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Recombinant subunits of the transcription factor NF-KB, p50 and p65, were analyzed both for binding to 
various KB motifs and in vitro activation. The subunits preferentially form a heterodimer that activates 
transcription. Although p50 and p65 bind DNA individually as homodimers and are structurally related, their 
activation mechanisms are distinct. p65 activates transcription by its unique carboxy-terminal activation 
domain. (pSOjj displays higher affinity DNA binding than (p65)2 for many distinct KB motifs and provides 
strong transcriptional activation only when adopting a chymotrypsin-resistant conformation induced by 
certain KB motifs but not others. Thus, (pSOjj acts as a positive regulator in vitro, consistent with its isolation 
as a putative constitutive regulator of MHC class I genes. Both subunits of NF-KB, therefore, contribute 
independently to provide regulation at given KB motifs. 
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Nuclear factor NF-KB was originally described as an im
munoglobulin K light-chain enhancer-binding protein, 
constitutively present in the nuclei of B lymphocytes 
(Sen and Baltimore 1986b). Later studies showed that 
NF-KB binding sites are involved in the regulation of 
many other genes such as major histocompatibility com
plex (MHC) class I, cytokines, and viruses (Lenardo and 
Baltimore 1989; Baeuerle and Baltimore 1991). In cells 
other than mature B cells and perhaps macrophages 
(Griffin et al. 1989), NF-KB activity is inducible by cel
lular-activating stimuli such as antigens for lympho
cytes (Sen and Baltimore 1986a), cytokine stimulation 
(Osborn et al. 1989), or virus infection (Fujita et al. 1989; 
Lenardo et al. 1989; Visvanathan and Goodboum 1989). 
In unstimulated cells, NF-KB is complexed with an in
hibitory protein, termed IKB, in a non-DNA-binding 
form that is localized to the cytosolic fraction (Baeuerle 
and Baltimore 1988). Cellular activation results in the 
release of NF-KB from IKB, at least partially as a conse
quence of phosphorylation of IKB (Ghosh and Baltimore 
1990). Thus, NF-KB acts as a transducer of cytoplasmic 
signals to the nucleus by a translocation mechanism. 

Biochemical analysis has shown that the major form of 
NF-KB consists of two distinct polypeptides, 50 and 65 
kD, termed p50 and p65. Purified p50 exhibits DNA-
binding activity as a homodimer, with specificity for KB 
motifs (Baeuerle and Baltimore 1989). Similarly purified 
p65, tested under these same conditions, failed to bind to 
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the KB site (Baeuerle and Baltimore 1989). Moreover, it 
has been demonstrated that p65, but not p50, is capable 
of complexing with IKB (Baeuerle and Baltimore 1989; 
Ghosh and Baltimore 1990; Urban and Baeuerle 1990). 

cDNA cloning studies suggested that p50 is equivalent 
to the previously identified KBF-1 (an MHC class I en
hancer-binding protein) and that p50 is a processed prod
uct from a pl05 precursor (Ghosh et al. 1990; Kieran et 
al. 1990). Both p50 and p65 share homology with the 
viral oncogene product v-rel, its cellular homolog c-rel, 
and the Drosophila morphogen dorsal (Ghosh et al. 
1990; Kieran et al. 1990; Nolan et al. 1991; Ruben et al. 
1991). More recently, it has been shown that c-rel can be 
detected as a species of KB motif-binding protein in ac
tivated T lymphocytes (Lee et al. 1991; Urban et al. 
1991). These results suggest that various rei-related pro
teins, in homo- or hetero-interaction complexes, might 
differentially regulate the expression of many genes. 

To understand the roles of these various polypeptides 
in gene regulation will require both in vitro and in vivo 
analyses. Here, we report initial in vitro studies using 
NF-KB proteins made in a baculovirus expression sys
tem. p50 and p65 produced by this system specifically 
bound to KB motif DNAs. We reconstituted NF-KB ac
tivity by preincubation of the p50 and p65 preparations 
in vitro to selectively convert them into a heterocom-
plex with binding characteristics similar to the NF-KB 
purified from cells. In vitro transcription assays with 
these proteins showed that p50/p65 could activate tran
scription from all KB motifs tested. Some motifs sup-
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ported activation by (p65)2, and the activation was de
pendent on the p65 non-rei-related, carboxy-terminal re
gion. Surprisingly, (p50)2 activated transcription from 
certain KB motifs, particularly the KBF-1 site, and this 
activity resides at least partially in the rel region. Acti
vation by (p50)2 correlated v^ îth a chymotrypsin-resis-
tant p50 DNA-binding structure. These results suggest 
that when it is bound to certain DNA motifs, p50 adopts 
a particular structure that makes it competent for tran
scriptional activation. Our functional analyses have re
vealed that each subunit functions independently in 
gene regulation. 

Results 

Recombinant NF-KB subunits p50 and p65 

To obtain relatively large amounts of pure NF-KB sub-
units, we adopted the baculovirus expression system, us
ing the previously cloned cDNAs for p50 and p65 (Ghosh 
et al. 1990; Nolan et al. 1991). This system was likely to 
be advantageous over a prokaryotic expression system 
because many proteins produced in this manner arc sol
uble and the insect cells can carry out certain eukaryotic 
post-translational modifications such as phosphoryla
tion (Miyamoto et al. 1985; Olio and iMamatis 1987). In 
addition, several reports demonstrate that recombinant 
transcriptional regulators produced by this system are 
active in vitro (Patel and Jones 1990; Watson and Hay 
1990). 

cDNA cloning studies of both mouse and human p50 
have suggested that it is primarily synthesized as a larger 
precursor protein, pi05, and may be matured by prote
olytic removal of its carboxyl region. To produce the 
mature form of p50 without processing, we introduced a 

translation terminator at the approximate position of 
cleavage as deduced in cDNA truncation experiments 
(Ghosh et al. 1990; see Materials and methods). To pro
duce p65, the full-length cDNA was used. A derivative of 
p65 known to possess efficient KB-specific DNA binding, 
p65A314-549 (equivalent to the BspHl truncation of the 
cDNA in Nolan et al. 1991), was produced lacking the 
carboxyl 250 amino acids of p65 by introducing a trans
lation terminator into the cDNA (hereafter referred to as 
p65A). 

Seventy-two hours after infection of insect cells with 
the recombinant viruses, but not after infection with 
wild-type virus, KB-specific DNA-binding activity was 
detectable m the whole-cell extract of SF9 cells. Detec
tion of DNA-binding activity of the full-length p65 was 
unexpected, because previous reports had failed to detect 
efficient DNA-binding activity (see Discussion; Baeuerle 
and Baltimore 1989; Nolan et al. 1991). Each of the pro
teins was purified by ion exchange and KB-motif DNA 
affinity chromatography. Purified preparations were an
alyzed by SDS-PAGE, and their apparent molecular 
masses were as predicted: 50, 65, and 35 kD for p50, p65, 
and p65A, respectively. The purity determined by 
stained clectrophoretic gels of each subunit was 30%, 
95%, and 95% for p50, p65, and p65A, respectively. 

DNA-binding activity of recombinant NF-KB subunits 

Purified subunit proteins were analyzed by the clectro
phoretic mobility-shift assay (EMSA), either singly or af
ter preincubation with other subunits (Fig. 1). The probes 
used were ^^P-labeled oligonucleotides with partially 
self-complementary sequences that form a stem-loop 
structure and provide a 16-bp double-stranded region 

Figure 1. Hcterodimer formation be
tween NF-KB subunits p50 and p65. [A] Re
combinant NF-KB subunits, either alone or 
after preincubation (37°C for 60 min) with 
the other subunit, were subjected to 
EMSA using ^^P-labeled probe containing 
the IgK KB motif (10 fmoles). (Lane 1] Par
tially purified NF-KB from rabbit lung; 
(lanes 2,5) p50 (10 fmoles); (lane 31 p50 (5 
fmoles) + p65 (5 fmoles); (lanes 4,8'\ p65 
(10 fmoles); (lane 61 p50 (5 fmoles) - p65A 
(5 fmoles); (lanes 7,121 p65A (10 fmolesi; 
(lane 9) p65 (7.5 fmoles) + p65A (2.5 
fmoles); (lane 10] p65 (5 fmoles) ^ p65A (5 
fmoles); (lane 11] p65 (2.5 fmoles) + p65A 
(7.5 fmoles). The p65/p65A heterocomplex 
was reproducibly observed as a single band 
(T. Fujita et al., unpubl.). [B] Recombinant 
subunits were analyzed by native PAGE in 
the absence of KB motif DNA. (Lane l): 
p50 (2 pmoles); (lane 2) p50 (2 
pmoles) -I- p65 (2 pmoles), preincubated 
(37°C, 60 min); (lane 3) p65 (2 pmoles). Pro
tein bands were visualized by staining 
with Coomasie brilliant blue. 
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containing 10 bp of a KB motif (Materials and methods). 
The control fractions prepared from wild-type virus-in
fected cells did not show any detectable DNA-binding 
activity (data not shown). 

It was shown previously that p50 exists as a ho-
modimer in solution, and it was suggested to specifically 
recognize KB motifs as a homodimer (Baeuerle and Bal
timore 1989). To assess how many subunits are included 
in a P 6 5 - K B motif DNA complex, we measured the num
ber of complexes formed between full-length p65 and 
tmncated p65A (Hope and Struhl 1987). p65A (35 kD) 
contains only the rel homology region and has been 
shown previously to bind to DNA (Nolan et al. 1991). In 
EMSA, KB motif DNA complexed with p65 migrated 
more slowly than the same DNA bound to p65A (lanes 
8,12). Preincubation of various ratios of p65 and p65A 
resulted in the appearance of single additional complex 
with intermediate mobility (lanes 9-11). This result is 
best explained by assuming that p65, like p50, binds to 
the KB motif as homodimer, and the new complex is a 
p65/p65A hcterodimer. Other possibilities, such as a tet-
rameric structure, are unlikely because three or more 
heteromers should be detected. 

p50/p65 heterocomplexes were made by mixing equi-
molar amounts of p50 and p65, followed by incubation at 
37°C for 60 min. This preincubation resulted in both the 
formation of a single, new complex with intermediate 
mobility by EMSA and the virtual disappearance of the 
homodimer complexes [Fig. lA (lanes 3,6), Fig. IB]. Mix
ing of wild-type p50 and p65 resulted in a complex with 
mobility indistinguishable from that of purified native 
NF-KB (cf. lanes I and 3). Because both p50 and p65 ap
pear to bind to DNA as homodimers (above), this result 
is in apparent conflict with the previous heterotetramer-
binding model of NF-KB (Baeuerle and Baltimore 1989). 
The fact that p65 itself is capable of binding to KB motifs 

and that p65 is involved in direct contact with DNA (see 
Discussion) leads us to believe that N F - K B actually binds 
to DNA as a p50/p65 heterodimer; and, for convenience, 
hereafter we refer to the p50/p65 complex as a heterodi
mer. Taking advantage of the availability of a relatively 
large amount of purified recombinant subunits, we ana
lyzed them by native gel electrophoresis in the absence 
of the KB motif DNA (Hope and Struhl 1987). The result 
(Fig. IB) was very similar to that obtained by EMSA and 
indicated that mixing p50 and p65 selectively formed a 
heterocomplex species in solution. 

DNA-binding affinity of NF-KB 
to various KB motif DNA sequence 

The KB motifs in different genes have slightly different 
sequences (Lenardo and Baltimore 1989; Baeuerle and 
Baltimore 1991). Using EMSA with purified NF-KB com
ponents, we measured the DNA-binding affinity to rep
resentative KB motifs: 5'-GGGACTTTCC-3' (mouse im
munoglobulin K chain); 5'-GGGAAATTCC-3' [inter-
feron-(3 (IFN-p)]; 5'-GGGATTCCCC-3' (H-2K gene); and 
5'-GGGGAATCCC-3' (mutated IFN-p). Scatchard anal
ysis was performed by the use of varying concentrations 
of ^^P-labeled oligonucleotide probe containing a single 
copy of the individual KB motifs and the various p50/p65 
complexes. A representative plotting of the values ob
tained for binding to the IgK KB motif is shown in Figure 
2 and calculated K^ values for all complexes are pre
sented in Table 1. To test whether the protein made in 
insect cells differs from that made in mammalian cells, a 
small amount of p50 was produced by transient trans-
fection of 293 human kidney cells and was shown to 
have the same binding affinity as the insect protein for 
the KB sites from the H-2 and IFN-p site. 

The p50 homodimer bound to the various KB motifs 

B/F 

B 
(pM) 

Figure 2. Scatchard plot analysis of the 
recombinant NF-KB subunits. Recombi
nant NF-KB subunits: p50 homodimer (•; 
K^ = 6.7 pM); p65 homodimer (• ; 
K^ = 32.2 pM); and p50/p65 heterodimer 
(H K^ = 5.7 PM) were analyzed for IgK KB 
motif-binding affinity. Quantitative 
EMSA results obtained from various probe 
concentrations and a constant amount of 
recombinant protein subunits were plot
ted (Materials and methods). 
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Table 1. KB Motif-binding affinity of NF-KB subunit homo- and heterodimeis 

IgK 
(G)GGGACTTTCC(G) 

H-2 
(G)GGGATTCCCC(Gl 

IFN-p 
(G)GGGAAATTCC(G! 

mutant IFN-p 
(G)GGGGAATCCC(Gl 

p50/p50 

6.7 

6.2 

5.9 

7.3 

p65/p65 

32.2 

77.5 

24.8 

57.2 

^d (PM) 

p50/p65 

5.7 

10.9 

8.9 

13.5 

p65A/p65A 

27.0 

ND 

15.0 

ND 

p50/p65A 

ND 

7.0 

7.7 

ND 

Values were obtained by quantitative EMSA and Scatchard plot analysis as described in Fig. 2. 
Nucleotides in parenthesis are residues surrounding the KB motifs within the probes used. 
(ND) Not determined. 

with similarly high affinities [K^ = 5.9-7.3 pM). For ex
ample, by sequence, the IgK KB motif (5'-GGGACTT-
TCC-3') and H-2 KB motif (5'-GGGATTCCCC-3') are 
significantly diverged, but their affinities for p50 were 
indistinguishable [K^ = 6.7 and 6.2 pM, respectively). In 
contrast, the p65 homodimer recognized these KB motifs 
with very different affinities. The IFN-p KB motif ap
peared to be the highest affinity site for p65 {K^ = 24.8 
PM). This value is still three- to fourfold lower than the 
affinity of this site for p50. Changing the central portion 
of the sequence of the IFN-p KB motif GGGAAATTCC 
to GGGGAATCCC (mutant IFN-p) significantly low
ered the binding affinity for p65. Removal of the carboxy-
terminal region of p65 (p65A) did not significantly alter 
the DNA-binding affinity by this assay; however, evi
dence exists that this truncation alters the specificity of 
DNA sequence recognition (G. Nolan, unpubl.). 

The heterodimer p50/p65 recognized these KB motifs 
with a uniformly high affinity [K^ = 5.7-13.5 pM; Table 
1). The mouse IgK KB motif exhibited the highest affinity 
[K^ = 5.7 PM), which is comparable to published DNA-
binding affinity of purified natural NF-KB [K^ = 2.7 pM; 
Zabe l e t a l . 1991). 

In vitro tiansciiptional activity of NF-KB subunits 

The various homo- and heterodimers of NF-KB subunits 
were tested for transcriptional activation in vitro by the 
use of HeLa cell nuclear extracts (Dignam et al. 1983). 
The test templates used contained three copies of a KB 
motif upstream of an IFN-p TATA box [Fujita et al. 
1989). Two of the templates containing either IFN-p or 
H-2 KB motifs were shown previously to be transcrip
tionally active in an induction-dependent manner when 
transfected into mouse L929 cells (Fujita et al. 1989). The 
control template (denoted ref in Fig. 3) contained only the 
IFN-p TATA box, which is not detectably expressed 
when transfected into mouse L929 cells. After m vitro 
transcription, total RNA was extracted from the mixture 
and specific transcripts were quantitated by primer ex
tension. 

Under the conditions for in vitro transcription, the 

HeLa nuclear extract showed no NF-KB-specific binding 
to KB motif by EMSA (Fig. 3F): The complexes formed 
did not coincide with those formed by p50 or p65; none 
of the complexes showed any reactivity to specific anti
body prepared against p50 and p65; and addition of ex
ogenous p50 or p65 subunits did not generate any new 
complexes. These results indicate that there is no detect
able subunit exchange with endogenous proteins. More
over, the extract showed a similar basal level of tran
scription on both the reference and test templates (Fig. 3, 
lanes 0, bands ref and test). Also, the addition of excess 
amounts of KB motif-containing oligonucleotides did not 
influence these basal level of transcription (data not 
shown). We conclude, therefore, that this nuclear extract 
does not contain a significant level of NF-KB or related 
subunit activity but does utilize the constructs to pro
vide a low level of transcriptional initiation. 

The p50/p65 heterodimer, which bound to all tested 
KB motifs with similarly high affinity (Table 1), showed 
extensive activation on all of the templates containing a 
KB motif [Figs. 3A (lanes 9-12) and 4B,C]. A quantitation 
of the result (Fig. 4B) showed clearly that the H-2 KB 
motif is activated most efficiently among these three KB 
motifs. This was unexpected because the affinity of p50/ 
p65 to H-2 KB motif {K^ = 10.9 pM) is lower than that to 
other two KB motifs {K^ = 5.7 and 8.9 pM, for IgK and 
IFN-p, respectively). 

Interestingly, significant transcriptional stimulation 
was observed by the addition of p50 alone to transcrip
tion mixtures containing the H-2 or IgK KB motif tem
plates [Figs. 3A (lanes 1-4) and 4B]. This activation was 
dependent on the presence of the KB motif in the tem
plate DNA because the reference template that con
tained no KB motif was not stimulated by p50. Because 
the p50 preparation contained several copurified poly
peptides, we prepared a similarly purified protein frac
tion from wild-type virus-infected cells. This control 
fraction contained an indistinguishable set of proteins 
from those contaminating the authentic p50 fraction 
(data not shown) but showed no transcriptional stimula
tion with the H-2 KB motif (Fig. 3B, lanes 17-20). This 
suggests that p50 is responsible for the transcriptional 
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Figure 3. Transcriptional activity of recombinant 
NF-KB subunits in vitro. The transcriptional activ
ity of recombinant NF-KB subunits was tested us
ing FieLa cell nuclear extracts in vitro. Templates 
used contained three tandem copies of IgK KB motif 
(A; p-55IgK); H-2 KB motif {B,E; p-55A4h IFN-(i KB 
motif (C-£; P-55A2); mutated IFN-(3 KB motif [D; 
p-55mutA2). Bands corresponding to the primer 
extension product for reference transcript (ref) and 
test template (test) are indicated. (Lanes M] Size 
markers (pUC18 digested by Sau3A]; (lane O) 
buffer control;'(lanes 1-4] p50; (lanes 5-8] p65; 
(lanes 9-12] p50/p65; (lanes 13-16) p65A; (lanes 
17-20] control fractions from wild-type baculovi-
rus-infected cells; (lanes 21-24] p50/Ap65. 
Amount of recombinant subunits added: (lanes 
1,5,9,13,21] 25 fmoles; (lanes 2,6,10,14,22] 74 
fmoles; (lanes 3,7,11,15,23] 220 fmoles; (lanes 
4,8,12,16,24) 670 fmoles. Control lanes 17-20 con
tained equivalent amounts of the protein contam
inating p50 (isolated from cells infected with a 
nonrecombinant baculovirus) as in lanes 1-4, re
spectively. In lanes 11 and 12, a. reduction of tran
scription from the reference template was ob
served. We attribute this decrease to competition 
for general transcription factors/polymerase be
tween reference and test templates at high overall 
transcription levels. [F] Detection of KB D N A -
binding activity in the transcription mixture. A 
^^P-labeled oligonucleotide probes, indicated at 
the top of figure, were mixed with a FFeLa cell nu
clear extract under the conditions for transcription 
(Materials and methods) in the presence or absence 
of recombinant p50. The mixture was analyzed by 
EMS A. (Lanes 1,5,9,13,17,18,19] Without recombi
nant N F - K B ; (lanes 2,6,10,14] 25 fmoles of p50; 
(lanes 3,7,11,15,20,21] 74 fmoles of p50; (lanes 
4,8,12,16] 220 fmoles of p50; (lanes 22,23) 220 
fmoles of p65; (lanes 17,20,22] with preimmune 
rabbit serum; (lanes 18,21] with anti-p50 serum; 
(lanes 19,23] with anti-p65 serum. 
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B 

C 

Figure 4. Different KB motifs are regu
lated differentially in vitro by NF-KB sub-
units. Results of in vitro transcription us
ing KB motif-containing templates (legend 
to Fig. 3) and p50 homodimer [A], p50/p65 
[B], or p50/p65A (C) was quantitated by 
Betascope. (•) H-2; (•) IFN-P; (•) IgK. 
Calculated fold stimulation over the basal 
transcription (buffer control) was plotted. 
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activity in our purified fractions. Also heat treatment 
(68°C, 10 min) completely abolished the activation func
tions of the p50 and p65 subunits (data not shov/n). 

Transcription activated by the H-2 KB motif was stim

ulated most efficiently by p50; whereas that directed by 
the IFN-(B KB motif was barely stimulated [Figs. 3C (lanes 
1-4) and 4A]. Although the templates contained three 
copies of either KB motif, DNA-binding analysis by 
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EMSA showed no detectable difference in binding affin
ity or change in the number of p50 molecules bound. 
This difference in transcriptional activation appears to 
be primarily the result of recognition by p50 of the fine 
structure of the nucleotide sequence within the KB motif 
and not simply binding affinity. This is suggested by the 
observation that mutation of 2 nucleotides in the IFN-^ 
KB motif (GGGAAATTCC to GGGGAATCCC) con
ferred susceptibility to activation by p50 (Fig. 3D)^ al
though the binding affinity of p50 to these motifs (Table 
1) and actual occupancy of these sites by p50 (Fig. 3F) was 
practically indistinguishable. Interestingly, we observed 
eightfold higher constitutive gene expression by mutated 
IFN-p KB site than wild-type IFN-p KB site in mouse L 
cells (Table 2) in which KBF-1 factor is constitutive 
(Shirayoshi et al. 1987), suggesting an effect of KB site in 
vivo. 

The p65 homodimer also activated transcription from 
the KB motifs tested [Figs. 3A (lanes 5-8) and 4B,C]. This 
activation was most prominent on the IFN-(3 KB motif as 
expected from the relatively high-affinity binding to this 
KB motif (Table 1). Note, however, that activation by p65 
on the IFN-p motif was greater than the activation by 
p50. This is the opposite of the activation potential of 
these same proteins upon the IgK KB motif. 

Mapping of the transcriptional activation 
domains of p65 

A derivative of p65, p65A, which lacks the carboxyl 
acidic region, failed to activate any KB motif, including 
that of IFN-p (lanes 13-16), although p65A exhibited 
quite a high affinity for the IFN-|3 KB motif (Table 1). 
This suggests that the carboxyl region of p65 is respon
sible for transcriptional activation by the p65 ho
modimer and that this region probably contains an acti
vation domain that is functional in N F - K B . In this regard, 
heterodimers of p50/p65A exhibited a reduced transcrip
tional activity from the H-2 and IFN-p KB motifs when 
compared with p50/p65, without a notable reduction in 
DNA-binding affinity (Table 1; Fig. 4C). Thus, it is likely 
that a primary role of the carboxyl region of p65 in the 
NF-KB complex is to activate transcription. 

It is worth noting that although p50/p65A bound to the 
F:[-2 and IFN-p KB motifs with indistinguishable affinity 
[K^ = 7.0 and 7.7 pM, respectively), its transcriptional 
activity on these motifs was significantly different (Figs. 
3E and 4C). p50/p65A is slightly more active than p50/ 

Table 2. Activity of wild-type and mutated IFN-13 KB motif 
in cells 

Relative CAT activity'' 

TATA-CAT 
( I F N - K B ) 3 - C A T 

(muIFN-KB)3-CAT 

0.0 
1.0 
8.3 

"Values are normalized by reference to a cotransfected CRE-
luciferase construct, and background is subtracted using no 
DNA transfected as control. 

p50 on IFN-p KB motif. Presumably, this is because the 
activation domain of p50 is not completely masked in 
the context of p50/p65A heterodimer (Fig. 6A,C, below). 

DNA binding-induced conformational change 
of NF-KB subunits 

In the preceding sections we showed that the DNA-bind
ing affinity and transcriptional activity of NF-KB sub-
units were not necessarily correlated. Particularly, p50 
homodimer activated transcription from an H-2 KB motif 
but not from an IFN-p KB motif, although actual occu
pancy of these sites by p50 was indistinguishable (Fig. 
3F). To investigate the mechanism of this apparent dis
crepancy, we examined the gross structure of p50 bound 
to these motifs using a chymotrypsin-sensitivity assay. 
After binding of p50 to ^^P-labeled probe oligonucle
otides containing different KB motifs for 20 min (binding 
was completed in <5 min; data not shown), the complex 
was treated with chymotrypsin for various times. The 
reaction was terminated by adding chymostatin, and the 
complex containing labeled probe was analyzed by 
EMSA (Fig. 5A). Chymotrypsin treatment rapidly con
verted (within I min) the complex containing either of 
the KB motifs into a faster migrating species. Thereafter, 
however, p50 bound to different KB motifs was digested 
with different kinetics (Fig. 5C). The chymotrypsin in-
sensitivity of p50 bound to different KB sites correlated 
positively with its transcriptional activating potential 
(Fig. 3). In the absence of DNA, p50 was very sensitive to 
chymotrypsin: Its DNA-binding activity was reduced to 
50% after a 1 -min treatment under the same conditions 
(data not shown). p65 however, did not have an altered 
chymotypsin sensitivity dependent on the binding site 
sequence (Fig. 5A). 

This difference of chymotrypsin sensitivity in p50 
might be caused by an altered p50 conformation and/or 
differential dissociation rates of the DNA-protein com
plexes. We determined the dissociation rates of partially 
digested (1 min) p50 from both the Fi-2 and the IFN-p KB 
motif DNAs (Fig. 5B). After chymotrypsin digestion of 
p50-probe complex for I min, the reaction was termi
nated by chymostatin. A large excess of unlabeled olig
onucleotide containing the Fi-2 KB motif was then added 
(2000-fold excess over probe oligonucleotide; 1000-fold 
excess over p50 homodimer), and the mixture was incu
bated further. The remaining labeled DNA complex was 
quantitated by EMSA. The P 5 0 - K B motif complexes 
were extremely stable. Most important, the half-lives of 
p50 bound to the Fi-2 and IFN-p KB motifs were both >30 
min. Because chymotrypsin digested the p50-IFN-p KB 
motif complex much faster than it dissociates (half-lives 
of 5 min and 30 min, respectively), the rapid digestion of 
the p50-IFN-p KB complex cannot be solely the result of 
digestion of dissociated, unbound p50 and must be due 
primarily to digestion of bound p50. We conclude that 
p50 adopts a conformation upon binding to the H-2 KB 
motif that is resistant to digestion by chymotrypsin and 
that is different from the structure of p50 bound to other 
KB motifs. The chymotrypsin-resistant p50-KB motif 
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Figure 5. p50 Binds to H-2 and IFN-(3 KB motifs with distinct conformations. [A] p50 or p65 bound to "^^P-labeled probe containing 
various KB motif was digested with chymotrypsin for the indicated length of time. (0 min) No enzyme digestion. After terminating the 
digestion by adding chymostatin, the protem-DNA complex was analyzed by EMSA. (bound) Probe DNA bound to p50; (free) free 
probe. (B) Measurement of dissociation rate of p50 from H-2 or IFN-(3 KB motif DNA, p50 was mixed with '̂ ^P-labeled probe containing 
either H-2 [left] or IFN-p [right] KB motif for 20 mm. Chymotrypsin (400 mg/ml) was added and allowed to incubate for 1 min. The 
reaction was stopped by the addition of chymostatin. A 1000-fold molar excess of unlabeled oligonucleotide containing the H-2 KB 
motif was added for the indicated length of time. The remaining complex was separated from free probe by EMSA, followed by 
Betascope quantitation. (C) Quantitation of chymotrypsin sensitivity. p50 results in A were quantitated by Betascope and plotted. 

complexes are those that gave the highest activation m 
in vitro transcription. These results suggest that tran
scriptional activity of the p50 homodimer is dependent 
on its conformation as determined by interaction of p50 
with the specific sequence constituting a given KB motif. 

Discussion 

By analyzing both the DNA-bmding activity and the in 
vitro KB transcriptional activation ability of the two NF-
KB subunits, an unexpected complexity of behavior has 
emerged as schematically represented in Figure 6. First, 
each subunit forms a homodimer, but when mixed, pref
erentially forms a heterodimer. Second, the homo- and 
heterodimers all bind to DNA, but (p50)2 binds ~ 10-fold 
better than (p65)2, and the heterodimer binds with an 
intermediate efficiency. Third, both p50/p65 and (p65)2 
activate transcription from all binding sites, albeit with 
somewhat varying efficiency, whereas (p50)2 activation 
is highly dependent on the sequence of the site to which 

it binds. Fourth, virtually all of the activating ability of 
the p65 subunit is in its carboxy-terminal non-rei exten
sion, a region with no homology to p50. Fifth, the acti
vating ability of p50 is correlated to a chymotrypsin-
resistant structure that it adopts when bound to an ac
tivating sequence. Sixth, in the heterodimer, each 
component contributes to the activation potential indi
vidually. This complexity of biochemical behavior 
makes two biological predictions: that the specific se
quence of each KB site has evolved to provide a particular 
level of activation determined by the combined effects of 
p50 and p65 and that the (p50)2 found as KBF-1 in the 
nuclei of many cells probably is a functional activator 
with a high site specificity. Whether (p65)2 is ever found 
in cells as a functional entity needs to be determined. 

DNA-binding activity 

Previous evidence had led to the suggestion that p65 
could not bind to DNA; thus, a heterotetramer model for 
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Figure 6. Model for transcriptional activation by NF-KB sub-
units. A totally schematic representation of the behavior of p50 
and p65 in various combinations is provided. The solid region of 
p50 is its activation domain, which is shown as being partially 
or completely revealed, depending on the DNA sequence to 
which it is bound. The activation domain of p65 is shown as a 
knob that is active whenever p65 is bound to a site. In p65A, the 
knob (carboxy-terminal region of the protein) is deleted. [A-C] 
The activities of (pSOjj, p50/p65, and p50/p65A, respectively, 
when bound to either the IFN-p KB site [left] or the H-2 KB site 
[light]. 

p50/p65 was proposed (Baeuerle and Baltimore 1989). It 
is now evident that p65 binds well to DNA. Previously, 
binding had been done with poly[d(I-C)] • poly[d(I-C)]. In 
the present experiments, by using recombinant protein 
and omitting the competing polymer, the binding poten
tial of p65 was revealed. Urban et al. (1991) also noted 
this effect and found that renatured p65 could bind to 
DNA. Our mixing experiments are consistent with p65 
forming a dimer, and previously, p50 had been shown to 
dimerize; thus, we now believe that p50/p65 is a dimer, 
a conclusion also reached by Urban et al. (1991). An equi-
molar mixture of p50 and p65 forms almost exclusively 
p50/p65, indicating that the heterodimerization con
stant is lower than at least one of the homodimerization 
constants. We tested four KB motifs for their ability to 
bind (p50)2; (p65)2, and p50/p65. Although binding con
stants for any one dimer varied up to threefold, depend
ing on the DNA sequence, the major effect was that 
(p50)2 bound with the highest affinity [K^ ~6.5 pM), 
(p65)2 with the lowest [K^ = 25-75 pM), and p50/p65 
with a lower intermediate affinity [K^ = 6-14 pM). Thus, 
it is the specificity of heterodimerization that deter
mines the form of N F - K B bound to DNA, and not the 
affinity for DNA. It is significant that the highest DNA-
binding affinity is that of p50/p65 for the immunoglob
ulin KB site, the site also found twice in the human im
munodeficiency virus long terminal repeat (HIV LTR). In 
the immunoglobulin K enhancer, N F - K B plays the central 
role in activating transcription (Lenardo et al. 1987), and 

for HIV, NF-KB is probably the crucial regulator of its 
replication rate (Nabel and Baltimore 1987; M. Feinberg 
and D. Baltimore, unpubl.). 

Transcriptional activation 

Previous data had indicated that p50/p65 purified from 
cells can activate transcription up to threefold in a HeLa 
cell-free system (Kawakami et al. 1988). By using recom
binant subunits of unlimited quantity, we could show 
10-fold activation dependent on KB motifs and could re
veal the activation potential of the individual subunits. 
(p50)2 and (p65)2 both activate, but activation is depen
dent on very different parameters. Activation by p65 is 
dependent on its carboxy-terminal region—as found pre
viously for the c-rel product (Kamens et al. 1990)—and is 
correlated to its KB motif-binding affinity: The IFN-p KB 
motif is the highest affinity site and is activated most 
efficiently by (p65)2. Activation by (p50)2 is dependent on 
its conformation as detected by the chymotrypsin probe: 
Although the H-2 and IFN-(3 KB motifs bind to (p50)2 
with approximately equal high affinity, only the former, 
which induces a chymotrypsin-resistant structure in the 
bound (p50)2, activates transcription (Fig. 6A). 

Transcriptional regulation dependent on a DNA-in-
duced conformation of a transcription factor has been 
suggested previously in two cases. The activation func
tions of the thyroid hormone and glucocorticoid recep
tors were found to be modulated by the specific site that 
they are bound in transfection experiments in cells 
(Glass et al. 1988; Sakai et al. 1988). Yeast pheromone/ 
receptor transcription factor (PRTF) was shown to adopt 
a specific conformation only when bound to the a-spe-
cific upstream activating sequences, and this was corre
lated to transcriptional activity in vivo (Tan and Rich
mond 1990). In neither case, however, was it shown by 
direct in vitro analysis that transcription factor confor
mation when bound to specific DNA sites determines 
activation potential. Our demonstration of an in vitro 
effect, however, makes it likely that the other cases do 
involve DNA site-dependent conformational effects and 
suggests that this may be a widespread phenomenon. 

Although we have found that it is difficult to demon
strate any KB-dependent stimulation of in vivo transcrip
tion by cotransfection with p50-producing constructs, 
we were able to derive in vivo results that correlate with 
the in vitro phenomenology without added p50, presum
ably because of endogenous (p50)2 (KBF-1). There was 
eightfold more activity of a mutated IFN-p KB site than a 
wild-type IFN-|3 KB site in mouse L cells (Table 2) in 
which KBF-1 factor is constitutive (Shirayoshi et al. 
1987), suggesting an effect of specific KB site sequence in 
vivo. 

The segment of p50 that provides activation activity 
has yet to be identified. Comparing the sequence of p50 
with that of p65, however, suggests potential activation 
domains. p65 has a rei-related region of —35 kD while 
the rei-related region of p50 is spread over —50 kD. The 
difference is the result of a number of "inserts" in the 
p50 rel homologous region. One or more of these inserts 
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could well provide the activation activity (T. Fujita and 
D. Baltimore, unpubl.). How the structure of the p50 
molecule is altered by DNA binding to release its acti
vation potential remains to be discovered. 

Dual elements in p50/p65 

In the heterodimer, each component plays a separate ac
tivating role. We come to this conclusion from two types 
of evidence. First, deletion of the carboxyl termmus of 
p65, which almost completely mactivates the transcrip
tional activity of (p65)2 m our assay, leaves more activa
tion function in the context of the heterodimer. Second, 
the activity of the p50/p65A heterodimer is dependent on 
the sequence of the site to which it is bound, showing 
that the configuration-dependent property of p50 is evi
dent in the heterodimer (Fig. 6C). Third, the activity of 
the p50/p65 heterodimer is a function of the site, with 
the H-2 KB site giving the highest activity at low NF-KB 
input (Figs. 4B and 66). The H-2 KB site binds ip65)2 
poorly and activates by (p65l2 poorly (Table 1; Fig. 3), so 
it must be the combination of the high affinity for p50 
and the activating role of p50 bound to the H-2 motif 
that makes the H-2 site so active. 

Biological significance 

These biochemical studies have revealed a complexity to 
NF-KB that has clear biological implications. The NF-KB 
constituents p50 and p65 and the KB site are both seen to 
provide previously unsuspected elements of specificity. 
The p50 and p65 polypeptides, although homologous m 
sequence, are quite different m function. (pSOlj which 
was purified previously as a constitutive nuclear protein 
(KBF-1), has a DNA-mduced transcriptional activation 
potential that identifies it as a probable constitutive 
transcription factor. Although it binds to all tested KB 
sequences, only a subset provides the conformation to 
the molecule that makes it a strong activator. 

Although the full range of active sequences remains to 
be defined, the site upstream of H-2 genes is highly ac
tive, supporting the notion that (pSOjj provides a basal 
level of H-2 gene transcription by interaction with this 
site. No other site with this exact sequence and activity 
is yet known, but it will be interesting to see whether 
other genes have such a site or whether (pSO)-, is dedi
cated to providing a basal level of H-2 class I gene prod
ucts on cells. Almost all cells have class I proteins on 
their surface because such proteins are important to the 
recognition of cells as self by the immune system. In this 
regard, it is significant that the identical KB motif is pre
served in H-2K'' (Israel et al. 1987), H-2D^ (Korber et al. 
1988), HLA-A3, HLA-A2, HLA-AIl, HLA-B7, HLA-B27, 
and HLA-B51 genes (Hakem et al. 19891. (p50). has par
tial in vitro activity on other sites, such as that m the 
immunoglobulin K gene. This KB motif is also found up
stream of the p2-microglobulin gene, which encodes a 
non-polymorphic class I polypeptide chain, suggesting 
an involvement of (p50)2 in its universal expression. In 
contrast, class II genes are known to be regulated by dif

ferent mechanisms (Lee 1988; Liou et al. 1990). Synthe
sis of the p50 protein is complicated because it is the 
amino-terminal region of the pi05 protein. How a pool of 
(p50)2 is produced is not yet understood. 

(p65)2 is also a transcriptional activator, but no pool of 
such a protein is known. Given that p50 and p65 het-
erodimerize so efficiently it is unlikely that cells could 
have pools of both (p65)2 and (p50)2. We assume that p50 
is maintained in excess and that (p65)2 does not exist, 
but until a direct study of the question has been pro
vided, it is possible that a secondary modification could 
inhibit heterodimerization in a fraction of the p50 or p65 
molecules and allow for coexistence of all forms of the 
polypeptides. 

KB sites are found in the regulatory regions of many 
genes. In general, they are genes that are important to 
cells in conditions of attack by pathogens, immunologic 
responses, or cellular stress (Lenardo and Baltimore 
1989; Baeuerle and Baltimore 1991). In particular, many 
cytokine genes rely on KB sites for their transcription. 
The IFN-p site, studied here, is a good example in that it 
shows no (p50)2 stimulation but responds to the p50/p65 
that is released from IKB by induction stimuli. These 
sites are generally highly asymmetric but now must be 
investigated separately to ascertain their individual ac
tivities. They arc often coupled to sites for other tran
scription factors, and their particular structures could 
facilitate or even demand such interaction. 

Materials and methods 

Plasmid construction 

The Fspl fragment of pi05 cDNA (Ghosh et al. 1990) was sub-
cloned into the Smal site of pBluescript(SK-l-) (pBSK-l-) ph-
agemid, and single-stranded DNA was obtained by superinfec
tion with the helper M13 phage. Using this single-stranded 
DNA and the ohgonucleotide 5'-GAAGCCCTGGCCCAGCT-
TAAGGCTACTCGAACTAC-3', site-directed mutagenesis 
was performed. The mutagenesis altered codons 401 and 402 
[GGG (glycine) and TAT (tyrosine)] into GCT (alanine) and TAA 
(terminator), respectively, and also created a new restriction 
enzyme site, Aflll. The mutagenized cDNA was excised by di
gestion of double-stranded plasmid DNA with EcoRl and Aflll, 
ends were made flush with T4 DNA polymerase, and it was 
cloned into pVL1392. This plasmid is designated pVLp50. 

The pBSK+ containing p65 cDNA (Nolan et al. 1991) was 
used for subcloning the whole p65-coding region (nucleotide 
1-2208) into pVL1392. This plasmid is designated pVLp65. 

To express the short p65, p65A, the cDNA was truncated by 
BspHl and subcloned into pVL1392 using the synthetic adaptor. 

5' -CATGTGAGCGGCCGCCC-3' 
3'-ACTCGCCGGCGGG-5' 

The adaptor provides a translational terminator at codon 314 
and a Notl recognition site. This plasmid is designated 
pVLp65A. 

In vitro transcription templates p-55A2 and p-55A4 were de
scribed previously (Fujita et al. 1989). New plasmids p-55 IgK 
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and p-55inuA2 were generated by use of the following oligonu
cleotides, as described previously. 

p-55IgK: 

5'-TCGACCC:GGCACRTTC:CGCCGGGACTTTCCGCCGGGACTTTCCGG-3' 
3'-GGGCCC;TGAAAGGC;C;G,CCCTGAAAGC;C:GGCCCTGAAAC;GGCCTAG-5' 

p-55muA2: 

5'TGCACCCGGGGAATCCCGCCC;GGGAATCCCGCCGC;GGAATCCCGG-3' 
3 '-GGGCCCCTTAGGGCGGCCCC:TTAGCGCGGCCCC:TTACGGCCCTAC; 

The reference template p-55Spe was made by inserting one copy 
of a Spel linker (5'-GGACTAGTCC-3') into the Hindlll site of 
p-55cat. 

Production of recombinant NF-KB proteins and purification 

Recombinant baculoviruses were prepared by the MAXIBAC 
baculovirus expression system (Invitrogen Corp.). SF9 cells (10® 
cells/15-cm dish) were infected with recombinant baculovi
ruses at a m.o.i. of 5-10 and cultured for 3-4 days. Infected cells 
(10' cells) were harvested with a rubber policeman, washed once 
with PBS, and lysed by vortexing in buffer D' |20 mM HEPES (pH 
7.9), 50 mM NaCl, 1 mM EDTA, 1 mM DTT, 0.5 mM PMSF, 0.1 
% NP-40, 10% glycerol] containmg 100 |JLg/ml of leupcptin. 
Nuclei and ribosomes were removed by ccntrifugation at 2000g 
for 10 min and 100,000g for 30 min, respectively. The superna
tant was applied to a phosphocellulose column (10 ml) equili
brated with buffer D', and the column was washed with the 
same buffer and eluted with a 50 mM to 2 M NaCl gradient in 
buffer D' . The eluted fractions were tested for KB motif-binding 
activity by EMSA. The active fractions were pooled, diluted 
sixfold with buffer D', and applied to an oligonucleotide column 
(Kadonaga and Tjian 1986) containing multimerized oligonucle
otide 

5'-GATCAGAGGGGACTTTCCGAGG-3' 
3'-TCTCCCCTGAAAGGCTCCCTAG-5' 

The column was washed and eluted as for P-cellulose. The ac
tive fractions were pooled and dialyzed against buffer D' . The 
recovery of proteins by each of these chromatographies is 
>90%. 

Heterodimers were formed by incubating equal amounts of 
p50 and p65 (or their derivatives) at 37°C for 60 min (final pro
tein concentration, 0.2 pmole/ml). 

EMSA 

The following oligonucleotides containing self-complementary 
regions were used as probes: Ig K, 5'-GAGAGGGGACTTT-
CCGATTAGCTTTCGGAAAGTCCCCTCT-3'; H-2, 5'-G-
AGAGGGGATTCCCCGATTAGCTTTCGGGGAATCCCCT-
CT-3', IFN-p, 5'-GAGAGGGGAAATTCCGATTAGCTTTCG-
GAATTTCCCCTCT-3'; and mutant lFN-3,5'-GAGAGGGG-
GAATCCCGATTAGCTTTCGGGATTCCCCCTCT-3' (un
derlined sequences show self-complementary regions). 

Probes were labeled with polynucleotide kinase and 
[7-^^PjATP (7000 Ci/mmole). The labeled probe was separated 

from unincorporated [^-'^^PjATP and diluted to 4 pmole/ml. 
This probe was heated (100°C for 3 min) and self-annealed at 
68°C for 30 min. 

Our EMSA mixture (10 [xl) contained 10 mM Tris-Cl (pH 7.5), 
50 mM NaCl, 1 mM DTT, 1 mM EDTA, 10 mg/ml of BSA, 1% 
NP-40, 5% glycerol, 0.5-1 |xl of protein fraction, and 2-4 fmoles 
of '^^P-labeled probe. The mixture was incubated at 25°C for 
5-10 min and applied to a 4% polyacrylamide gel (0.25 x TBE) 
and electrophoresed (10 V/cm) for 60 min at room temperature. 

For detection of KB motif-binding activity in transcription 
reaction, the following solutions were mixed: 1 \x[ of ^^P-labeled 
probe (320 fmoles) and 5 JJL of carrier poly[d(I-C)l • poly[d(I-C)l; 10 
|xl of recombinant subunits, as indicated in figures (in buffer D'); 
10 |JL1 of buffer and nucleotide mix (see in vitro transcription); 
and 10 |xl of nuclear extract. After incubation at 30°C for 30 
min, a portion (6 |xl) was subjected to EMSA. Where indicated, 
0.1 |xl of preimmune or immune rabbit serum was included. 

Native gel electrophoresis 

To analyze the NF-KB subunits under nondenaturing condition, 
sample fractions were electrophoresed in native polyacrylamide 
gel (8% acrylamide; 0.5 x TBE; 7% glycerol), 10 V/cm, for 9 hr. 
The gel was stained with Coomassie brilliant blue. 

Scatchaid analysis 

For Scatchard analysis, a constant amount (1 fmole) of recom
binant subunit was incubated with serially diluted oligonucle
otide probe (<2 fmoles) in 10 (xl of EMSA mixture. The bound 
and free probes were separated by gel electrophoresis and quan-
titated by Beta Scope (Betagen) or Phosphorlmager (Molecular 
Dynamics). Reactions were performed in duplicate. 

Preparation of HeLa cell nuclear extract 
and in vitro transcription 

HeLa cell nuclear extract was prepared by the published proce
dure (Dignam et al. 1983), with the following modifications: 
Nuclei were extracted with 0.6 M KCl; to remove KCl, the ex
tract was dialyzed against buffer without KCl and dialysis was 
stopped when the salt concentration reached 100 mM (moni
tored by conductivity). 

The in vitro transcription reactions were performed by adding 
the following components: 1 (JLI of template mixture (test and 
reference plasmid, each 400 ng); 10 |xl of recombinant subunit 
(in buffer D'); 10 |xl of buffer and nucleotide mixture; and 10 ^l 
of nuclear extract. The final concentration of the mixture was 
13 mM HEPES (pH 7.9), 0.5 mM MgCl^, 60 mM KCl, 66 |xM 
EDTA, 0.5 mM DTT, 8.3 % glycerol, and 0.6 mM NTP. The 
incubation was performed at 30°C for 60 min. 

The total RNA was extracted from the mixture with phenol-
chloroform and precipitated with ethanol. The transcripts were 
quantitated by primer extension, using a ^^P-labeled oligonucle
otide primer complementary to the chloramphenicol acetyl-
transferase (CAT) structural gene, 5'-CAACGGTGGTATATC-
CAGTG-3', and Maloney murine leukemia virus (M-MLV) re
verse transcriptase (BRL). The product sizes were 95 and 105 
nucleotides for the test and reference transcripts, respectively. 
The products were quantitated by counting the radioactivity as 
described in Scatchard analysis. 

Limited proteolysis of P50-KB motif DNA complex 

P50-KB motif DNA complex formed in the EMSA mixture was 
treated with chymotrypsin (400 ^-g/n^l) for the indicated time, 
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and the reaction was terminated by adding chymostatin (final 
500 Jig/ml) and immediately applied to the gel for EMSA. 

DNA tiansfection and assay for CAT activity 

CAT constructs (p-55cat, p-55A2, and p-55muA2; 2 |xg) were 
each cotransfected with a plasmid containing the reference gene 
pCRE-LUC [a construct containing two copies of CRE 
(TGACGTCA) in front of the fos TATA box, followed by lu-
ciferase; 1 fxg] to L cells (2 x 10^ cells), and CAT activity was 
determined as described jFujita et al. 1989). Luciferase activity 
was determined by Promega Luciferase Assay System. 

Acknowledgments 

We thank M. Horikoshi and H. Harada for advice and help for 
Scatchard analysis, respectively. T.F. was supported by a fellow
ship from Human Frontier Science Program; G.P.N, was sup
ported by a fellowship from National Institutes of Fiealth (NM); 
S.G. was supported by a fellowship from the Irvington Institute 
for Medical Research. This work was supported by NIH grant 
GM39458-04 to D.B. 

The publication costs of this article were defrayed m part by 
payment of page charges. This article must therefore be hereby 
marked "advertisement" m accordance with 18 USC section 
1734 solely to indicate this fact. 

References 

Baeuerle, P.A. and D. Baltimore. 1988. k b : A specific inhibitor 
of the NF-KB transcription factor. Science 242: 540-546. 

. 1989. A 65-kD subunit of active NF-KB IS required for 
inhibition of NF-KB by IKB. Genes & Dev. 3: 1689-1698. 

1991. The physiology of the NF-KB transcription factor. 
In Molecular aspects of cellulai regulation: hormonal con
trol regulation of gene transcription |ed. P. Cohen and J.G. 
Foulkes), pp. 409-432. Elsevier/North FloUand Biochemical 
Press, Amsterdam, The Netherlands. 

Dignam, J.D., R.M. Lebovitz, and R.G. Roeder. 1983. Accurate 
transcription initiation by RNA polymerase II m a soluble 
extract from isolated mammalian nuclei. Nucleic Acids Res. 
11: 1475-1489. 

Fujita, T., M. Miyamoto, Y. Kimura, J. Hammer, and T. Tan-
iguchi. 1989. Involvement of a cis-element that binds an 
H 2 T F - 1 / N F - K B like factor(s) in the virus-induced mter-
feron-3 gene expression. Nucleic Acids Res. 17: 3335-3346. 

Ghosh, S. and D. Baltimore. 1990. Activation in vitro of NF-KB 
by phosphorylation of its inhibitor IKB. Nature 344: 678-
682. 

Ghosh, S., A.M. Gifford, L.R. Rivere, P. Tempest, G.P. Nolan, 
and D. Baltimore. 1990. Cloning of the p50 DNA binding 
subunit of N F - K B : Homology to rel and dorsal. Cell 
62:1019-1029. 

Glass, C.K., J.M. Holloway, O.V. Devary, and M.G. Rosenfcld. 
1988. The thyroid hormone receptor binds with opposite 
transcriptional effects to a common sequence motif in thy
roid hormone and estrogen response elements. Cell 54: 313 -
323. 

Griffin, G.E., D. Leung, T.M. Folks, S. Kunkel, and G.L Nabel. 
1989. Activation of HIV gene expression during monocyte 
differentiation by induction of N F - K B . Nature 339: 70-73. 

Hakem, R., P. Le Bouteiller, M. Barad, M. Trujillo, P. Mercier, J. 
Wietzerbin, and F.A. Lemonnier. 1989. IFN-mediated differ
ential regulation of the expression of HLA-B7 and HLA-A3 
class I genes. /. Immunol. 142: 297-305. 

Hope, LA. and K. Struhl. 1987. GCN4, a eukaryotic transcrip
tional activator protein, binds as a dimer to target DNA. 
EMBO f. 6: 2781-2784. 

Israel, A., A. Kimura, M. Kieran, O. Yano, J. Kanellopoulos, O. 
Le Bail, and P. Kourilsky. 1987. A common positive trans
acting factor binds to enhancer sequences in the promoters 
of mouse H-2 and 32-™.icroglobulin genes. Proc. Natl. Acad. 
Sci. 84: 2653-2657. 

Kadonaga, J.T. and R. Tjian. 1986. Affinity purification of se
quence-specific DNA binding proteins. Proc. Natl. Acad. 
Sci. 83: 5889-5893. 

Kamens, f., P. Richardson, G. Mosialos, R. Brent, and T. Gil-
more. 1990. Oncogenic transformation by vRel requires an 
ammo-terminal activation domain. Mol. Cell. Biol. 
10: 2840-2847. 

Kawakami, K., C. Scheidereit, and R.G. Roeder. 1988. Identifi
cation and purification of a human immunoglobulin-en
hancer-binding protein (NF-KB) that activates transcription 
from a human immunodeficiency virus type 1 promoter in 
vitro. Proc. Natl. Acad. Sci. 85: 4700-^704. 

Kieran, M., V. Blank, F. Logeat, J. Vandekerckhove, F. Lottspe-
ich, O. Le Bail, M.B. Urban, P. Kourilsky, P.A. Baeuerle, and 
A. Israel. 1990. The DNA binding subunit of NF-KB is iden
tical to factor KBFl and homologous to the rel oncogene 
product. Cell 62: 1007-1018. 

Korber, B., N. Mermod, L. Hood, and I. Stroynowski. 1988. Reg
ulation of gene expression by interferons: Control of H-2 
promoter responses. Science 239: 1302-1306. 

Lee, J.S. 1988. Regulation of HLA class II gene expression. In 
Immunology of HLA, pp. 49-62. Springer-Verlag, New York. 

Lee, J.H., Y.C. Li, S. Doerre, P. Sista, D.W. Ballard, W.C. Green, 
and R.B. Franza. 1991. A member of the set of KB binding 
proteins, HIVEN86A, is a product of the human c-rel proto-
oncogene. Oncogene 6: 665-667. 

Lenardo, M.J. and D. Baltimore. 1989. N F - K B : A pleiotropic me
diator of inducible and tissue-specific gene control. Cell 
58:227-229. 

Lenardo, M.J., J.W. Pierce, andD. Baltimore. 1987. Protein-bind
ing sites in Ig gene enhancers determine transcriptional ac
tivity and inducibility. Science 236: 1573-1577. 

Lenardo, M.J., C.-M. Fan, T. Maniatis, and D. Baltimore. 1989. 
The involvement of NF-KB in p-interferon gene regulation 
reveals its role as widely inducible mediator of signal trans
duction. Cell 57: 287-294. 

Liou, H.-C, L.B. Ivashkiv, C.J. Kara, and L.H. Glimcher. 1990. 
Transcriptional regulation of MHC class II gene expression: 
Are MHC class II genes coordinately regulated? In Trans
genic mice and mutants in MHC researches fed. LK. Egonov 
and C.S. David), pp. 133-142. Springer-Verlag, Heidelberg, 
Germany. 

Miyamoto, C , G.E. Smith, J. Farrell-Towt, R. Chizzonite, M.D. 
Summers, and G. Ju. 1985. Production of human c-myc pro
tein in insect cells infected with a baculovirus expression 
vector. Mol. Cell. Biol. 5: 2860-2865. 

Nabel, G. and D. Baltimore. 1987. An inducible transcription 
factor activates expression of human immunodeficiency vi
rus m T-cells. Nature 326: 711-713. 

Nolan, G.P., S. Ghosh, H.-C. Liou, P. Tempst, and D. Baltimore. 
1991. DNA binding and IKB inhibition of the cloned p65 
subunit of NF-KB, a rei-related polypeptide. Cell 64: 9 6 1 -
969. 

Olio, R. and T. Maniatis. 1987. Drosophila Kriippel gene prod
uct produced in a baculovirus expression system is a nuclear 
phosphoprotein that binds to DNA. Proc. Natl Acad. Sci. 
84: 5700-5704. 

Osbom, L., S. Kunkel, and G. Nabel. 1989. Tumor necrosis fac-

786 GENES & DEVELOPMENT 

 Cold Spring Harbor Laboratory Press on April 24, 2020 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Transcriptional activity of the NF-KB subunits 

tor a and interleukin 1 stimulate the human immunodefi
ciency virus enhancer by activation of the nuclear factor KB. 
Pioc. Natl. Acad. Sci. 86: 2336-2340. 

Patel, G. and N.C. Jones. 1990. Activation in vitro of RNA poly
merase II and III directed transcription by baculovirus pro
duced ElA protein. Nucleic Acids Res. 18: 2909-2915. 

Ruben, S.M., P.J. Dillon, R. Schereck, T. Henkcl, C.-H. Chen, 
M. Maher, P.A. Baeuerle, and C.A. Rosen. 1991. Isolation of 
a rei-related human cDNA that potentially encodes the 65-
kD subunit of N F - K B . Science 251: I490-I493. 

Sakai, D.D., S. Helms, J. Carlstedt-Duke, J.-A. Gustafsson, F.M. 
Rottman, and K.R. Yamamoto. 1988. Hormone-mediated re
pression: A negative glucocorticoid response element from 
the bovine prolactin gene. Genes & Dev. 2: 1144-1154. 

Sen, R. and D. Baltimore. 1986a. Inducibility of K immunoglob
ulin enhancer-binding protein N F - K B by a posttranslational 
mechanism. Cell 47: 921-928. 

. 1986b. Multiple nuclear factors interact with the im
munoglobulin enhancers. Cell 46: 705-716. 

Shirayoshi, Y., J.-I. Miyazaki, P.A. Burke, K. Hamada, E. Apella, 
and K. Ozato. 1987. Binding of multiple nuclear factors to 
the 5' upstream regulatory element of the murine major hist-
compatibility class I gene. Mol. Cell. Biol. 7: 4542-4548. 

Tan, S. and T.J. Richmond. 1990. DNA binding-induced confor
mational change of the yeast transcriptional activator PRTF. 
Cell 62: 367-377. 

Urban, M.B. and P.A. Baeuerle. 1990. The 65-kD subunit of 
NF-KB is a receptor for IKB and a modulator of DNA-binding 
specificity. Genes & Dev. 4: 1975-1984. 

Urban, M.B., R. Schreck, and P.A. Baeuerle. 1991. NF-KB con
tacts DNA by a heterodimer of the p50 and p65 subunit. 
EMBO /. 10: 1817-1825. 

Visvanathan, K.V. and S. Goodbourn. 1989. Double-stranded 
RNA activates binding of NF-KB to an inducible element in 
the human (3-interferon promoter. EMBO /. 8: 1129-1138. 

Watson, C.J. and R.T. Hay. 1990. Expression of adenovirus type 
2 DNA polymerase in insect cells infected M îth a recombi
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