detected by DMS treat-
ment in the p enhancer of wild-type and AMAR p transgenes.
Guanosine bases with protection from or enhanced reactivities to
DMS are indicated with open and closed circles, respectively. The
binding sites for transcription factors in the w enhancer are indicated
(20). The DNA sequences represented are from the top and bottom
strands of the 220-bp-long Hinfl fragment of the w LCR. The nucle-
otides are numbered as described by Ephrussi et al. (19).

Vi promoter (32, 33). This analysis indicated that a minimal
90-bp core element of the w enhancer (Enh 90), which includes
sequences from the wE1 to the pB-binding site but lacks the I
promoter, confers local factor access in nuclear chromatin,
independently of an active transcriptional state (32). This min-
imal enhancer core element, however, does not generate a
DNase I-hypersensitive site in nuclear chromatin, whereas Enh
220, including the core element of the enhancer and the I
promoter, forms a DNase I-hypersensitive site (23, 32, 33).
To relate the different abilities of various p enhancer frag-
ments to generate DNase I-hypersensitive sites with the for-
mation of specific nucleoprotein complexes, we performed in
vivo DMS footprinting on transgenes containing Enh 90 or
Enh 220 alone or in combination with a single MAR. The
PE-T3T7 transgene, which contains the Enh 220 fragment in
the absence of a MAR, has a T7 promoter at a distal position,
1 kb away from the p enhancer, and a T3 promoter immedi-
ately adjacent to the enhancer (33). The PE-T3T7 transgene
and the MPE-T3T?7 transgene, which contains a single MAR,
both lack the Vy; promoter, and they are not transcribed by
endogenous RNA polymerases in the transgenic lines 1-29
(five gene copies) and 3-2 (three gene copies), respectively
(33). As mentioned above, the PE-T3T7 transgene generated
footprints similar to those detected with the wild-type and
AMAR p transgenes (Fig. 3, lanes 1 through 4), indicating that
the formation of a stable nucleoprotein complex at the . en-
hancer is dependent neither on a MAR nor on a linked V
promoter. However, the I promoter contributes to the stabil-
ity of the p enhancer complex because the E-T3T7 transgene,
containing the Enh 90 fragment alone, did not show any de-
tectable footprints and the ME-T3T7 transgene, containing the
Enh 90 fragment and a MAR, generated only weak footprints
(Fig. 3, lanes 5 through 8). Together, these data suggest that
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the minimal p enhancer core element requires the adjacent I
promoter region to form a stable nucleoprotein complex in
nuclear chromatin, which correlates with the generation of a
DNase I-hypersensitive site.

Histone H3 and H4 acetylation at enhancer-distal nucleo-
somes in p transgenes. Acetylation of the basic N-terminal
tails of core histones has a positive effect on transcription by
generating a domain of accessible chromatin that facilitates the
binding of activators and RNA polymerase to their target sites
(44, 70, 76). Since the MARs of the p gene extend chromatin
accessibility to distal sites in vivo, we examined the possibility
that MARs augment the level of H3 and H4 acetylation at the
distal Vi promoter. Toward this end, we prepared sonicated
extracts from formaldehyde-cross-linked transgenic pre-B cells
(see Materials and Methods), immunoprecipitated chromatin
fragments with antiserum directed against acetylated histones
H3 and H4 (15, 55), and detected transgene-specific Vi pro-
moter DNA by semiquantitative PCR amplification. To esti-
mate the relative enrichment of a specific genomic DNA se-
quence in the immunoprecipitated material, we used a serial
dilution of the starting amount of template DNA to ensure
that the different samples could be compared within their lin-
ear range of amplification. Parallel amplification reactions,
using purified genomic DNA from the bulk chromatin extracts
(input DNA), allowed us to assess the enrichment of the trans-
gene-specific VDJ sequences in the immunoprecipitated sam-
ples (Fig. 5, top). Amplification of the mb-1 promoter, which is
active specifically in the B-cell lineage (35), was used as an
internal control for the immunoprecipitation (Fig. 5, bottom).

Using these chromatin immunoprecipitation assays, we es-
timated that the transgene-specific VDJ region was enriched in
the a-AcH4-immunoprecipitated DNA from the wild-type
transgene approximately 16-fold (two serial 1:4 dilutions) rel-
ative to the corresponding VDJ region from the AMAR
transgene samples (Fig. 5, top). An even more pronounced
difference was observed in the samples that were immunopre-
cipitated with a-AcH3 antibodies. In these samples, the VDJ
region of the wild-type p transgene was enriched approxi-
mately 64-fold (three serial 1:4 dilutions) relative to the cor-
responding region of the AMAR p transgene (Fig. 5, top). As
a control, no significant difference in the efficiency of immu-
noprecipitation of the endogenous mb-I promoter sequences
was detected in wild-type and AMAR samples (Fig. 5, bottom).
In addition, the specificity of the immunoprecipitations was
confirmed by the use of an unrelated «-B220 antibody. To-
gether, these data indicate that the overall level of histone
acetylation in the distal V{; promoter region of the AMAR
transgene is significantly reduced relative to that of the wild-
type w transgene.

The different transcriptional states of the wild-type and
AMAR p transgenes raise the question of whether the en-
hanced levels of histone acetylation in the wild-type gene are
an indirect consequence of an active transcriptional state or a
direct MAR-dependent effect. To address this question, we
examined the acetylation status of histones H3 and H4 in the
MPE-T3T7 and PE-T3T7 transgenes, neither of which is tran-
scribed by endogenous RNA polymerases (36). In the a-AcH4-
immunoprecipitated samples, the enhancer-distal T7 promoter
region of the MPE-T3T7 transgene was enriched approxi-
mately 16-fold relative to that of the PE-T3T7 transgene (Fig.
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FIG. 5. Acetylation of H3 and H4 histones in the VDJ region of wild-type and AMAR . transgenes. Chromatin extracts from formaldehyde-
cross-linked wild-type and AMAR p transgenic pre-B cells were immunoprecipitated with a-AcH4, a-AcH3, or a-B220 (negative control)
antibodies. The DNAs of the bound fractions were isolated, and the transgenic VDJ sequences in the immunoprecipitated DNA were quantified
by PCR. The amplification of the promoter region of the endogenous mb-1 gene was done as an internal control. The levels of enrichment in the
immunoprecipitations were estimated by comparison with the amplification products of DNA isolated from the bulk chromatin extracts (input
DNA). Eight serial fourfold dilutions of template DNA were done to allow a quantitative determination in the PCR assays. The amounts of
template DNA (in nanograms) were 20 (lane 1), 5 (lane 2), 1.25 (lane 3), 0.31 (lane 4), 0.078 (lane 5), 0.019 (lane 6), 0.009 (lane 7), and 0.002
(lane 8). The VDJ region of the wild-type p. transgenes was immunoprecipitated with the a-AcH4 and o-AcH3 antibodies more efficiently than
the VDIJ region of the AMAR . transgenes, indicating a preferential acetylation of H4 and H3 in the VDJ region of MAR-containing transgenes.
These differences are not observed in the endogenous mb-1 promoter control.

6, top). In contrast, the level of H4 acetylation in the enhancer-
proximal T3 promoter region was similarly high in both MPE-
T3T7 and PE-T3T7 transgenes (Fig. 6, middle). Analysis of the
acetylation status of histone H3 also revealed high levels of
acetylation in the T3 promoter region of both transgenes,
whereas no significant H3 acetylation was detected in the distal
T7 promoter region of either the MPE-T3T7 or the PE-T3T7
transgene. As a control, no significant difference in the effi-
ciencies of immunoprecipitation of mb-1 promoter sequences
was detected in the MPE-T3T7 and PE-T3T7 samples (Fig. 6,
bottom). Thus, the level of histone H4 acetylation at an en-
hancer-distal site is higher in the MPE-T3T7 transgene than in
the PE-T3T7 transgene. However, no augmented H3 acetyla-
tion was detected at the enhancer-distal region of the MPE-
T3T7 transgene.

Taken together, the chromatin immunoprecipitation exper-
iments indicate that the chromatin of the MAR-containing p
transgenes contains approximately 10- to 60-fold-higher levels
of acetylated histones H4 and H3 than the chromatin of the

AMAR p transgenes. Moreover, the acetylation of histone H4
appears to be independent of transcription by endogenous
RNA polymerases, whereas the acetylation of H3 correlates
with an active transcriptional state.

DISCUSSION

Gene activation in eukaryotes has been proposed to consist
of a multistep process that includes changes in chromatin
structure, modifications of histones, and transcriptional activa-
tion of promoters (6, 21, 25, 70). The causal relationship and
sequence of these events are still obscure. Using the immuno-
globulin w gene locus as a model, we have previously shown
that the intronic LCR can induce changes in chromatin struc-
ture (33). Notably, the enhancer is necessary and sufficient to
mediate local chromatin accessibility independently of tran-
scriptional activation. However, the enhancer requires a flank-
ing MAR to confer accessibility at distal sites. In this study, we
show that MARSs are not involved in assembling a stable nu-
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FIG. 6. Acetylation of H3 and H4 histones at p enhancer-distal and -proximal positions in T3T7 transgenes. Chromatin extracts from
formaldehyde-cross-linked MPE-T3T7 and PE-T3T7 transgenic pre-B cells were immunoprecipitated as described for Fig. 5. In the pre-B-cell lines
used in these experiments, the transgenes are integrated in transcriptionally inactive chromatin (33). Transgene-specific sequences in the
immunoprecipitated chromatin and input DNA were quantitated by PCR assays. Specific primers were used for amplification of ~350-bp DNA
fragments that include either the distal T7 region, the proximal T3 region, or the endogenous mb-1 promoter as an internal control. Eight serial
fourfold dilutions of the template DNA were used to allow a semiquantitative PCR. The distal T7 region of the MPE-T3T7 transgene was
immunoprecipitated with a-AcH4 antiserum with a higher efficiency than that of the PE-T3T7 transgene.

cleoprotein complex at the enhancer but are involved in gen-
erating an extended domain of histone acetylation. This his-
tone hyperacetylation is independent of changes in the
occupancy of enhancer sequences by DNA-binding proteins
and, at least for H4, can be detected even in MAR-containing
transgenes that are transcriptionally silent (i.e., MPE-T3T7).
Thus, the MARs act independently of the assembly of an
enhancer complex and may function prior to transcriptional
activation.

MAR-independent assembly of an enhancer complex in nu-
clear chromatin. Our in vivo footprinting data obtained with
the intronic w enhancer suggest that a nucleoprotein complex
is assembled at the transcriptionally inactive AMAR p trans-
gene. Although the footprinting data reveal similar patterns of
DMS enhancement and protection in wild-type and AMAR
transgenes, the experiments do not indicate whether the nu-
cleoprotein complexes are identical. Small differences in the
DMS pattern are observed, which could be interpreted as an

indication of an alteration in binding of proteins to the en-
hancer by the association either with non-DNA-binding pro-
teins or with MAR-binding proteins. Some p enhancer-binding
proteins, such as Pu.1 and Oct-1, have been shown to associate
with cofactors. In particular, the association of Oct-1 with its
cofactor Oca-B alters the DMS interference pattern of Oct-1
(64), and Pu.1 can interact with the HAT CREB-binding pro-
tein (81). MAR-binding proteins may affect the nucleoprotein
complex at the enhancer either directly, by interactions with
enhancer-binding proteins, or indirectly, by recruiting chroma-
tin-modifying complexes. To date, however, no data are avail-
able on the interaction of the MAR-binding proteins Bright
and NF-pNR, which augment or repress enhancer function,
with components of the w enhancer complex or with chroma-
tin-modifying complexes (30, 78). Finally, we cannot rule out
the possibility that different proteins are bound at the p en-
hancer in the presence and absence of MARs. We consider this
possibility unlikely because the p enhancer alone displays the
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same cell type specificity as the enhancer in combination with
a MAR (32, 50, 53). MARs actually repress intronic enhancer
function in non-B cells (65, 79).

The full occupancy of the enhancer in the AMAR transgene
contrasts with the lack of detectable transcription from the
distal Vy; promoter. However, the enhancer occupancy is con-
sistent with the previous observation that the enhancer-proxi-
mal I promoter is functional in the AMAR . transgene (23).
In addition, Nikolajczyk and colleagues have shown that a
small enhancer fragment, including the pES and B elements,
is sufficient to confer accessibility upon an adjacent site in the
context of in vitro-assembled chromatin (52). Thus, the assem-
bly of transcription factors at the p enhancer can direct local
promoter activation, but it is insufficient to activate distal pro-
moters in nuclear chromatin.

The MAR-independent formation of a stable nucleoprotein
complex at the w enhancer correlates with the previously ob-
served appearance of a DNase I-hypersensitive site in AMAR
transgenes (23). Moreover, the full occupancy of the w en-
hancer and the formation of a DNase I-hypersensitive site in
AMAR transgenes are both dependent upon the presence of
the I promoter. The partial occupancy observed at the en-
hancer core (Enh 90) lacking the I promoter could reflect a
partial occupancy in a multicopy gene array or, alternatively, a
full occupancy in a subset of cells. The requirement of the I
promoter for full enhancer occupancy is reminiscent of the
requirement of a linked promoter for the formation of a
DNase I-hypersensitive site at a transgenic $-globin enhancer
(62). However, the activity of the I promoter does not seem
to be necessary for the generation of a stable nucleoprotein
complex, because we also observed full occupancy of the en-
hancer in the transcriptionally inactive PE-T3T7 transgene.
Instead, the role of Iw promoter sequences in augmenting
factor occupancy at the p enhancer could involve reciprocal
stabilization of enhancer- and promoter-bound proteins, which
may be necessary for the formation of a stable nucleoprotein
complex in higher-order chromatin (70). The dependence of
the enhancer complex on the presence of the I promoter is in
contrast to experiments showing that the 90-bp w enhancer
core can induce accessibility, albeit at a reduced level, at an
enhancer-proximal bacteriophage promoter (32, 33). The ac-
cessibility assay using a bacteriophage RNA polymerase allows
a positive readout of factor access in subsets of gene copies or
cells, whereas full occupancy of the enhancer is required to
detect clear genomic footprints. Thus, these differences in the
assays may account for the apparent difference in the contri-
bution of the Ip promoter to enhancer complex formation and
chromatin accessibility.

MAR-dependent acetylation differs for H3 and H4 core his-
tones. Previous analyses of transcriptionally active and inactive
gene loci have implicated the acetylation of core histones in the
opening of the higher-order chromatin structure and in gene
activation (28, 60, 75). However, only recently has substantial
progress been made in the recognition of histone acetylation as
a general mechanism in transcriptional regulation (26, 70). An
increasing number of transcription factors have either intrinsic
HAT and/or histone deacetylase activities or associate with
cofactors that contain HAT activities (2, 8-11, 40). In addition,
the basic amino-terminal tails of core histones that are targets
for acetylation are essential for cell viability in vivo and for
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higher-order chromatin structure in vitro (43). Finally, acety-
lation of the amino-terminal tails of H4 and H3 has been
shown to enhance the binding of transcription factors to nu-
cleosomal templates (74, 76).

Enhancers have been shown to function, in part, by recruit-
ing HATs (69) and by targeting acetylation of H3 and H4
histones to linked promoters by DNA looping and protein-
protein interactions (56). Most reported examples of histone
hyperacetylations concern H3 and/or H4 modifications that are
detected in the immediate vicinity of enhancers or promoters.
However, two recent studies have linked long-range histone
acetylation to the regulation of chromatin accessibility. The
intronic enhancer region of the T-cell receptor /8 locus has
been shown to impart long-range H3 hyperacetylation in trans-
genic mice, which has been correlated with active transcription
and V(D)J recombination (46). Likewise, long-range histone
acetylation has also been found in the human B-globin locus,
which is independent of both transcription and the presence of
the LCR (66). Our analysis now identifies the MAR of the p
locus as the first regulatory element that appears to be specif-
ically involved in the generation of long-range histone acety-
lation.

Our analysis of histone acetylation in the chromatin of w
transgenes revealed a notable difference between histones H3
and H4. Acetylation of H4 was detected at enhancer-distal
positions in both the transcriptionally active wild-type w gene
and the transcriptionally inactive MAR-containing MPE-T3T7
transgene. In contrast, acetylation of H3 at the enhancer-distal
position was detected only in the VDJ region of the transcrip-
tionally active . gene, although enhancer-proximal H3 acety-
lation was found in both p and MPE-T3T7 transgenes. HATs
have been shown to differ in their histone preference, and the
recruitment of H3-restricted HATs may be associated with the
assembly of active transcription complexes (26, 40, 70). Al-
though the level of H4 acetylation at enhancer-distal positions
is augmented by transcription, the effect of transcription is
smaller than that of the presence of MARs. Specifically, the
presence of MARs increases the level of long-range H4 acet-
ylation ~10-fold in the transcriptionally inactive MPE-T3T7
transgene and in the transcriptionally active p gene.

Acetylation of the amino-terminal tail of H4 has been pre-
viously implicated in the long-range regulation of chromatin
structure. For example, H4 acetylation has been found to co-
localize with the coding regions of transcribed genes (54). In
addition, the silencing of inactive X chromosomes in females is
also accompanied by underacetylated histone H4 (36). More-
over, the amino-terminal tail of H4 was shown to be essential
for the formation of the RAP1-SIR3-H4 complex and for si-
lencing of chromatin domains in yeast (26). A model that could
explain the pivotal role of H4 acetylation in the long-range
regulation of chromatin structure was inferred from the high-
resolution three-dimensional structure of the nucleosome (45).
This structural analysis revealed an electrostatic interaction
between two adjacent nucleosomes that is mediated by the
basic N tail of H4 and a conserved acidic region in H2A and
H2B. Disruption of these interactions by acetylation could lead
to a disorganization of the compact higher-order structure of
the chromatin fiber (72). Therefore, MAR-mediated long-
range hyperacetylation of H4 could result in an extended dis-
organization of the chromatin fiber.
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How do MARSs confer long-range enhancer function and
histone acetylation? Several mechanisms could account for the
regulation of long-range enhancer action and histone H4 acet-
ylation. First, MARSs could directly facilitate the recruitment of
HATS to the enhancer region. Several HATSs have been found
to associate with enhancer-binding proteins, and additional
HATS that preferentially acetylate H4 may be recruited by
interaction with MAR-binding proteins. Secondly, MARs
could affect histone acetylation indirectly by targeting the
transgene to specific subnuclear regions. The model of the
eukaryotic interphase nucleus as a structurally and functionally
organized compartment has gained experimental support in
recent years (16, 47). The putative existence of an underlying
structure directly involved in maintaining a specific nuclear
organization is an appealing possibility (4, 41, 57). The associ-
ation of biologically relevant processes (like RNA transcrip-
tion, RNA processing, and DNA replication) with the nuclear
matrix (57) suggests the possibility that nuclear processes take
place in functional domains within the nucleus. Since most of
the cellular HAT and HDAC activities are retained within the
nuclear matrix preparations (17), it is tempting to speculate
that MARs could enhance the reversible acetylation of a ge-
netic locus by its anchoring to the nuclear matrix.

Thirdly, MARs could affect chromatin structure and histone
acetylation indirectly via changes in the CpG modification of
DNA. Recently, it was shown that MARs can overcome a CpG
methylation-dependent repression of transcription (22). In
that study, it was found that p genes that have been methylated
in vitro at all CpG dinucleotides, prior to their stable transfec-
tion to B-cell lines, required MARs to efficiently initiate tran-
scription from the distal Vi promoter. Moreover, the DNA of
the CpG-methylated AMAR genes was kept in a DNase I-re-
sistant chromatin structure in which H3 and H4 were under-
acetylated near the Vi promoter (22). Thus, CpG methylation
of transfected DNA reproduced, at least in part, the MAR
dependence observed in transgenic animals. Importantly, a
link between CpG methylation and histone deacetylation has
been discovered through the recruitment of HDAC activities
by MeCP2 (34, 49), a protein that binds to methylated CpG
dinucleotides and that also recognizes MAR sequences (48,
80). Other proteins that bind methylated CpG and repress
transcription at a distance, like MBDI1, also seem to act by
recruiting HDAC activities (51). Indeed, MARS from different
origins had been implicated in DNA demethylation at CpG
residues (38), and it has also been shown that loss of the
transcriptional activity of a transgene is accompanied by DNA
methylation and histone deacetylation (59). According to this
scheme, recruitment of DNA demethylases may be regulated
by MARs (5). Finally, the binding of HMG-I(Y) to MAR
sequences has been shown to antagonize the binding of histone
H1 in vitro (82). Notably, histone H1 has been recently shown
to act as a repressor of core histone acetylation (29).

How do MARs mediate the generation of an extended do-
main of histone acetylation? The model of MAR function to
target DNA regions to a specific subnuclear compartment does
not require the propagation of histone modification from the
enhancer to distal sites. Instead, subnuclear targeting of DNA
could result in a domain-wide histone acetylation that is inde-
pendent of enhancer-promoter interactions by looping. Alter-
natively, MARs could extend enhancer-induced local chroma-
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tin accessibility to distal sites by changes in DNA topology.
Consistent with this possibility, MARs are recognized by to-
poisomerases that could alter chromatin structure (7).

In conclusion, our analysis suggests a multistep model of
gene activation. First, the assembly of a stable enhancer com-
plex can be governed by the enhancer core and the I pro-
moter alone. This enhancer complex allows localized H3 and
H4 acetylation, but it does not result in distal histone acetyla-
tion and promoter activation. In combination with flanking
MARs, the enhancer mediates extended H4 acetylation and
chromatin accessibility, even in the absence of detectable tran-
scription. This transcription-competent state can be converted
into a fully active state by the addition of a V; promoter, which
results in transcription and distal H3 acetylation.
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