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A region upstream of the murine major histocompatibility complex gene, E_?, has been shown previously to
be required for B-cell expression. Binding of the B-cell-specific factor, NF-kB, to a site within this region is
indistinguishable from that observed with the k enhancer binding site. NF-xB may be responsible for E_ B-cell

expression.

The class II genes of the murine major histocompatibility
coniplex encode heterodimeric cell-surface glycoproteins
that regulate the immune response through their role as
restriction elements in antigen presentation (8). These mol-
ecules are expressed primarily in B lymphocytes and mac-
rophages. During hematopoiesis, constitutive class II gene
expression is observed on developing B cells. Previously, we
have shown that deletion of a 580-base-pair region (—1956 to
—1376) of an E_¢ transgene resulted in the selective loss of
expression of the transgene in B cells (21). Present within the
deleted region is a DNA sequence similar to that found at the
k immunoglobulin enhancer B (kB) site.

It has been demonstrated that a protein factor, NF-«B,
binds to the kB site (17). Expression of the k immunoglob-
ulin gene is restricted to B cells and is correlated with the
binding activity of NF-«B (17). Pierce et al. (16) have
reported that a short sequence encompassing the kB-binding
site is sufficient in itself to direct B-cell-specific expression of
a heterologous promoter. As a first step in the dissection of
the B-cell-specific expression of the E_¢ gene, we have
characterized the interaction of the potential binding site
with the B-cell-specific regulatory protein NF-«xB.

The DNA sequence centered at nucleotide —1748 (relative
to the first nucleotide of the initiation codon) of the murine
major histocompatibility complex E_° gene shares extensive
sequence identity to the binding site for NF-«B in the k
immunoglobulin enhancer as well as to various other sites
shown previously to bind NF-«kB (Fig. 1). A gel electropho-
resis DNA-binding assay (4, 9, 10, 20) was used to determine
whether the NF-kB factor could bind to the site in E_d.
Nuclear extracts of either uninduced or induced 70Z/3 cells
were selected for analysis, since it has been demonstrated
that treatment of this pre-B-cell line with lipopolysaccharide,
cycloheximide, or a combination of these two induces NF-
kB-binding activity (18). An end-labeled DNA fragment
extending from —1714 to —1809 (Fig. 1A) in the E ° 5
region, which includes the putative NF-kB-binding site, was
used as a probe. No prominent complex was detected in the
case of the uninduced 70Z/3 extracts. However, when incu-
bated with lipopolysaccharide and cycloheximide-induced
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70Z/3 extracts, a prominent DNA-protein complex was
formed. This complex appeared to be due to the binding of a
k enhancer sequence-specific factor, since formation of the
complex was prevented by inclusion of an excess of unla-
beled k enhancer DNA but not by addition of a similar
excess of heterologous DNA (data not shown).

A double-stranded oligonucleotide probe, encompassing
the proposed E_¢:NF-«kB-binding site, was prepared. This
oligonucleotide, which included the sequence from —1741 to
—1756 in the E_® upstream region, was end labeled and used
in DNA-binding experiments (Fig. 2). Consistent with the
experimental results described above, one complex was
detected in extracts of cells treated either with cyclohexi-
mide alone (Fig. 2, lane 8) or with lipopolysaccharide alone
(Fig. 2, lane 7) which was not present in extracts of untreated
70Z/3 cells (Fig. 2, lane 6). The induced DNA-binding
activity was specific, as shown by competition with an
approximately 50-fold molar excess of unlabeled E_:NF-«B
DNA (Fig. 2, lane 10) but not by addition of a similar excess
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FIG. 1. (A) Schematic representation of the E_ ¢ upstream re-
gion. The region is numbered relative to the first nucleotide of the
initiation codon. Conserved class II boxes (X and Y) and upstream
boxes (X' anid Y’) are indicated. The kB-like site is centered at
position —1748. (B) Sequences of kB-related sites and their associ-
ated genes (murine immunoglobulin k [Ig kappa] [17], simian virus
40 [SV40] [5, 14], cytomegalovirus [CMV] [3], human immunodefi-
ciency virus [HIV] [15], human immunoglobulin « [Ig kappa] [7],
interleukin 2 receptor, alpha [12], class I major histocompatibility
complex [MHC] [1, 2], and B,-microglobulin [11]).
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FIG. 2. Binding of NF-kB to the E_%:NF-«kB sequence. Nuclear
extracts were prepared according to the method of Dignam et al. (6),
and the gel electrophoresis DNA-binding assay was performed as
described previously (4, 9, 10, 20). A double-stranded oligonucleo-
tide containing the kB site derived from the x enhancer (positions
3930 to 3950) (13), with Kpnl-compatible ends, was used as the
competitor or was radiolabeled and used as the probe. Similarly, a
double-stranded oligonucleotide containing the E_%:NF-«B site (po-
sition —1756 to —1741) (21), with BamHI-compatible ends, was used
both as the competitor and as the radiolabeled probe. End-labeled
probe, as noted at the bottom, was incubated with 7 pg of nuclear
extract protein either from untreated 70Z/3 cells or from 70Z/3 cells
treated with either cycloheximide (CHX) at 10 pg/ml for 4 h (18) or
with bacterial lipopolysaccharide (LPS) at 10 pg/ml for 4 h (18) as
indicated above the lanes. All binding reactions (10.4 ul) contained
2 pg of poly(dI - dC) and either no competitor (lanes 1, 2, 6, 7, and
8) or an approximately 50-fold excess of kB DNA (lanes 3 and 9),
E_9:NF-kB DNA (lanes 4 and 10), or a nonspecific, double-stranded
oligonucleotide (lanes S and 11).

of heterologous DNA (Fig. 2, lane 11). To test whether the
sequence-specific binding factor was NF-«kB, an excess of a
double-stranded oligonucleotide which encompassed the xB
site was added to the binding reaction mixture containing the
cycloheximide-induced 70Z/3 extract and the E_4:NF-«kB
probe (Fig. 2, lane 9). The kB oligonucleotide competed for
the complex formation by the E_ *:NF-kB probe. These
results suggest that an inducible factor, NF-xB, recognized
the E_¢ probe.

To demonstrate the presence of the NF-«B factor directly,
the double-stranded kB oligonucleotide was end labeled and
incubated with the 70Z/3 nuclear extracts. A DNA-protein
complex that had a mobility similar to that observed with the
E_%:NF-kB probe was generated (Fig. 2, lanes 2 and 8).
Formation of this complex was effectively inhibited by both
the kB oligonucleotide (Fig. 2, lane 3) and the E_*:NF-«B
oligonucleotide (Fig. 2, lane 4). Heterologous DNA at the
same concentration had no effect on the formation of this
complex (Fig. 2, lane 5). Thus, the E_9:NF-«B oligonucleo-
tide bound NF-«kB in a manner similar to that of the «
enhancer-derived binding site.
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FIG. 3. DNA contacts made by NF-xB on the E_4:NF-kB bind-
ing site. Methylation interference was used to determine guanine
residue contacts. (A) The E,%:NF-kB double-stranded oligonucleo-
tide (described in Fig. 2) was radiolabeled on either the noncoding or
the coding strand and then used as a probe. The sequence of the
binding site DNA sequence is shown, with the methylated guanine
residues that interfere with NF-kB binding indicated by asterisks.
FP, Cleavage products of unbound, free probe DNA; B, cleavage
products of the specific protein-DNA complex. (B) The double-
stranded E_9:NF-«kB sequence; guanosine contacts are indicated.

A methylation interference assay (19) was used to deter-
mine the sequence specificity of binding of the 70Z/3 cyclo-
heximide-induced binding activity to the E_4:NF-«kB oligo-
nucleotide probe. This assay identifies those guanine
residues which, when methylated, prevent binding of the
relevant factor to DNA. If methylation of a particular
guanine residue interfered with the binding of the induced
factor, end-labeled fragments modified at this site would be
excluded from the specific DNA-protein complex. To deter-



846 NOTES

mine the position of these guanine residues, DNA was eluted
from the specific complex and cleaved with piperidine, and
the pattern of cleavage was compared with that of free,
unbound probe obtained from the same gel.

When the E_%:NF-«B oligonucleotide was end labeled on
the noncoding strand, methylated, and used as a probe in the
methylation interference assay with a 70Z/3 cycloheximide-
induced extract, four guanine cleavage sites were markedly
reduced in the specific (bound) complex compared with in
the free probe (Fig. 3A). Methylation of guanine residues at
positions —1743, —1744, and —1748 appeared to completely
inhibit formation of a stable protein-DNA complex, and the
guanine residue at position —1745 partially interfered. Meth-
ylation of the adenine residues at —1746 and —1747 also
appeared to interfere with the binding. This data corre-
sponds entirely with the published data concerning the close
contacts made by NF-«B at the B site and at the H-2K®-
binding site (2, 17). When labeled on the coding strand, three
guanine cleavage sites, at positions —1750 to —1752, were
markedly reduced in the specific (bound) complex. Again,
this data was entirely consistent with the interaction of
NF-kB to the binding sites in the k enhancer and in the
H-2K® promoter. Note that this is the first NF-«B-binding
site that has a pyrimidine (C) residue at the first position on
the coding strand instead of a purine residue (Fig. 1B).

Others have demonstrated that a short NF-kB-binding
sequence can act as a B-cell-specific enhancer element
independent of other motifs in the k enhancer (16). Although
we have not yet directly identified those elements responsi-
ble for selective B-cell expression of the murine major
histocompatibility complex class I gene, E 4, we have
demonstrated that a sequence located within an upstream
region of E_¢ required for B-cell expression is capable of
forming a stable complex with the B-cell-specific expression
factor NF-kB. It is reasonable to suggest, therefore, that
B-cell-specific expression of E_¢ may be dependent on the
action of NF-kB or an NF-«kB-like factor. As has been
suggested (12), analysis of cellular genes has revealed that
kB-like sites are associated with cell surface molecules (Fig.
1B). It is possible that the NF-kB system has evolved to
control the synthesis of surface glycoproteins important to
cellular activation and proliferation. Of course, B-cell-
specific expression may be dependent on the presence of
multiple elements. Experiments are in progress to determine
the functional relevance of the E_*:NF-xB element to E_*
expression in a transgenic mouse model system. The possi-
ble involvement of additional elements in B-cell-specific
expression is also being tested.
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