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The mouse immunoglobulin kappa (Ig�) gene contains an intronic enhancer and two enhancers downstream
of its transcription unit. Using chromosome conformation capture technology, we demonstrate that rearranged
and actively transcribed Ig� alleles in MPC-11 plasmacytoma cells exhibit mutual interactions over 22 kb
between these three enhancers and V� gene promoters. In addition, the 5� region of the active transcription
unit exhibits a continuum of interactions with downstream chromatin segments. We also observe interactions
between Ei and E3� with 3� boundary sequences 24 kb downstream of Ed, adjacent to a neighboring house-
keeping gene. Very similar interactions between the enhancers are also exhibited by normal B cells isolated
from mouse splenic tissue but not by germ line transcriptionally inactive alleles of T cells or P815 mastocytoma
cells, which exhibit a seemingly linear chromatin organization. These results fit a looping mechanism for
enhancer function like in the �-globin locus and suggest a dynamic modulation of the spatial organization of
the active Ig� locus. Chromatin immunoprecipitation experiments reveal that the interacting Ig� gene cis-
acting sequences are associated with AP-4, E47, and p65NF-�B, potential protein candidates that may be
responsible for initiating and/or maintaining the formation of these higher-order complexes. However, S107
plasmacytoma cells that lack NF-�B still exhibit mutual interactions between the Ig� gene enhancers.

Alterations in higher-order chromatin structure and nuclear
subcompartmentation are emerging as central themes regulat-
ing eukaryotic gene expression (for recent reviews, see refer-
ences 5, 15, 29, 33, 38, 39, 48, and 65). Individual chromosomes
occupy specific territories (40), and different chromatin seg-
ments exhibit movement limited to their own nuclear subcom-
partments (1, 41). Within a given subcompartment, DNA seg-
ments can diffuse by Brownian motion (41). This type of
nuclear DNA sequence mobility has been termed “constrained
diffusion” (36). DNA mobility may also be confined to separate
chromatin domains by the specific attachment of chromatin
segments to nuclear substructures, such as the nucleoli, the
nuclear periphery, and the nuclear matrix (14, 16, 33, 68). In
reference to recombination, it is noteworthy that the DNA
segments most frequently involved in chromosome transloca-
tions are localized very close to each other in the interphase
nucleus (39). Furthermore, recent results from fluorescence in
situ hybridization experiments reveal that the immunoglobulin
(Ig) heavy chain gene locus exhibits a large-scale compaction in
apparent preparation for V-to-DJ rearrangement (30).

The �-globin gene locus has served as a paradigm for higher-
order chromatin structure and nuclear organization during the
course of sequential gene activation events. It is now appreci-
ated that the locus changes its nuclear subcompartmentation in
preparation for transcription, looping away from its chromo-
some territory in proerythroblast cells (55). It has also been
recently demonstrated by using the “chromosome conforma-
tion capture” (3C) technique (20) that the globin gene locus

control region (LCR) forms looped complexes with the distal
boundary elements and promoters of expressed globin genes
during erythroid development (45, 64; for reviews, see refer-
ences 19 and 21). Maintenance of these looped complexes
requires multiple interactions between cis elements in the LCR
and promoters (47). Another newly devised technique called
“RNA trap” has also shown close interactions between the
globin gene LCR and a transcribed globin gene (11). These
results have a significant impact on the mechanism of enhancer
action, which formerly could be viewed by several models,
which included tracking, linking, and looping (reviewed in ref-
erence 21). Thus, it appears that constrained diffusion of the
globin gene locus allows distal DNA segments to get together
through protein-protein interactions between transcription
factors. These looped complexes have been termed an “active
chromatin hub,” and it has been suggested that this active
chromatin hub would possess a high local concentration of
DNA binding sites and cause a local accumulation of cognate
transcription factors and chromatin remodeling complexes
(21). The 3C technique has also been recently employed to
demonstrate that the differentially methylated regions of the
imprinted Igf2 and H19 genes partition paternally and mater-
nally derived alleles into distinct chromatin loops (44) and that
the Th2 LCR localizes in close proximity with the Th2 cytokine
genes’ promoters in CD4� T cells and natural killer cells (63).

Here we have employed the 3C technique to assay for pro-
moter-enhancer, enhancer-enhancer, and enhancer-boundary
sequence interactions in another model system, the mouse Ig�
light chain gene locus. Like the �-globin locus or the Igf2/H19
imprinted loci, this Ig gene also exhibits cell-type and differ-
entiation-dependent nuclear reorganization events in prepara-
tion for transcriptional activation or gene silencing (9, 10, 30,
62). However, the mouse Ig� gene locus is close to the size of
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the Escherichia coli chromosome and constitutes a DNA length
of about 20% of the yeast genome or 0.1% of the mouse
genome (8). During B-cell development the Ig heavy chain
gene(s) rearranges first, by sequential D-J and then by V-(D)J
joining, leading to the pro- and pre-B-cell stages of develop-
ment, respectively (67). The Ig� locus is poised for rearrange-
ment in pre-B cells, and upon appropriate signaling, one of the
95 V genes is semirandomly selected for recombination to a J
region (8; for a review of recombination, see reference 25).
This recombination event results in transcriptional activation
because it positions a V gene carrying a promoter into a chro-
matin domain containing three powerful downstream enhanc-
ers: an intronic enhancer (Ei) within the transcription unit and
two enhancers downstream of the transcription termination
region, termed E3� and Ed (36, 43, 46, 52, 66). How these
enhancers cooperate during B-cell development is not fully
understood, particularly with respect to the newly discovered
Ed (36). Here we investigate their interactions between them-
selves and promoter or boundary sequences in terminally dif-
ferentiated plasmacytoma cells in which rearranged Ig� gene
transcription is maximally activated (59). We demonstrate that
in the active Ig� locus, the enhancers interact with themselves
and with promoters and boundary sequences, like the corre-
sponding elements in the �-globin gene locus. We further
demonstrate that such looping interactions occur between en-
hancers in normal, stimulated B lymphocytes. Interestingly,
these observed interactions are consistent with earlier results
demonstrating that these enhancers synergize together to max-
imally activate transcription in reporter gene constructs (6, 35,
36).

MATERIALS AND METHODS

Cell lines. MPC-11 cells were maintained in Dulbecco’s modified Eagle’s
medium supplemented with 20% donor horse serum at 37°C with 10% CO2.
P815 and S107 cell lines were cultured in RPMI 1640 containing 10% fetal
bovine serum and 50 �M �-mercaptoethanol at 37°C with 5% CO2.

Isolation of mature B and T cells. B and T cells were isolated from the spleens
of 8- to 12-week-old C57BL/6 mice. Single-cell suspensions, prepared as de-
scribed previously (17), were divided into two groups. For B-cell isolation by
negative selection, cells were incubated with an optimal concentration of biotin-
ylated anti-mouse CD43 and biotinylated anti-mouse CD11b (PharMingen) for
10 min on ice. For T-cell isolation by negative selection, cells were incubated with
an optimal antibody cocktail provided in the Pan T-cell isolation kit (Miltenyi
Biotec) for 10 min on ice. After washing with phosphate-buffered saline (PBS)-
0.5% bovine serum albumin, cells were incubated with streptavidin microbeads
for 30 min on ice. After the removal of unbound microbeads, the cells were
loaded into a MiniMACS separation unit. The unbound B cells were collected
and cultured in RPMI 1640 containing 10% fetal bovine serum, 50 �M mercap-
toethanol, 1 U of penicillin/ml, 100 �g of streptomycin/ml, and 40 �g of lipo-
polysaccharide/ml at 37°C with 5% CO2. Cells were collected after 48 h for 3C
experiments. The unbound T cells were collected immediately for 3C assays.

3C assay and controls. This procedure was performed according to the
method of Tolhuis et al. (64). Briefly, 107 cells were harvested and washed with
PBS. Formaldehyde was added to 2% to fix the cells for 10 min at room
temperature. One-twentieth volume of 2.5 M glycine was added to terminate
cross-linking. Cross-linked cells were washed with cold PBS and lysed with
ice-cold lysis buffer (10 mM Tris [pH 8.0], 10 mM NaCl, 0.2% NP-40, 1 mM
dithiothreitol) for 5 min. The nuclei were harvested and suspended in the ap-
propriate restriction enzyme buffer containing 0.3% sodium dodecyl sulfate
(SDS) and incubated at 37°C for 1 h while shaking. Triton X-100 was added to
1.8% to sequester the SDS, and samples were incubated at 37°C for another 1 h.
Samples were then digested with restriction enzyme (AseI, MfeI, or NspI) over-
night at 37°C. SDS was added to 1.6%, and the samples were heated at 65°C for
20 min to inactivate the restriction enzyme. The positions of cut sites, choices for
restriction enzymes, and PCR primer design all took advantage of the assembled

Ig� gene locus sequence by use of VectorNTI software (8). Samples were then
diluted with T4 DNA ligase buffer about 12 times to approximately 3 ng of
DNA/�l. Triton X-100 was added to 1%, and samples were incubated at 37°C for
1 h. T4 DNA ligase was added, and samples were incubated at 16°C for 4.5 h and
30 min at room temperature. Proteinase K was added to 200 �g/ml, and the
samples were incubated at 65°C overnight to reverse cross-linking. Samples were
treated with 10 �g of RNase/ml, and DNA was purified by phenol extraction and
precipitated with isopropanol. DNA concentration was measured with Picogreen
by fluorometry. Three-hundred-nanogram DNA samples were analyzed by 30
cycles of PCR (95°C at 30 s, 51°C at 30 s, and 72°C at 30 s) in 25-�l reaction
mixtures, except for the porphobilinogen deaminase control, which used 56°C for
the annealing temperature.

To create a standard for normalization of relative PCR efficiencies, yeast cells
containing a yeast artificial chromosome (YAC) that spans from V�19 to the
downstream region, including V�19-17, V�21-5, Ei, E3�, and Ed, were grown in
synthetic defined medium (26). Total DNA was purified from these yeast cells by
phenol extraction and isopropanol precipitation. The purified DNA was digested
with the corresponding restriction enzyme (AseI, MfeI, or NspI), followed by
ligation at high concentrations to allow intermolecular ligation, thus generating
equimolar mixtures of all possible ligation products. DNA was purified again as
described above. DNA concentrations were determined with Picogreen by flu-
orometry. Thirty-nanogram DNA samples were used as template in PCRs as
described above. To obtain a standard for the assay of potential interactions
between enhancers and the downstream border, the downstream fragment that
was not included in the YAC was amplified by PCR and cloned into the plasmid
pRS413. The plasmid DNA and yeast DNA were combined in an equimolar
fashion and processed as described above to generate all possible ligation prod-
ucts as a standard. To assay for potential interactions between enhancers and the
upstream border, total DNA purified from MPC-11 cells was used as a control
after digestion with restriction enzyme followed by ligation as described above.
After purification, 300-ng DNA samples were analyzed by 35 cycles of PCR as
described above. The primers used in this study are listed in Table 1.

For estimates of restriction enzyme cleavage efficiencies by genomic Southern
analyses, MPC-11 and P815 cells were treated as described above without liga-
tion. DNA was purified from the digested nuclei and analyzed as described
elsewhere (28). PhosphorImager signals were quantified by using ImageQuant
software. Probes for Ei (542 bp), E3� (665 bp), and Ed (610 bp) were generated
by PCR, cloned into the pGEM vector, excised by SacII and NotI cleavage, and
gel purified prior to labeling. The primers used to generate the PCR products for
cloning were Eif (5� GGT AAA GAA CTC TCA GTT TTC G 3�), Eir (5� AAG
TAA ATT GAG TCT GAC CC 3�), E3�f (5� CTA CTT AAT AGG AGA TTG
GAT G 3�), E3�r (5� CTG ATT ATT CCA AGT TGA GT 3�), Edf (5� CAG TTG
TCA TGG AAA GGC CT 3�), and Edr (ATC TAG CCT GTG CCC TGC AC
3�).

Southern analysis of 3C products. PCR products were resolved by electro-
phoresis in 3% NuSieve 3:1 agarose gels with 1� Tris-acetate-EDTA as the
running buffer. Gels were Southern transferred overnight in 0.4 N NaOH and
0.25 M NaCl to Zeta-Probe GT filters (Bio-Rad). Filters were prehybridized with
10� Denhardt’s solution, 6� SSC (1� SSC is 0.15 M NaCl plus 0.015 M sodium
citrate), and 1% SDS for 2 h at 42°C and hybridized with probes overnight with
6� SSC–1% SDS at the same temperature. The probes listed in Table 1 were end
labeled with [�-32P]ATP by use of T4 polynucleotide kinase at 37°C for 30 min.
Unincorporated isotope was removed with G-Sephadex 25 columns. Filters were
washed at room temperature two times with 6� SSC and two times with 2� SSC.
After being washed, filters were exposed to PhosphorImager screens overnight
and analyzed by phosphorimaging (Molecular Dynamics). Signals were quanti-
fied by using ImageQuant software (Molecular Dynamics).

Statistical analysis. Each 3C experiment was repeated three to five times.
Values are reported as means � standard deviations. A Student’s t test assuming
equal variance in two samples was conducted to determine the statistical signif-
icance of the differences between two samples.

Chromatin immunoprecipitation. Cells (108) were fixed with 1% formalde-
hyde at 37°C for 10 min, as reported elsewhere (23). Fixed cells were washed
three times with cold PBS buffer and resuspended in RSB buffer (10 mM Tris
[pH 8.0], 3 mM MgCl2) containing 10 mM sodium metasulfite as a proteinase
inhibitor for 10 min. The swollen cells were disrupted by Dounce homogeniza-
tion, and the nuclei were collected in Tris-EDTA buffer and sonicated 15 times
for 25 s with 90-s breaks between each sonication interval. The average DNA
lengths obtained by this treatment were about 500 bp. Chromatin immunopre-
cipitation (ChIP) assays were performed as described previously (58). Briefly,
immunoprecipitations were performed in NET buffer (50 mM Tris [pH 7.4], 150
mM NaCl, 5 mM EDTA, 0.5% NP-40). Sonicated nucleoprotein was incubated
with 6 �g of E47, 6 �g of p65NF-�B, or 10 �g of AP-4 antibody (Santa Cruz
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Biotechnology, Inc.) for 2 h at room temperature. Forty microliters of protein
A-Sepharose (for E47 or p65NF-�B) or protein G-Sepharose (for AP-4) (Am-
ersham Pharmacia Biotech) was added for an additional 2 h. Immunocomplexes
were washed five times with radioimmunoprecipitation assay buffer (50 mM
Tris-HCl, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, pH
8), two times in lithium buffer (10 mM Tris-HCl, 250 mM LiCl2, 0.5% NP-40,
0.5% sodium deoxycholate, 1 mM EDTA, pH 8), and three times in Tris-EDTA
buffer. The Sepharose immunocomplex slurries were incubated at 65°C overnight
to reverse cross-links and were then RNase treated, proteinase K treated, depro-
teinized, and precipitated as described elsewhere (23). Processed DNA frag-
ments were resuspended in 50 �l of distilled water. The concentration of DNA
was measured with Picogreen by using fluorometry. Serial threefold dilutions (9,
3, and 1 ng) of immunoprecipitated and input DNA fractions were analyzed by
25 cycles of PCR (94°C for 30 s, 51 or 56°C for 30 s, and 72°C for 30 s) in 25-�l
reaction mixtures. Primers are listed in Table 2. Negative control primer-1 was
used in all experiments except for the one whose results are described in Fig.
11B, which used negative control primer-2. PCR products (which ranged in size
from 100 to 200 bp) were subjected to electrophoresis by using 1.5% agarose gels.

Nuclear extract preparation and Western blotting. MPC-11 and S107 cells
were harvested, washed twice with cold PBS, resuspended in hypotonic buffer A
(20 mM HEPES-KOH [pH 7.8], 0.5 mM MgCl2, 1 mM dithiothreitol, 5 mM
KCl), and allowed to swell for 15 min on ice. The swollen cells were disrupted by
passing 10 times through 25-gauge needles. The intact nuclei were pelleted by
centrifugation, resuspended in buffer A containing 0.4 M NaCl, and extracted for
2 h at 4°C. Nuclear debris was pelleted, and the supernatant was used for
Western analysis. The protein concentration in nuclear extracts was determined
using a Bio-Rad protein assay kit. Fifteen micrograms of total protein was
resolved by electrophoresis on SDS-10% polyacrylamide gels and blotted onto a
nitrocellulose membrane by using standard techniques. After blocking, the mem-
brane was developed with p65NF-�B antibody (Santa Cruz Biotechnology, Inc.)
or with mouse anti-human actin monoclonal antibodies (Oncogene Research
Products). The antigen-antibody complexes were visualized by using enhanced
chemiluminescence Western blotting detection reagents (Amersham Pharmacia
Biotech).

RESULTS

Overall experimental approach. To examine long-range in-
teractions between cis-acting elements in the Ig� locus, we
have used the 3C technique, which was originally invented by
Dekker et al. (20) for the analysis of yeast chromosome III
structure. We employed the modifications to this procedure
introduced by Tolhuis et al. (64) for its use with animal cells
and established a standard, fixed set of conditions that are
highly reproducible in our hands. In addition, we have also
recently assembled the entire germ line mouse Ig� gene se-
quence (8), and we possess the entire locus cloned on a series
of YACs (26), making the design of PCR primers, the selection
of appropriate restriction enzymes, and the production of
DNA standards, which are requirements for executing 3C tech-
nology, readily amenable to us for the performance of this
research.

For the 3C technique (Fig. 1), briefly, cells are first treated
with formaldehyde to cross-link proteins to DNA and them-
selves, nuclei released by NP-40 treatment are harvested and

TABLE 1. 3C PCR primers and probes used in this study

Primer or probe Sequence(s)

Primers for 3C assays
MfeI digestion

1........................................5� CAA CCA GTA TTG AGA GAC TC 3�
2........................................5� TCA GAG GAC TGC CCA CTA TC 3�
3........................................5� CCA CAA GGA ATC CTG CAG 3�
4........................................5� TAG GTA TGT GTC CCA CTG TC 3�
5........................................5� ACA GGT GAA GAA GCA GAA CTG 3�
6........................................5� CTC TCC ACA GTC TCC ATC G 3�
7........................................5� ATC CTT AGG TAC ATA GAC AC 3�

NspI digestion
Porphobilinogen

deaminase ..................5� GTG GGT GGT GGA GGT AAG GT 3�, 5�
GGT GCA CTT GGT GAA AGA AGA G 3�

V�21-5 .............................5� ACA GAC ACA CTC CTG CTA TA 3�
8........................................5� TGA AAT GCA TCA CAC CAG C 3�
9........................................5� CGT CTT AGG CTT CTG AGA CC 3�
10......................................5� CAG TCC TTT CTA AGG TTC ACG 3�
11......................................5� CTA ATA GTC CCA TGC TCT CC 3�
12......................................5� TAT CCA TTC CTC TGT TGA GG 3�
13......................................5� CCC AAT GCT TTT GCA CAG TC 3�
14......................................5� GGA ATG AGG TTG TGT GTT GC 3�
15......................................5� CTA ACT TAG ACC AGG AGA CC 3�
16......................................5� TGC CAG TGA GTG TAG TGA CC 3�
17......................................5� TGT CAG CTT GCC AAG TAG AC 3�
18......................................5� CAA ACA AGA GAC CCT CTC TC 3�
19......................................5� CTA ACA AAC CAC ACT TCT GG 3�
20......................................5� TCT GCA TCG CAC ACT GTC C 3�
21......................................5� TCC TGG GTT GTG TCT GTG G 3�
22......................................5� ATA CCA ACA GCC GAG GGA G 3�
23......................................5� ATG TGG AGG CAC AGA CAG G 3�

AseI digestion
24......................................5� TCT GTT GAG ATG CCA ACT C 3�
25......................................5� GTT TCC ATC TTG CTA CCT C 3�
26......................................5� AAA GAA TAC AGC ATG TGA C 3�
27......................................5� CAA AAT TTG AGG TCA TTG GG 3�
28......................................5� GGA GTC TGC TGT CCT TAC AGG 3�

Probes for Southern blots
MfeI digestion

Ei......................................5� ACT GGA TAC AAC CAA AAT GTC CAC
CAA 3�

E3� ...................................5� ACA CAT TTA GCA ATG TAA CAG G 3�
Ed.....................................5� CAT AGC ACG GTA GAA TCA AGA GAG

CCT G 3�
NspI digestion

Ei......................................5� CCA TGG TAG GTT TGA GGA GGC ATA
CTT CC 3�

E3� ...................................5� TCA GTA TCC TTG AAG AGT TCT GAT
ATG GTC 3�

Ed.....................................5� CAC ACA CAC ACA CAC AAC TTC GAA
AAG ACA 3�

Ed for downstream
border ..........................5� AAC AGC TCC TAG GGA AGG ATC AAA

GGA AGG 3�
AseI digestion.....................5� GGC TGC TCA TAA TTC TAT TGT TTT

TCT TGG 3�

TABLE 2. ChIP PCR primers used in this study

Primer Sequence

Ig�Ei
Forward ......5� CAG AGG GGA CTT TCC GAG AGG CC 3�
Reverse .......5� ACC CTG GTC TAA TGG TTT GTA AC 3�

Ig�E3�
Forward ......5� ATA GCA ACT GTC ATA GCT ACC GT 3�
Reverse .......5� GCA GGT GTA TGA GGC TTT GGA AA 3�

Ig�Ed
Forward ......5� GGG ACA GAT CAC CAT TTC GTT AA 3�
Reverse .......5� CTT CAG GCC AGC TGG GCA GTG AG 3�

Negative
control-1

Forward ......5� CTA ATA GTC CCA TGC TCT CC 3�
Reverse .......5� TCC TTC CTT TGG TGG CTT C 3�

Negative
control-2

Forward ......5� GGG TAG TTT TCC CAA CGA ACA GT 3�
Reverse .......5� GGA TGG TTT TCT TAA AGA GTG TGA G 3�

V�19-17
promoter

Forward ......5� GAT GAC TCC TTT GCA TAG ATC CC 3�
Reverse .......5� TCA CCA GAC AAC CAG AGA AAC AC 3�

V�4-58
promoter

Forward ......5� TGA CAT CTG TGT TTG ACA ATT GG 3�
Reverse .......5� CTC CCA CAA TAA AGA ATC AAG AAT G 3�
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suspended in the appropriate restriction enzyme buffer con-
taining SDS to release proteins, and excess Triton X-100 is
added to sequester the SDS. Next, the cross-linked chromatin
DNA is digested exhaustively with a selected restriction en-
zyme, which is subsequently inactivated, and the material is
diluted with ligase buffer to subsequently achieve “intramolec-
ular” ligation reactions; only DNA fragments that are in close
proximity because they are held together by cross-linked pro-
teins are ligatable in this dilute solution. The resulting protein-
DNA cross-links are reversed, and DNA is purified, quanti-
tated, and subjected to semiquantitative PCR by use of a series
of primer pairs (Fig. 1). One primer in these pairs is always the
same (the anchor primer), and the others are complementary
to successive restriction fragments, walking 5� or 3� or both
directions in a locus. In the hypothetical example shown in Fig.
1, pairing primer a successively with primers b, c, d, and e
would only give a significant PCR amplified product in the a-e
case.

Biological systems for comparative 3C. To investigate the
higher-order chromatin structure within active and inactive Ig�
loci, we selected for study the mouse plasmacytoma cell line
MPC-11 as a model system for active Ig� loci. These cells
possess two uniquely rearranged and actively transcribed Ig�
alleles, designated �� and �f (Fig. 2) (13, 49, 60). For compar-
ison, we selected the mouse mastocytoma cell line, P815, in
which the locus is germ line and inactive, designated �° (57). In
these cells, the V�19 and V�21 genes that are rearranged in
MPC-11 cells reside 350 and 60 kb, respectively, upstream of
J�1 (Fig. 2) (8).

Controls for 3C. Several controls rule out potential artifacts
and establish the validity of the 3C technique in our hands.
First, the design of the PCR primer pairs is generally such that
they are all in the same orientation with respect to successive
restriction fragments. This strategy eliminates the possibly of
generating PCR products because of partial digestion and sub-
sequent ligation through circularization. Second, to generate a
standard that is both a positive control for establishing the
success of primer design and function, as well as for data
normalization to correct for the efficiency of the PCR ampli-
fication process between various experimental samples, we
have utilized DNA purified from yeast cells that harbor a YAC
carrying the Ig� sequences being studied that are in mouse
cells. This DNA is cut to completion with the restriction en-
zyme selected for 3C, and fragments are ligated together ran-
domly at a high DNA concentration to generate equimolar
amounts of all possible ligation products subject to assay.
Third, by genomic Southern analyses, we have determined that
restriction enzyme digestion goes to completion at efficiencies
ranging between 65 and 89% for AseI at sites within cross-
linked chromatin DNA that reside, for example, within or near
the transcriptional enhancers, in both the transcriptionally ac-
tive and inactive Ig� loci of MPC-11 and P815 cells, respec-
tively (Fig. 3A and B); this observation holds true for all other
restriction enzymes that we have employed in 3C at all sites
tested (data not shown), in agreement with previous reports
(45, 63, 64). It should be appreciated that chromatin proteins
are only partially cross-linked to DNA in 3C, and many have
been released by the SDS treatment prior to restriction enzyme
cleavage. Fourth, when we tested for the cross-linking effi-
ciency of the housekeeping gene which encodes porphobilino-
gen deaminase, which has been reported to exhibit minimal
transcriptional variability among different tissues (27), we ob-
tained similar 3C signals for adjacent fragments spaced about
0.5 kb apart from MPC-11 and P815 cells (Fig. 3C). Fifth, a
positive 3C PCR signal is totally dependent both on formalde-
hyde cross-linking and ligation (data not shown). Finally,
mouse naked DNA cut to completion and then religated to
generate all possible combinations of ligation products does
not give a detectable PCR signal with 3C primers with the
same number of PCR cycles that gives a robust signal with
3C-processed chromatin (data not shown).

FIG. 1. Schematic representation of the chromosome conforma-
tion capture technology. Chromatin from formaldehyde-fixed cells is
digested with a restriction enzyme and diluted for “intramolecular”
ligation, and the resulting purified DNA fragments are assayed for
specific ligation products by PCR amplification.

FIG. 2. Genomic organization of Ig� alleles in MPC-11 and P815
cells. Exons are indicated by closed rectangles, and cis-acting se-
quences are indicated by open rectangles. The arrows indicate the
direction of transcription. T represents the position of transcription
termination (66). This map is based on data from reference 8.
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Far-downstream enhancer, Ed, exhibits interactions with
other upstream cis-acting elements specifically in active Ig�
loci. We first investigated interactions in the locus between the
far-downstream enhancer, Ed, and restriction fragments that
possessed the upstream enhancer, E3�, or the further-upstream
intronic enhancer, Ei, together with the matrix association
region and rearranged V� genes in the case of MPC-11 cells.
Figure 4 shows 3C results after MfeI digestion, for which
primer 7 serves as the anchor primer and is successively paired
with the other upstream primers. To quantitate results, we first
performed PCR assays with one, two, or three times template
DNA concentrations, and after Southern blotting, the filter
was probed with a 32P-labeled DNA segment complementary
to common sequences adjacent to primer 7’s amplification
products (Fig. 4A). After phosphorimaging, we used Image-
Quant software to quantitate the signals. For this and all sub-
sequent 3C experiments reported here, we selected data in the
linear range of PCR amplification and divided each signal

derived from the same template concentration in mouse cells
by the signal derived from the YAC standard to correct for
differences in the efficiencies of the various PCRs. In addition,
to normalize for differences in ligation efficiencies and the
quality of templates between experiments and cell types, we
assumed that fragments immediately adjacent to the anchor
fragment would exhibit similar ligation efficiencies, indepen-
dent of cell type and gene activity, and we assigned these values
the value 1.0. This assumption has been proven to be true for
14 of 17 cases in the �-globin locus in 3C experiments (64);
furthermore, we have shown above that the cross-linking effi-
ciency is very similar for a housekeeping gene between
MPC-11 and P815 cells (Fig. 3C). Figure 4B summarizes the
normalized results for at least three independent experiments
and reveals statistically significant, B-cell-specific interactions
between Ed and E3� and V�MEi-bearing restriction frag-
ments.

E3� interacts with Ed, V�MEi, and a novel DNA segment
specifically in active Ig� loci. To validate the results described
above, we performed a 3C experiment using an anchor primer
complementary to E3�, and we paired it successively with up-
stream and downstream primers (Fig. 5A). As expected, we
confirmed the detected interactions described above between
E3� and Ed, and we also detected interactions between E3� and
V�MEi in MPC-11 cells. In addition, this assay reveals another
interaction between E3� and a chromatin segment immediately
upstream of Ed residing on restriction fragment 6 (Fig. 5A).
Interestingly, this fragment contains E boxes and a �B site and
is conserved in the human genome just like Ed (36; data not
shown). This interaction would not have been detected using
Ed as an anchor. This result was verified by using a primer as
an anchor that is complementary to MfeI fragment 6. We now

FIG. 3. Control 3C experiments. (A) Schematic representation of a
segment of the Ig� locus. Short vertical lines indicate AseI cutting sites
selected for the determination of the efficiencies of restriction enzyme
digestion. Probes are shown below as horizontal lines. (B) Genomic
Southern analysis of 15-�g purified DNA samples per lane, from
digested naked DNA or digested cross-linked chromatin from P815
and MPC-11 cells as indicated. Arrowheads indicate the positions of
completely digested fragments, which are 2.1, 7.1, and 5.5 kb for Ei,
E3�, and Ed, respectively. Asterisks indicate the positions of partly
digested fragments. For Ei, the partly digested fragment lengths are 2.4
and 3.1 kb. For E3�, the partly digested fragment length is 12.6 kb. For
Ed, the partly digested fragment lengths are 8.8 and 12.6 kb. The
digestion efficiencies of the enhancer bearing fragments were esti-
mated by determining the fractional signal intensities obtained from
the cross-linked chromatin samples relative to the naked DNA sample
for the completely digested fragments and are shown at the bottom.
(C) PCR-amplified 3C ligation products of the housekeeping gene
which encodes porphobilinogen deaminase, after digestion with NspI,
from MPC-11 and P815 cells, using 100, 200, and 300 ng of template
DNA.

FIG. 4. Plasmacytoma-cell-specific looping interactions between
Ed, E3�, and V�MEi. (A) PCR-amplified ligation products. Primer 7
was used as an anchor and paired with all the other upstream primers.
YAC std, YAC standard. (B) PCR signal quantification. The vertical
lines show the cutting sites of MfeI, and the arrows indicate the prim-
ers used in PCRs. Standard deviations of the means are indicated.
Significant differences are in comparison to P815. The most 5� MfeI cut
sites are not shown and differ for ��, �f, and �° alleles, generating
restriction fragments that are 7.8, 6.7, and 18.3 kb long, respectively,
each with the same 3� end complementary to primer 1. Those derived
from MPC-11 cells possess the entire V�19-17 and V�21-5 V genes,
along with their upstream regulatory sequences. For simplicity the map
at the top of panel B shows only the �f allele of MPC-11 cells.
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detect interactions between this new segment and E3� and
V�MEi, as shown in Fig. 5B. We conclude that the data thus
far generated by 3C are internally consistent and highly repro-
ducible. Hence, it appears that 3C can also serve as a discovery
tool for potentially new cis-acting elements.

Chromatin segments within the transcription unit exhibit
interactions throughout regions downstream of the tran-
scription termination region specifically in active Ig� loci.
We also assayed for interactions between sequences residing
in the transcription unit and other downstream chromatin
segments residing on MfeI digestion products as done be-
fore but now using as an anchor a primer complementary to
the MEi bearing restriction fragments and pairing it succes-

sively with downstream primers. In this case, we observed
statistically significant, B-cell-specific interactions between
V�MEi and every other downstream chromatin segment
beyond the transcription termination region (Fig. 6A) (66).
These interactions would not have been detectable using
either Ed or E3� as the anchor. This result was verified by
using a primer as an anchor that is complementary to MfeI
fragment 4 that was shown previously not to interact with Ed
(Fig. 4) but was shown to interact with the V�MEi segments
(Fig. 6A). Figure 6B shows that no significant interactions
occur between this chromatin segment and Ed as expected
but significant B-cell-specific interactions do occur between
this fragment and V�MEi segments. We again conclude that

FIG. 5. Plasmacytoma-cell-specific looping interactions between E3� and Ed, V�MEi, and a novel DNA segment, presented as described in the
legend to Fig. 4. Significant differences are in comparison to P815. Quantification of PCR signals with primers 3 (A) and 6 (B) as anchors.

FIG. 6. Plasmacytoma-cell-specific looping interactions between the transcription unit(s) and every other chromatin fragment downstream of
the transcription termination region, presented as described in the legend to Fig. 4. Significant differences are in comparison to P815. (A) Quan-
tification of PCR signals with primers 1 (A) and 4 (B) as anchors.
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the data generated by 3C are internally consistent and highly
reproducible.

Ed exhibits interactions with transcriptionally active, rear-
ranged V�19-17 and V�21-5 genes, MEi, and E3� in active Ig�
loci. To evaluate Ed’s potential interaction with the V�19-17
gene that is rearranged to J�2 on the �� allele in MPC-11 cells
(Fig. 2) (13, 49, 60), we performed 3C again but used another
restriction enzyme, NspI, to achieve higher resolution and
cleavage at two positions between the promoter-bearing frag-
ment and MEi. Figure 7 also shows that statistically significant,
B-cell-specific interactions exist between Ed and E3�, and it
now establishes separate interactions between Ed and both
MEi and the V�19-17 gene. Although this V� gene is far
removed from the locus in the germ line alleles of P815 cells,
we can extrapolate the baseline cross-linking frequency ex-

pected for an adjacent fragment for purposes of a statistical
estimate, which predicts a significant interaction between
V�19-17 and Ed. In addition, we also assayed for Ed’s inter-
actions with the aberrantly rearranged V�21-5 gene on the �f

allele in MPC-11 cells (Fig. 2) (13, 49, 60), and likewise found
an estimated statistically significant interaction between this V
gene and Ed (data not shown).

Ei per se exhibits interactions with the downstream enhanc-
ers specifically in active Ig� loci. We performed 3C again but
used another restriction enzyme, AseI, in an attempt to
achieve higher resolution and cleavage of the MEi-bearing
fragment between the MAR and enhancer. The results shown
in Fig. 8 reveal statistically significant, B-cell-specific interac-
tions between Ei per se and the downstream enhancers very
similar to the results shown in Fig. 6, with the important ex-
ception that significant interactions are not revealed between
Ei and a fragment residing between Ei and E3�. From this
result, we can conclude that the continuum of interactions
observed between V�MEi and downstream sequences re-
vealed by the results shown in Fig. 6 must be due to sequences
upstream of Ei.

Mutual interactions between Ig� gene cis elements also oc-
cur in normal stimulated B lymphocytes but not in T cells. The
results obtained this far utilized comparisons in 3C results
between transformed cell lines. In order to extend the ob-
served B-cell-specific interactions between cis elements to nor-
mal cells, we employed negative immunoselection to isolate
splenic B and T cells for 3C analysis after MfeI digestion. To
stimulate transcription of Ig genes in the resting lymphocytes,
the B cells were cultured for 48 h with lipopolysaccharide prior
to analysis. As shown in Fig. 9, using Ed as an anchor reveals
statistically significant interactions between Ed, E3�, and DNA
fragments that bear MEi along with presumed multiple rear-
ranged V� genes. No significant interactions between Ed and
these elements were observed in the T-cell control. It is note-
worthy that these results closely resemble those obtained with
transformed cells as shown in Fig. 4. We conclude that mutual

FIG. 7. Plasmacytoma-cell-specific looping interactions between
Ed and the other two enhancers and the promoter. A different restric-
tion enzyme, NspI, was used in this experiment. Quantification of PCR
signals with primer 17 as an anchor. The vertical lines indicate the NspI
cutting sites that were selected for analysis of the looping interactions.
Nineteen fragments were obtained in the region from the promoter to
Ed after digestion with NspI. We chose to study the looping interac-
tions within the fragments indicated by the vertical lines corresponding
to the promoter of the V�19 gene, the three enhancers, the adjacent
fragments (so that we could normalize the ligation efficiency between
different experiments), and one or two fragments between the enhanc-
ers. Sequences complementary to primer 8 are far upstream of MEi
(	300 kb) on the �f and �° alleles of MPC-11 and P815 cells, and
sequences complementary to primer 9 are similarly far upstream of
MEi (	300 kb) on the �f allele of MPC-11 cells (Fig. 2) (8). Here, the
anchor primer and the adjacent primer are pointing towards the other
primers instead of having all the primers pointing in the same direc-
tion. This configuration, however, does not influence cross-linking
frequency estimates because restriction digestion goes to near com-
pletion, and those trace products from uncut DNA are much longer
than the 3C product and are not seen on gels whatsoever after PCR
amplification. We designed our 3C primer pairs to yield products
generally between 100 and 250 bp in length, whereas the sizes of the
PCR products resulting from primer 17 paired with primers 15 and 14
in uncut DNA would be 0.7 and 3 kb, respectively. These and longer
bands are not observed in our experiments. In addition, the primers
are in vast molar excess and are not depleted upon the completion of
the PCR cycles. Thus, cross-linking frequencies are not being under-
estimated because of primer competition for PCR products.

FIG. 8. Plasmacytoma-cell-specific looping interactions between Ei
and the other two enhancers. The quantification of PCR signals with
primer 24 as the anchor is shown. The vertical lines indicate the AseI
cutting sites that were selected for analysis of the looping interactions.
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interactions between these enhancers and presumptive V�
gene promoters is a general phenomenon and not peculiar to
transformed cells.

Jumping 5� and walking 3� to determine if MAR/enhancers
interact with sequences at locus boundaries. The LCR of the
�-globin locus has been shown by 3C to interact with the 5� and
3� distal boundary elements, even before its transcriptional
activation in erythroid cells (45, 64; for reviews, see references
19 and 21). This observation raises the question as to whether
one or more of the enhancers in the Ig� locus might mediate
related interactions. The most upstream V gene is 24 kb down-
stream of the 5� housekeeping gene, Tacstd2, while the most
distal downstream enhancer, Ed, is also about 24 kb upstream
of the 3� housekeeping gene, Rpia (8). Although we have not
investigated the sequences within these regions to determine
whether they might have insulator activity, we have used the
3C assay with NspI digestion to determine whether MEi, E3�,
or Ed exhibits any interactions with sequences at the locus
boundaries. The results shown in Fig. 10A and B reveal that
both MEi and E3� exhibit B-cell-specific interactions with se-
quences immediately adjacent to the Rpia gene at the 3� end of
the Ig� locus. Interestingly, Ed does not exhibit interactions
with these 3� sequences (Fig. 10C). In addition, we found no
evidence for interaction of any of these enhancers with the 5�
border of the locus 3.2 Mb away (data not shown).

Candidate proteins involved in interactions between Ig�
locus cis elements. The Ig� gene cis elements for which we
have identified mutual interactions have well-established bind-
ing sites for numerous transcription factors (2, 12, 34–37, 51,
56, 61). In particular, each of the three different Ig� gene
enhancers possess �B sites and E boxes, which bind NF-�B and
E2A transcription factors (34, 36, 51; see below). In the cases
studied, mutational analysis of these sites severely hampers
expression in reporter gene constructs (34, 36, 51). In addition,
both of these transcription factors are essential for B-cell de-
velopment (4, 24, 54). Taken together with the hypothesis that

proteins that may be recruited by NF-�B and/or E2A might
exhibit mutual bridging interactions between these transcrip-
tion factors on different cis elements, we decided to first assay
for the presence of NF-�B and E2A on the Ig� gene enhancers
and the V�19-17 gene by performing ChIP experiments.

This approach revealed that Ei, E3�, and Ed sequences were
enriched relative to those of the input fractions, approximately

FIG. 9. B-lymphocyte-specific interactions between Ed and E3�
and V�MEi, presented as described in the legend to Fig. 4. Quantifi-
cation of PCR signals with primer 7 as an anchor is shown. Significant
differences are in comparison to P815. The vertical lines indicate the
MfeI cutting sites.

FIG. 10. Plasmacytoma-cell-specific looping interactions between
the enhancers, Ei and E3�, and a downstream boundary. Quantifica-
tion of PCR signals with primers 10 (A), 13 (B), and 19 (C). We chose
to study the looping interactions between the NspI fragments indicated
by the vertical lines.
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twofold, twofold, and threefold, respectively, after cross-linked
chromatin fragments of MPC-11 cells were immunoprecipi-
tated with an antibody against p65NF-�B (Fig. 11A). ChIP
experiments with the same material and using antibodies
against the E2A transcription factor subtype, E47, revealed
that Ei, E3�, and Ed sequences were enriched relative to those
of the input fractions, approximately threefold, eightfold, and
sevenfold, respectively (Fig. 11A). A negative control Ig� gene
sequence that lacks both �B sites and E boxes showed no
enrichment in these assays, as expected (Fig. 11A). Interest-
ingly, even though the V�19-17 promoter has E boxes, it also
failed to be enriched in such samples (Fig. 11A). However, this
promoter region was enriched severalfold relative to the input
after immunoprecipitation with an antibody against AP-4, an-
other transcription factor known to bind to E boxes in V� gene
promoters (2), whereas the negative control sequence again
showed no enrichment (Fig. 11B). In conclusion, this approach
revealed that p65NF-�B, E47, and AP-4 are potential candi-
dates for initiating and/or maintaining protein-protein contacts
between cis elements in this locus.

NF-�B is not responsible for maintenance of interactions
between cis elements in mouse plasmacytoma cell line S107.
To evaluate the importance of NF-�B in mediating interac-
tions between various Ig� cis-acting elements in transcription-
ally active loci, we employed another mouse plasmacytoma cell
line, S107. Like MPC-11 cells, S107 cells possess two uniquely
rearranged and actively transcribed Ig� alleles (31, 32). How-
ever, S107 cells are deficient in NF-�B, based on gel mobility
shift assays and responsiveness of reporter genes carrying �B
sites to induction (3). We have confirmed that this cell line
lacks p65NF-�B by Western blotting (Fig. 12A). Furthermore,
ChIP experiments reveal that neither enhancer is enriched
over those of the input fractions after chromatin fragments
were immunoprecipitated with an antibody against p65NF-�B
(Fig. 12B). By contrast, ChIP revealed that Ei, E3�, and Ed
sequences were enriched relative to those of the input frac-
tions, approximately 2-, 12-, and 10-fold, respectively, after
chromatin fragments were immunoprecipitated with an anti-

body against E47 from S107 cells, whereas the negative control
sequence again showed no enrichment (Fig. 12B). The results
of 3C experiments with S107 cells after employing NspI diges-
tion with primer 17 as an anchor reveal that looping interac-

FIG. 11. Occupancy of p65NF-�B, E47, and AP-4 transcription
factors on Ig� gene enhancer and promoter sequences of MPC-11
cells. Semiquantitative PCRs were performed by using 1, 3, and 9 ng of
DNA templates with the indicated input, bound, and preimmune con-
trol fractions. (A) ChIP with antibodies against p65NF-�B, E47, and a
preimmune control. (B) ChIP with antibodies against AP-4 transcrip-
tion factor and a preimmune control.

FIG. 12. S107 plasmacytoma cells, which lack NF-�B, still exhibit
prominent interactions between Ig� gene cis-acting sequences.
(A) Western blot of nuclear protein extracts from MPC-11 and S107
cells showing the absence of p65NF-�B in S107 samples but not
MPC-11 samples. Probing the same blot with anti-actin antibodies
serves as a loading and protein integrity control. (B) Semiquantitative
PCRs were performed by using 1, 3, and 9 ng of DNA templates with
the indicated input, bound, and preimmune control fractions with
antibodies against p65NF-�B or E47 transcription factors as indicated.
(C) Comparison of S107 and MPC-11 plasmacytoma-cell-specific loop-
ing interactions between Ed and the other two enhancers. Also assayed
for were interactions between the V�4-58 gene promoter, which is
rearranged to J�4 in S107 cells (8, 31, 32), and Ed. Quantification of
PCR signals with primer 17 as an anchor is shown. The vertical lines
indicate the NspI cutting sites that were selected for analysis of the
looping interactions. Data from MPC-11 is taken from Fig. 7, and the
asterisks specifically indicate what interactions are statistically signifi-
cant for a comparison between S107 and P815 cells from Fig. 7 data. It
should be noted that NspI fragment 9 does not include the V�19-17
promoter from MPC-11 cells, which is on the next upstream restriction
fragment (see Fig. 7).
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tions between the Ig� gene enhancers and an active V�4-58
rearranged gene promoter are as prominent as those seen in
MPC-11 cells (Fig. 12C). We conclude that NF-�B is not re-
sponsible for the maintenance of interactions between the Ig�
gene enhancers and promoters in S107 cells.

DISCUSSION

Similarities and differences between active Ig� and �-globin
loci. Like the active �-globin locus, the active Ig� locus exhibits
mutual interactions between its enhancers and genes (45, 64).
However, the physical organization of these two loci are quite
different, as well as the degree of resolution between our stud-
ies. The Ig� locus possesses an enhancer and MAR within its
transcription unit, and the other enhancers reside downstream
of the transcription termination region (16, 66). In the �-globin
locus, the enhancers within the LCR reside in the far-upstream
region. The �-globin locus LCR spans more than 22 kb of
DNA, approximately the same distance spanned by the three
Ig� gene enhancers. Hence, the Ig� gene enhancers together
may also constitute an LCR, but it is partially embedded in the
transcription unit. In our study, we have separately assayed for
interactions between each enhancer, while in the �-globin
studies, several enhancers within the LCR were studied to-
gether because they resided on the same restriction fragments.
Furthermore, we have achieved a higher resolution at the level
of the transcription unit itself, and we have been able to study
promoter regions separately from other segments of the tran-
scription unit. Our results also fit a looping mechanism for
enhancer function but further suggest a dynamic spatial orga-
nization for the active transcription unit as discussed below.

Our analysis uncovered a continuum of interactions between
the region upstream of Ei in the active transcription unit and
downstream chromatin segments extending beyond the known
transcription termination site (66). This result may reflect a
mixture of stable interactions in different cells or a series of
dynamic reversible interactions constantly occurring due to the
mobility of the chromatin fiber during the process of transcrip-
tion. We favor the latter possibility because of the heavy tran-
scription of the Ig� genes in MPC-11 cells, with RNA poly-
merase II molecules estimated to be every 260 bp, on average,
along the transcription units (59). Transcription sites are be-
lieved to be fixed in the nucleus, with the chromatin being
reeled through (18). Perhaps the observed continuum of inter-
actions of the upstream region of the transcription unit with
downstream segments is related to these predicted dynamic
movements of the chromatin fiber during transcription and
RNA processing events.

The interactions detected by the 3C technique need not all
be occurring in the same cells or even on the same allele. They
obviously reflect an average of the cell population as a whole.
In particular, we have found interactions between Ed and E3�
and Ei, yet when E3� and Ei interact with the 3� border of the
locus, they do not interact with Ed. Separate interactions such
as this were not observed in the �-globin LCR’s interactions
with its 3� boundary, but not all interactions between its hy-
persensitive sites were assayed for. We hypothesize that the
interactions detected between Ig� gene cis elements in our
study are in dynamic flux in vivo, based on the known general
mobility of chromatin fibers and the dynamic nature of tran-

scription factor association with chromatin in living cells (1, 41,
50). It should also be pointed out that sequences that may be
appear to be in a specific regulatory complex through 3C re-
sults could be brought there indirectly by adjacent interacting
sequences, by a “piggyback” effect. For example, we observed
that the sequence immediately upstream of Ed apparently in-
teracts with E3� and V�MEi. However, because Ed interacts
with E3� and V�MEi, this sequence immediately adjacent to
Ed would be nearby and perhaps easily cross-linkable. For this
reason, we believe that definitive results for demonstrating an
interaction in 3C require that the two interacting sequences be
separated by a least one, and preferably more than one, non-
interacting restriction fragment. Clearly, this stricture is a lim-
itation in the resolution of the 3C technique for studying in-
teractions between relatively closely spaced cis elements.
Another thought along these lines is that the observed inter-
actions between V�19-17 and MEi and Ed, for example, hy-
pothetically could reflect direct interactions between V�19-17
and MEi and direct interactions between MEi and Ed but only
piggyback interactions between V�19-17 and Ed.

Interestingly, like the insulators at the 5� and 3� boundaries
of the �-globin locus and the differentially methylated domains
of the Igf2/H19 loci (44, 64), the 3� boundary in the Ig� locus
that interacts with MEi and E3�, we have found, possesses
candidate CTCF binding sites (unpublished results). In these
other gene systems, interactions between these insulators cre-
ate chromatin loops that organize within them all essential cis
elements for proper expression (44, 64). What is puzzling,
however, is the observed interactions between the �-globin
LCR and its insulators and our observations of MEi and E3�
interacting with 3� boundary sequences. Clearly, the func-
tion(s) of these enhancer-insulator interactions remains to be
elucidated.

The magnitudes of the statistically significant differences in
cross-linking efficiencies between cis elements in active and
inactive Ig� loci that we have observed are generally two- to
sevenfold. Control experiments demonstrate that these differ-
ences are not a result of differential extents of restriction en-
zyme cleavage. Larger differences in cross-linking efficiencies
between cis elements in active and inactive �-globin loci have
been reported (64). However, we attribute this difference to
the fact that we are looking at interactions between sequences
that are quite close together as opposed to those being sepa-
rated by 20 to 180 kb, as in the case of the �-globin locus (64).
In addition, we have observed that the ligation efficiencies
quantitatively differ for restriction fragments generated by dif-
ferent enzymes, even though the same cis elements may reside
on the fragments being studied (e.g., compare results between
Fig. 4 and 7; however, in Fig. 4, MEi was together with either
V�21-5 or V�19-17 on the same fragments, unlike in Fig. 7).
Nevertheless, the 3C results between these experiments are
qualitatively similar. We attribute these observations to differ-
ences in the steric configurations of the ends of restriction
fragments, depending on the positions of the cutting sites,
which may be more or less accessible to ligation reactions due
to higher-order chromatin structures. Clearly, such steric con-
siderations are an inherent aspect of the 3C technique for any
locus under study in varied biological systems.

Proteins that may be involved in initiating and/or maintain-
ing contacts between cis-acting sequences in the active Ig�
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locus. The proteins involved in bridging interactions between
the Ig� gene enhancers and promoters are not known, al-
though these cis elements have well-established binding sites
for numerous transcription factors (2, 12, 34–37, 51, 56, 61).
ChIP experiments revealed that the E2A transcription factor
subtype, E47, occupied Ei, E3�, and Ed, while AP-4 was bound
to the V�19-17 gene’s promoter in the active Ig� loci in
MPC-11 cells. Interestingly, both these proteins’ cognate rec-
ognition sequences are E boxes, yet they are nonrandomly
targeted to selective sites by mechanisms that remain to be
elucidated. p65NF-�B was also found to be associated with E3�
and Ed in these cells. However, the results of 3C experiments
with the NF-�B-deficient plasmacytoma, S107 (3), rule out the
importance of this factor in the maintenance of interactions
between Ig� enhancers and promoters. Interestingly, every in-
teracting cis element that we have identified, except the 3�
boundary, possesses E boxes, which bind E2A and AP-4 tran-
scription factors. E2A proteins have been strongly implicated
in participating in B-cell development and chromatin accessi-
bility (4, 54). These proteins recruit histone acetylases and
chromatin remodeling complexes to their E-box binding sites
(7, 22, 42, 53) and as such would be predicted to generate
localized high concentrations of coactivators that may bridge
contacts between distal cis-acting elements through protein-
protein associations.
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