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ABSTRACT We report here that the major ad-binding
complx in murine mature B cells is composed of a p50-Rd
heterodimer, whereas the major inducible form in pre-B cells is
a p50-65 heterodimer. Treatment of a pre-B-cell line with
ioopolysaccharide changes the subunit composition of #cB-
bin complexes from p50-p65 to p50-Rel. This change is
preceded by theenhc Rdexp and correlates with the
pesson of the gene for the Immunoglobin it light chain. The

hetimeric p50-Rd complex binds to the intronic enhanc-
er-MB site in the Immunglobulin K lght chain gene at least
20-fold more stably than does the p50-p65 dimer. These data
supmpt amodel in which augmentatio ofRel expression during
the dfferent of pre-B cells to mature B cells leads to an
exhange of ucB-binding bunits reling in the triptonal
activation of the gene for the lmmunoglobulin KPgt chain.

The expression ofthe immunoglobulin K light chain (IgK) gene
is restricted to the B-cell lineage, specifically to mature B cells
and plasma cells (1). One of the transcription factors that
regulates IgK gene is nuclear factor KB (NF-#cB), which binds
to the decameric enhancer element, GGGACTTTCC (KB
site), located in the K intronic enhancer (2). Original studies
identified NF-KB as a tissue-specific factor present only in
mature B cells; however, subsequent studies revealed the
presence of inactive NF-KB complexes in the cytoplasm of
many cell types (3). NF-KB is sequestered in the cytoplasm by
an inhibitor protein IKB (4) by a direct protein-protein inter-
action through its ankyrin repeat motifs (5-7). Genes encoding
KB-binding proteins form a family ofrelated genes that include
NFKBI (pSO/p105), NFKB2 (p52/plOO), v-rel, c-rel, relA
(p65), relAA (p654), and relB (8-21). Accumulated data argue
(22) for the presence of multiple KB-binding complexes in vivo
composed of various members of this protein family.
Although the KB-binding complex in mature B cells is

generally referred to as a heterodimer of p5O and p65 (8-13),
the exact subunit composition has not been determined. Since
the expression of Rel, one of the members of the Rel/NF-icB
family, has been shown to be augmented in this cell type (15,
23), it may constitute a subunit of KB-binding complexes in
these cell types. Furthermore, the Rel-containing complexes
may be stage-specific in mature B cells. To examine this
possibility, we have characterized the presence ofRel proteins
in the KB-binding complexes in mature murine B-cell lines and
sought its functional significance in this cell type.

MATERIALS AND METHODS
Cell Culture and Antisera. The murine pre-B cell lines

(70Z/3, RAW253, and ABE8.1/2) and B-cell lines
(WEHI231, WEH1279, and CH33) were cultured in RPMI
medium 1640 (GIBCO) supplemented with 10%6 (vol/vol)
heat-inactivated fetal bovine serum, 50 pM 2-mercaptoeth-
anol, 1250 units of penicillin G, and streptomycin sulfate (0.5

mg/ml). Rel antiserum 5075 has been described (24). Anti-p65
serum was raised against N-terminal 19-aa peptide (MDDLF-
PLIFPSEPAQASGP). Anti-p50 sera were raised against a
glutathione S-transferase-p50 fusion protein, whose gene is
constructed by cloning murine NFKBI-p5O (Apa I digested,
Klenow fragment filled-in, EcoRI linker added, and finally
the 1.4-kb EcoRI fragment cont N-terminal Rel homol-
ogy domain generated) into EcoRI site of pGEX-2TK (a gift
from W. Kaelin, Dana-Farber Cancer Institute and Harvard
University Medical School).
Metabo Laeling and Imnun etation. Approxi-

mately 107 cells were incubated with methionine/cysteine-
free Dulbecco's modified Eagle's medium (1 ml) containing
10% dialyzed fetal bovine serum, 50 pM 2-mercaptoethanol,
nonessential amino acids (GIBCO), and 2 mM glutamine.
[35S]Methionine/cysteine was added at 1 mCi/ml (1 Ci = 37
GBq) and further incubated for 2 h. After rinsing with
phosphate-buffered saline, the cells were lysed in IP buffer
(20 mM Tris HCl, pH 7.5/100 mM NaCl/1 mM EDTA/0.2%
Nonidet P-40/0.2% deoxycholate). SDS was added to 0.5%
and the cell lysates were then boiled for 5 mnm and diluted 1:5
with the IP buffer. After preclearing with protein A-Sepha-
rose (Pharmacia), affinity-purified Rel antiserum and protein
A-Sepharose were added and further incubated for 4 h. The
Sepharose beads were rinsed five times with the IP buffer,
and the Rel proteins bound to the Sepharose were released by
boiling in SDS sample buffer and resolved by SDS/PAGE.
Eectropoetic Mobfllt Shift Assay (EMSAs). Approxi-

mately 2 x 108 cells were used to prepare cellular extracts from
70Z/3 and WEHI231 cells (24, 25). The protein concentration
of extracts was =5 mg/ml. EMSAs were performed as de-
scribed (24). Briefly, 5 ug of cytoplasmic or nuclear extract
was incubated with 1 pg ofpoly(dI-dC) (Pharmacia) for 20 min
on ice and 32P-labeled double-stranded oligonucleotides con-
taining the KB site from the IgK gene (5'-TCAACAGAGiG.Q
(ACaIICCGAGAGGCC-3') or a palindromic human inter-
leukin 2 receptor a KB site (5'-CAACGGCAGGCG.AXAL-
CCCTCTCCTT-3'; ref. 26) were added. The mutated KB
oligonucleotides used for competition were 5'-TCAACA-
GAGCI£ACTTTAIGAGAGGCC-3' and 5'-CAACGGCA-
GAICAATCICCCTCTCCTT-3' for IgK and interleukin 2
receptor a KB site, respectively. Production of bacterially
expressed murine Rel and truncated Rel466 has been de-
scribed (24).

UV-Crosslinking. Crosslinking was done as in ref. 26 with
minor modifications. Briefly, the palindromic KB probe (0.5
pg) was annealed to 0.2 pg of complementary 10-mer (5'-
AAGGAGAGGG-3') and filled-in with the Klenow fragment
of DNA polymerase I in 10 mM Tris-HCl, pH 7.4/6 mM
MgCl2/50 mM NaCl/6 mM 2-mercaptoethanol/gelatin (0.2
mg/ml)/50 PM BrdUTP/5 PM dATP/5 pM dGlP/5 pM
dCTP/250 XCi of [a-32P]dATP/250 pCi of [a-32P]dGTP/250
pCi of [a-32P]dCTP. The binding reaction was done with 50

Abbreviations: IgK, immunoglobulin K light chain; NF-,cB, nuclear
factor KB; EMSA, electrophoretic mobility shift assay; LPS, lipo-
polysaccharide.
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,ug of extract and BrdUrd-substituted probe (106 cpm). The
reaction mixture was transferred to a round-bottom 1.5-ml
tube (Nunc), covered with plastic wrap, and irradiated from
a distance of 5 cm with a UV transilluminator (Photodyne,
New Berlin, WI) with the analytical setting for 1 h at room
temperature. The resulting DNA-protein adducts were re-
solved by SDS/PAGE. Northern blot analysis was carried
out as described (26). The probes were murine rel (1.8-kb
BamHI-Dra I fragment) and murine IgK gene (0.5-kb Bgl II
fragment of the pK construct).

RESULTS
Major #&-Binding Complexes in 70Z/3 and WEHI231 Cells

Are pSO-p65 and pSO-Rel, Respectively. We explored the
possibility that Rel is a component of KB-binding complexes
in mature B cells, as at least 10-fold more Rel was expressed
in mature B cells (Fig. 1, lanes 5-7) compared to pre-B cells
(lanes 1-3). 70Z/3 and WEHI231 cells, a pre-B-cell line and
a mature B-cell line, respectively, were initially studied in
detail to determine the subunit composition of KB-binding
complexes by EMSA (Fig. 2A). Cytoplasmic (Fig. 2A, lane
1) and nuclear (lane 5) extracts from unstimulated 70Z/3 cells
showed a very low level of DNA binding activity. The three
resulting complexes were termed C1, C2, and C3. When the
cells were treated with lipopolysaccharide (LPS) for 2 h, a
marked increase in C2 binding activity was observed (lane 7).
Treatment of the cytoplasmic extract from unstimulated
70Z/3 cells with detergents, deoxycholate and Nonidet P-40,
resulted in the increased activity of the inactive C2 complex
(lane 2). In contrast, the constitutive KB-binding activity was
observed in the cytoplasmic (lane 10) and nuclear (lane 13)
extracts of WEHI231 cells in the absence of LPS stimulation.
The specificity of the complexes was shown by competition
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FIG. 1. Augmented expression of Rel proteins in mature murine
B cells. Pre-B- (lanes 1-4) and mature B- (lanes 5-8) cell lines were
metabolically labeled with [35S]methionine/cysteine and immuno-
precipitated with Rel-specific antiserum 5075 (24). The specificity of
immunoprecipitation was shown by competition with excess epitope
peptide (pep) (lanes 4 and 8 for 70Z/3 and WEHI231 cells, respec-
tively). The molecular mass markers are shown in kDa. Arrowhead,
position of Rel proteins.

with a 50-fold excess of unlabeled wild-type (lanes 3, 8, 11,
and 14) and mutant (lanes 4, 9, 12, and 15) oligonucleotides.
To delineate the subunit composition of each of the KB-

binding complexes identified by EMSA in pre-B and B cells,
UV-crosslinking of DNA-protein complexes was performed
(26, 28). The crosslinked KB DNA-protein adducts were
immunoprecipitated with antisera specific to Rel, p65, or p50.
As seen in Fig. 2B, the 80-, 70-, and 55-kDa proteins seen in
70Z/3 cells and the 80- and 55-kDa proteins in WEHI231 cells
are Rel (lanes 2 and 9), p65 (lane 4), and p50 (lanes 6 and 13),
respectively. The alternate lanes in these figures show the
specificity of immunoprecipitation by competition with ex-
cess epitope peptides (lanes 3, 5, 10, and 12) or with preim-
mune serum (lanes 7 and 14). In addition to the Rel proteins,
there is a faster-migrating band immunoprecipitated with Rel
antiserum (lanes 2 and 9) that probably represents partially
degraded Rel protein. These observations were further sub-
stantiated by gel supershift experiments using the IgK KB site
(Fig. 2C), which showed that the majority of the C2 complex
contained p65 (lane 2) with a small amount of Rel (lane 4; see
Fig. 3 for various times after LPS stimulation). In contrast,
excess p65 antiserum had no effect (lane 7) but anti-Rel serum
showed complete supershift of the Cf3 complex (lane 9). The
alternate lanes (lanes 3, 5, 8, and 10) show the supershift
specificity by competition with excess epitope peptide. In all
cases, the C3 or C7 complexes were not affected as they
contain only p50 proteins as demonstrated by in situ
crosslinking (data not shown).
Although the data in Fig. 2 B and C show that the 70Z/3

cells contain complexes containing predominantly p65 and
p50 and that WEHI231 cells contain Rel and p50, they do not
prove that these proteins exist as heterodimers. We therefore
tested whether p50 formed complexes with Rel and p65 by
coimmunoprecipitation with Rel and p65 antisera after UV-
crosslinking. Each sample was tested with and without
boiling in SDS prior to immunoprecipitation. As seen in Fig.
2D, p50 coimmunoprecipitated with p65 in 70Z/3 nuclear
extract (lane 1) and with Rel in WEHI231 nuclear extract
(lane 3). Boiling prior to immunoprecipitation disrupted this
association (lanes 2 and 4). These results suggest that the
major components of C2 and C. are p50-p65 and pSO-Rel,
respectively. Although these data demonstrate that pSO-p65
or pSO-Rel and (p50)2 constitute the major KB-binding com-
plexes in 70Z/3 or WEHI231 cells, respectively, they do not
exclude the possibility of other minor forms of KB complexes.

Prolonged Stimulation of 70Z/3 Cells with LPS Results In
Rel Induction Followed by the Appearance of p50-Rel and IgK
Inductio. We next examined how p5O-p65 in pre-B cells
changed to p5O-Rel during differentiation to mature B cells.
Prolonged treatment of 70Z/3 cells with LPS has been shown
to induce expression of the IgK gene and subsequent appear-
ance of surface immunoglobulin, a marker of mature B cells
(29). Thus, LPS stimulation of 70Z/3 cells partially mimics
pre-B-cell to B-cell differentiation. Fig. 3A shows that the
KB-binding activity appeared in the nucleus 30 min (lane 2)
after LPS stimulation, reached maximal level at 2 h (lane 4),
and remained active over the 24-h period examined. To
examine the subunit composition of these complexes, KB-
binding proteins were examined by UV-crosslinking. A grad-
ual change in the composition of KB-binding complexes was
observed from pSO-p65 at 30 min (Fig. 3B, lane 2) to pSO-Rel
at 24 h (lane 9). Northern blot analysis of total RNA isolated
from the LPS-stimulated 70Z/3 cells at the same times
showed that the rel gene transcription was induced 1 h after
LPS stimulation (Fig. 3C, lane 3) concomitant with the
appearance of pSO-Rel and remained highly expressed (lanes
3-9). The data display sequential events that include pSO-p65
activation (Fig. 3A, lane 2), Rel induction (Fig. 3C, lane 3),
and the appearance of p5O-Rel (Fig. 3B, lane 3). As the
murine rel promoter contains functional KB sites (30), it is
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FIG. 2. KB-binding proteins in 70Z/3 and WEHI231 cells. (A) EMSA of cell extracts using a palindromic human interleukin 2 receptor a KB
site. Cytoplasmic (Cyto) (5 jug) and nuclear (Nuc) (5 Aig) extracts were incubated with 1 pig of poly(dI-dC) and 32P-labeled probe (0.2 ng), and
the resulting KB complexes were resolved by nondenaturing PAGE on a 4% gel. Lanes: 1, cytoplasmic extract from unstimulated 70Z/3 cells;
2-4, same extract treated with 0.8% deoxycholate (DOC) and 1.2% Nonidet P-40; 5, nuclear extract from unstimulated 70Z/3 cells; 6, cytoplasmic
extract from 2-h LPS-stimulated cells; 7-9, nuclear extract from LPS-stimulated cells; 10-12, WEHI231 cytoplasmic extract; 13-15, WEHI231
nuclear extract; 3, 8, 11, and 14, competition with 50X molar excess ofunlabeled palindromic (Wt) oligonucleotide; 4, 9, 12, and 15, competition
with 50x molar excess of unlabeled mutated (Mu) oligonucleotide. (B) Nuclear extracts isolated from LPS-stimulated 70Z/3 cells (lanes 1-7)
and unstimulated WEHI231 cells (lanes 8-14) were UV-crosslinked, boiled in 0.5% SDS, and immunoprecipitated with antisera (a) specific to
murine Rd, p65, and p50. The specificity of immunoprecipitation was tested by competition with excess epitope peptide or preimmune serum
(- and + show the absence and presence of competition, respectively). Lanes: 1 and 8, total crosslinked KB-binding peptide in LPS-stimulated
70Z/3 cells and WEHI231 cells, respectively; 2 and 9, anti-Rel immunoprecipitation; 3 and 10, competition with Rel peptides; 4 and 11, anti-p65
immunoprecipitation; 5 and 12, p65 epitope peptide competition; 6 and 13, anti-p5O immunoprecipitation; 7 and 14, p50 preimmune precipitation.
Molecular mass markers are shown on the left in kDa. Lanes 1-7 were exposed twice as long as lanes 8-14. (C) The presence of p65 and Rel
in NF-KB complexes in the nuclear extracts isolated from LPS-stimulated 70Z/3 cells (lanes 1-5) and unstimulated WEHI231 cells (lanes 6-10)
was assayed by gel supershift assays using specific antisera and IgK KB site. Lanes: 1 and 6, no antiserum added; 2 and 7, antiserum to p65 added;
3 and 8, antiserum to p65 and excess epitope peptides to p65 added to show specificity of the supershift seen in lane 2; 7, no supershift activity;
4 and 9, antiserum to Rel added; S and 10, antiserum to Rel and excess epitope peptide (pep) incubated together. (D) Coimmunoprecipitation
of p50 using anti-Rel (aRel) and anti-p65 (ap65) sera. Nuclear extracts from LPS-stimulated 70Z/3 cells (lanes 1 and 2) and unstimulated
WEHI231 cells (lanes 3 and 4) were crosslinked as in B and immunoprecipitated with anti-p65 (lanes 1 and 2) or anti-Rel Oanes 3 and 4) sera.
Samples in lanes 2 and 4 were boiled in 0.5% SDS prior to immunoprecipitation to disrupt protein association.

likely that induction of NF-KB (p50-p65) leads to the acti-
vation of rel transcription.
To examine which of the two icB-binding complexes,

p50-p65 or pSO-Rel, is involved in the transcriptional acti-
vation of IgK gene, the level of IgK mRNA was measured in
70Z/3 cells stimulated with LPS. As shown in Fig. 3D, the IgK
mRNA level increased steadily over 24 h and correlated with
the appearance of pSO-Rel (Fig. 3B; ref. 31). There was little
or no overlap with the level of IgK mRNA expression with
p50-65, which peaked at 2 h and declined thereafter (Fig.
3B).
pSO-Ret Binds to Igx #cB Site >20-Fold More Stably Than

pS0p6. We next compared the stability of p50-Rel and
p50-p65 bound to the IgK KB site by measuring the dissocia-
tion rates. Fig. 4A shows the EMSA analysis and Fig. 4B
displays the densitometric tracings of the KB-binding com-
plexes. More than half of the initial p50-p65 in LPS-treated

70Z/3 cells was dissociated in =0.3 min after the addition of
the unlabeled competitor (Fig. 4 A, lanes 1-7, and B). In
contrast, p50-Rel in WEHI231 cells was much more stable,
requiring >7 min to dissociate 50%o of the original complex
(Fig. 4A, lanes 8-14, and B). TheDNA binding activity ofp50
homodimers was least stable (Fig. 4A, lanes 8-14). The data
demonstrate that the DNA binding activity of pSO-Rel in
WEHI231 nuclear extracts to the IgK KB site was at least
20-fold more stable than that of p5O-p65 in LPS-stimulated
70Z/3 cells.

DISCUSSION

Using a variety of methods including EMSA, UV-cross-
linking, immunoprecipitation, and gel supershift analyses, we

have demonstrated that the KB-binding complex in mature
B-cell lines is predominantly p50-Rel and not p50-p65 (NF-
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FIG. 3. Time course of the induction of p50-Rel complex, Rel
mRNA, and IgK mRNA in 70Z/3 cells stimulated with LPS for
prolonged period. 70Z/3 cells were stimulated with LPS (10 ug/ml)
and nuclear extracts and RNA was isolated at the times indicated in
hours. (A) EMSA of nuclear extracts in which the IgK KB site is used
to show the induction of KB-binding complexes within 30 min ofLPS
stimulation and its sustained activation thereafter. (B) UV-cross-
linking of the nuclear extracts as in Fig. 2B showing the appearance
of increasing amounts of Rel proteins and the appearance and
disappearance of p65 in the KB-binding complexes after LPS stim-
ulation. (C) Northern blot analysis of Rel mRNA showing its
upregulation 1 h after LPS stimulation. (D) Northern blot analysis of
IgK mRNA showing its appearance 2 h after LPS stimulation and
increased accumulation with time. The equal loading of the RNA for
each lane was confirmed by hybridization to the glyceraldehyde-3-
phosphate dehydrogenase gene (data not shown).

KB). In contrast, the major inducible form of KB-binding
complex in pre-B-cell lines is p50-p65. Thus, during the
maturation of murine B cells, the subunits of KB-binding
complexes are changed from p65 to Rel, a change that can be
directly induced in 70Z/3 cells by prolonged stimulation with
a differentiation agent, LPS (Fig. 3).
The change in the composition of KB-binding subunits is

concomitant with the augmentation of rel transcription. The
level of Rel proteins is at least 10-fold greater in mature B
cells than pre-B cells (Fig. 1), whereas the expression of the
gene encoding p65 does not change (12). Therefore, increased
concentration of Rel proteins induces formation of pSO-Rel
complexes during pre-B- to mature B-cell differentiation. Rel
is the major component of the complex and not RelB, as
shown in primary B cells of transgenic mice (32), because
nearly all the CP complex is supershifted with Rel-specific
antiserum (Fig. 2C). Although the data presented here rely
only on two established cell lines, the altered subunit com-

min

FIG. 4. p50-Rel binds to the gK KB site at least 20-fold more
stably than does p50-p65. (A) Nuclear extracts isolated from LPS (1
h)-stimulated 70Z/3 cells and unstimulated WEH1231 cells were
incubated with radiolabeled gK KB site ofigonucleotide for 20 min
then a 5Ox excess of unlabeled competitor IgK KB site oligonucleo-
tide was added. After the addition of unlabeled competitor, equal
fractions were removed and analyzed by EMSA. Lanes: 1-7, 70Z/3
cells; 8-14, WEHI231 cells. Positions of p50-65, p50-Rel, and
p5O-p5O are indicated. (B) The intensity of each complex was
measured by densitometry and plotted against time. The intensity at
the 0 time is set as 100%. More than 50%o of p50-p65 at 0 time
dissociated in -20 sec, whereas it took >7 min to dissociate 50%o of
p50-Rel.

position of KB-binding complexes is also mirrored in a
number of other pre-B-cell (AKAI.GI, RAW253, NFS25.C3,
and ABE8.1/2) and B-cell (WEH1279, CH33, and CH31)
lines and pre-B cells obtained from bone marrows and mature
B cells obtained from spleens of naive mice (S.M. and P.
Linton, unpublished observation).

It is puzzling that the constitutive form of KB-binding
complex in mature B cells is p50-Rel instead ofp50-p65 (Fig.
2D), which is the major inducible form in pre-B cells.
Furthermore, both p50-Rel and p50-p65 can activate tran-
scription from IgK intronic enhancer in a heterologous system
(S.M., unpublished results). Perhaps one clue is provided by
the dissociation rates of p50-Rel, which is >20-fold slower
than p50-p65 from the IgK KB site (Fig. 4). pSO-Rel is more
stably bound and thus probably a more efficient activator of
the IgK gene in vivo.
We propose a model (Fig. 5) to explain the regulation of

KB-binding complexes during pre-B- to mature B-cell differ-
entiation based on the above observations and other available
data. In pre-B cells, the cytoplasmic p5O-p65-IKBa complex
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FIG. 5. Model for the regulation of KB-binding activity during murine pre-B- to mature B-cell differentiation.

is activated by differentiation signals, such as LPS, which
lead to degradation of IKBa and the appearance of NF-KB
complex in the nucleus (33-35). NF-KB then activates rel
gene transcription through the KB sites in its promoter (30)
leading to the formation of p50-Rel, which in turn activates
IgK intronic enhancer, resulting in the production of IgK
proteins, a marker for mature B cells. The p50-Rel complex
may also activate other NF-KB target genes, such as genes
encoding p105 (the p5O precursor), Rel, and IcBa (a NF-iB
inhibitor). Activation of the genes encoding Rel and p105 by
pSO-Rel ensures the sustained production of pSO-Rel in
mature B cells. However, augmented Rel expression and
subsequent exchange of KB-binding subunits is not sufficient
to sustain constitutive activation of pSO-Rel and IgK tran-
scription. There is at least another event during pre-B- to
mature B-cell differentiation that causes continuous and
rapid degradation of IKBa to sustain constitutive p5O-Rel
activity in mature B cells (36).
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