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Major histocompatibility complex (MHC) class I genes encode highly polymorphic antigens that play an essential 
role in a number of immunological processes. Their expression is activated in response to a variety of signals 
and is mediated through several promoter elements among which the enhancer A is one of the key control 
regions. It contains binding sites for several transcription factors, for example: (i) a well-characterized binding 
site for rel/NF-KB transcription factors in its 3'-end (the H2TF1 or kB j element), (ii) a second kB site (the kB2 
element), which is located immediately adjacent 5' to the H2TF1 element and which is recognized by p65/relA 
in the human HLA system, and (iii) an AP-1/ATF recognition sequence in the 5' end (EnA-TRE). Here we 
demonstrate that latter element is bound by at least two distinct heterodimers of the AP- 1/ATF transcription 
factor family, namely c-Jun/ATF-2 and c-Jun/Fra2. Moreover, our data reveal that the enhancer A is simultane
ously bound by AP- 1/ATF and rel/NF-KB transcription factors and that the cellular coactivator p300, which 
enhances enhancer A-driven reporter gene expression if cotransfected, is recruited to the enhancer A through 
this multiprotein complex. In contrast to the complete enhancer A, neither the EnA-TRE nor the H2TF1 element 
on their own are able to confer activation on a heterologous promoter in response to the phorbol ester tumor 
promoter TPA or the cytokine TNFa. Moreover, deletion of any one of the enhancer A control elements results 
in a dramatic loss of its inducibility by TNFa, and point mutations in either the EnA-TRE or the H2TF1 element 
lead to the loss of AP-1/ATF or NF-kB binding, respectively, and to the loss of enhancer A inducibility. There
fore, we conclude that the enhancer A is synergistically activated through a multiprotein complex containing 
AP- 1/ATF, NF-kB transcription factors as well as the cellular coactivator p300.

AP-1/ATF MHC class I NF-kB p300 ___________________________

MAJOR histocompatibility (MHC) class I proteins 
play a key role in the recognition of virally infected 
or tumor cells by the host immune system presenting 
antigenic peptides derived from infectious agents or 
tumor-specific proteins on the cell surface. These 
complexes are recognized and bound by cytotoxic T

lymphocytes, which results in the lysis of the antigen
carrying cell (40).

MHC class I genes are expressed on nearly all so
matic cells of the adult organism although their level 
of expression varies considerably between different 
tissues and different cell types (46). The level of
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MHC class I expression is determined transcription
ally— a process in which various cellular transcrip
tion factors are involved. The mouse MHC class I H- 
2Kb promoter, for instance, possesses several regula
tory regions, among them two enhancers: the en
hancer A (also known as class I regulatory element, 
CRE) and the enhancer B (13,51). The latter contains 
a recognition sequence for the cellular transcription 
factor AP-l/ATF [nucleotides (nt) -95  to -8 8  relative 
to the start site of transcription] (31). Studies of Dey 
et al. (14) indicate that the enhancer B is responsible 
for the enhancement of the constitutive MHC class
1 gene transcription in a cell type-specific manner. 
Moreover, a very recent report demonstrates that the 
enhancer B is bound by ATF-l/ATF-1, CREB-1/ 
CREB-1, and ATF-l/CREB-1 dimers and that at least 
ATF-1 is involved in normal regulation of H-2 gene 
expression and in the stimulation of transcription 
from the H-2Dd gene after radiation leukemia virus 
infection of mouse thymocytes (24).

The enhancer A (nt -203 to -159), which partially 
overlaps with a consensus interferon response se
quence (13), is of central importance for the expres
sion of the H-2Kb gene. It contains the H2TF1 
element (or kB i site) in its 3' end (45), which is a 
positive regulator of H-2Kb transcription (4,10,13, 
25). Mutations within this enhancer element abolish 
basal enhancer activity as well as the ability to re
spond to various stimuli such as tumor necrosis fac- 
tor-a (TNFa) or phorbol esters like 12-O-tetradeca- 
noyl phorbol-13-acetate (TPA) (26). Activation 
through the H2TF1 element is regulated by transcrip
tion factors belonging to the re//NF-KB family 
(27,57), for example, by a homodimer consisting of 
two 50-kDa subunits (p50-NF-KBl), which are en
coded as precursor proteins by the pl05-NF-KBl 
gene or by the heterodimer NF-kB, which consists of 
a p50-NF-KBl and a 65-kDa subunit (p65/relA). The 
latter protein is encoded by the relA gene (5).

A second kB element (kB2) is located next to the 
H2TF1 element. In the case of the human HLA-A 
promoter, this site is most probably bound by p65/ 
relA, although its dimerization partner on this spe
cific promoter element is not yet clear (37). In con
trast to the H2TF1 element, which is highly con
served among human HLA-A, HLA-B, and mice H-
2 promoters, the kB2 site is less conserved (12,30). 
For instance, the kB2 site from the HLA-A2 promoter 
(5'-GGGGAG7CCCA-3') differs in the central two 
nucleotide positions from the respective site of the H- 
2Kb promoter (5'-GGGGAAGCCCA-3')- Recent ex- 
periments have shown evidence that kB2 is probably 
as important as kBj in regulating HLA-A promoter 
activation (37). This finding was supported through 
data obtained in the mouse system where either the

natural KBr KB2 element or artifical kB i-kB j or kB2- 
kB2 elements can confer activation on a heterologous 
promoter by signals such as TNFa, whereas a mono
mer (either id*! or kB2) alone cannot (26).

The regulatory sequences at the 5' end of the en
hancer A are less well characterized. Overlapping 
binding sites for several transcription factors are lo
cated in this region, among them CRE2 (1), members 
of the superfamily of nuclear hormone receptors
(23,34,43), and members of the AP-l/ATF family
(9,31,58). Deletion of the AP-l/ATF binding site 
(henceforth referred to as EnA-TRE) from the H-2Kb 
promoter results in a greatly diminished promoter ac
tivity (9), indicating that this promoter element is of 
comparable importance for transcriptional activity as 
the H2TF1 site. On the other hand, a heterologous 
promoter construct carrying one copy of the AP-1/ 
ATF binding site was not inducible by either TPA or 
TNFa (26) and a respective reporter carrying three 
copies of the AP-l/ATF binding site was only 
slightly inducible by cotransfected c-Jun in transient 
expression assays (9). These results indicate that fac
tors binding to the AP-l/ATF recognition sequence in 
the enhancer A have to cooperate with transcription 
factors bound to the other enhancer A regulatory ele
ments to efficiently activate gene expression driven 
from the enhancer A.

The composition of the AP-1 transcription factor 
complex binding to the AP-l/ATF motif of the H- 
2Kb promoter was not clear (31). In general, AP-1 
consists of gene products of the Jun (c-Jun, JunB, 
JunD) and Fos families (c-Fos, FosB, Fral, Fra2) 
(28). After forming either homodimers (e.g., Jun/Jun) 
or heterodimers (e.g., Jun/Fos), these dimers bind 
preferentially to the typical AP-1 recognition se
quence (TGAg/cTCA). Furthermore, c-Jun can heter- 
odimerize with members of the ATF family. Such 
heterodimers are able to activate target gene expres
sion via ATF/CREB consensus sequences (TGAC 
GTCA).

Our previous findings indicate that c-Jun is one of 
the constituents of the AP-l/ATF transcription factor 
bound to the EnA-TRE (9). Moreover, initial studies 
of Yamit-Hezi and coworkers (58) suggest that c-Fos 
might be the dimerization partner of c-Jun on this 
promoter element. However, DNA sequence analyses 
demonstrate that the EnA-TRE (TGAGGTCA) re
sembles much more a typical ATF/CREB binding 
site than an AP-1 consensus sequence. The aim of 
this study was therefore (i) to analyze the composi
tion of the AP-l/ATF transcription factor complex 
bound to the EnA-TRE in detail, and (ii) to investi
gate its cooperation with factors interacting with the 
H2TF1 and the kB2 element in the activation process 
of the enhancer A. We found that the EnA-TRE is



bound by at least two distinct heterodimeric AP-1/ 
ATF complexes in vitro, namely c-Jun/Fra2 and c- 
Jun/ATF-2. Our data suggest that these complexes in
teract with transcription factors of the relfNF-KB 
family (p50-NF-KBl, p65/relA), which bind to the 
H2TF1 element and/or kB2 site, to synergistically ac
tivate H-2Kb gene expression in response to TNFa 
and TPA. Furthermore, the cellular cofactor p300 is 
recruited into this multiprotein complex and cotrans
fected p300 enhances enhancer A-driven reporter 
gene expression in TNFa-treated HeLa-tk" cells. 
From these results we conclude that the activation of 
the enhancer A depends on the assembly of a multi
protein complex.

REGULATION OF H-2Kb ENHANCER A ACTIVITY

MATERIALS AND METHODS

Plasmids

The (-2000/+12)-H-2Kb-CAT reporter construct 
[the numbers refer to the position of the respective nt 
in the H-2Kb promoter as described by Kimura et al. 
(30)] was a gift of Eric Blair, Department of Bio
chemistry and Molecular Biology, The University of 
Leeds, Leeds, UK. To obtain EnA-tk-CAT5 oligonu
cleotides representing the H-2Kb enhancer A (nt -210  
to nt -151) were synthesized on a Gene Assembler 
Plus (PharmaciaLKB), annealed, and cloned via Bam 
HI restriction sites, which were synthesized on the 
5' ends of the oligonucleotides, into the respective 
restriction sites of the basal CAT vector pBLCAT5 
(6). H2TFl-tk-CAT5, EnA-TRE-tk-CAT5, kB2/ 
H2TFl-tk-CAT5, TRE/H2TF1 -tk-CAT5, and TRE/ 
KB2-tk-CAT5 were cloned in a similar way using oli
gonucleotides spanning the H2TF1 element (nt -175  
to -156), the TRE of the enhancer A (nt -202  to 
-189), the kB2/H2TF1 region (nt -191 to -159), the 
EnA-TRE as well as the H2TF1 element (nt -201 to 
-184  + nt -172  to -159), or the TRE/kB2 region (nt 
-201 to -173) of the enhancer A. EnA+5-tk-CAT5 
and EnA+10-tk-CAT5 were obtained by insertion of 
5 (5'-ATATA-3') or 10 nucleotides (5'-ATATATA 
TAT-3') in front of nt -189 between the TRE and 
kB2 site. Pm-TRE-En A-tk-C AT 5, pm-H2TFl-EnA- 
tk-CAT5, and pm-TRE/H2TFl -EnA-tk-CAT5 were 
cloned by inserting a TRE point-mutated enhancer A 
(5'-GGAGGT7G-3'), a H2TF1 point-mutated en
hancer A (5'-GGCGATTCCGG-3'), or a TRE/H2TF1 
point-mutated enhancer A into the basal CAT vector 
pBLCAT5.

The sequences of all H-2Kb promoter mutants 
were verified by dideoxy sequencing (41) using the 
automated laser fluorescent DNA sequencer of Phar
macia.

pCMVp-p300 was kindly provided by D. M. Liv

ingston, Dana-Faber Cancer Institute and Harvard 
Medical School, Boston, MA.

Cell Culture and CAT Assays

HeLa-tk" cells were grown in DMEM supple
mented with 10% FCS in 5% C 0 2. Twenty-four 
hours after seeding, HeLa-tk" cells were transfected 
with 0.4 pg of the respective reporter construct using 
the lipofectamine method (Gibco BRL). For serum 
starvation HeLa-tk" cells were grown for 48 h in 
DMEM containing 0.5% serum followed by transfec
tion. In some experiments TPA (50 ng/ml) or TNFa 
(100 U/ml) was added to the serum-starved cells 8 h 
after transfection. Sixteen to 24 h later, cells were 
harvested and lysed by freeze-thaw treatments. The 
protein concentration of the cellular extracts was 
measured using the Bradford method (7). Equal 
amounts of proteins were used to determine CAT ac
tivity (22). CAT activity was quantified using the au
tomatic TLC linear analyzer of Berthold (Bad Wild- 
bad, Germany).

Preparation of Nuclear Extracts and Gel 
Retardation Assays

Nuclear extracts of HeLa-tk" cells were prepared 
as described by Shapiro et al. (44). The extracts were 
stored at -80°C until usage.

For gel retardation assays (18,19) the following 
synthetic oligonucleotids were prepared on a Gene 
Assembler Plus (Pharmacia):

1. EnA-oligonucleotide [nt -204 to -154 of the mouse H- 
2Kb promoter (30)]:
5' - (G)GGCAGTGAGGTCAGGGGTGGGGAAGCCC 
AGGGCTGGGGATTCCCCATCTCC-3'

2. EnA-TRE-oligo [nt -207 to -186 of the mouse H-2Kb 
promoter (30)]:
5'-(GGG)CCAGGCAGTGAGGTCAGGGGTG-3/

3. H2TFl-oligo [nt -175 to -156 of the mouse H-2Kb pro
moter (30)]:
5'-GGGCTGGGGATTCCCCATCT-3'

4. colTRE-oligo [nt -79 to -59 of the human collagenase 
promoter (2)]:
5'-(GGG)TAAAGCATGAGTCAGACACCT-3'

5. c-jun2TRE-oligo [nt -194 to -178 of the c-jun promoter 
(53)]:
5'-(GGG)AGCATTACCTCATCCCG-3'

6. T/G-EnA-TRE-oligo [nt -207 to -186 of the mouse H- 
2Kb promoter (30); this mutant oligonucleotide contains 
a T to G transversion mutation at position nt -199; (9)]: 
5'-(GGG)CCAGGCAGGGAGGTCAGGGGTG-3'

7. pm-EnA-TRE-oligo [nt -207 to -186 of the mouse H- 
2Kb promoter (30); this mutant oligonucleotide contains 
three point mutations in the enhancer A TRE; compare 
to oligonucleotide 2, EnA-TRE-oligo]: 
5'-(GGG)CCAGGCAGGGAGGTTGGGGGTG-3'

8. pm-H2TFl-oligo [nt -175 to -156 of the mouse H-2Kb 
promoter (30); this mutant oligonucleotide contains

3
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three point mutations in the H2TF1-element; compare
to oligonucleotide 3, H2TFl-oligo]:
5'-GGGCTGGCGATTCCGGATCT-3'

A complementary oligonucleotide was used in 
each case to generate double-stranded DNA frag
ments. To allow labeling with [32P]dCTP and the 
Klenow fragment of E. coli DNA polymerase (36) 
either three guanosines were synthesized at the 5' 
ends of the oligonucleotides or the oligonucleotides 
were digested with the appropriate restriction endo
nuclease. All binding assays (except the gel retarda
tion assays using the NF-kB oligonucleotide) were 
performed as described (3,8). In case of the NF-kB 
band shift assays, binding reactions were performed 
in 10 mM Tris/HCl, pH 7.5, 50 mM NaCl, 1 mM 
DTT, 1 mM EDTA, 5% glycerol, 0.075 pg BSA/pl. 
Up to 5 |ig of nuclear proteins was incubated with 
the radioactively labeled oligonucleotide. To com
pare the band shift pattern of nuclear extracts pre
pared from TNFa-treated HeLa-tk" cells with the 
band shift pattern of nuclear extracts prepared from 
serum-starved HeLa-tk" cells, we performed gel retar
dation assays in which we used nuclear extracts of a 
constant amount of cells instead of a constant protein 
concentration.

The following antibodies were used for antibody 
perturbation assays (Santa Cruz Biotechnology): anti- 
c-Jun (KM-1), anti-c-Jun/AP-1 (D), anti-c-Fos (K- 
25), anti-c-Fos (4), anti-Fral (R20), anti-Fra2 (Q-20), 
anti-ATF-2 (F2BR-1), anti-ATF3 (C-19), anti-NF- 
KB-p50 (NLS), anti-NF-KB-p65 (C20), anti-DP-1 (K- 
20), and anti-p300 (C-20). Antiserum (2 pi) was 
added to the incubation mixture (either overnight at 
4°C or for 15 min at room temperature) prior to the 
addition of the labeled probe.

GST Pull-Down Assays Followed by Western Blot 
Analyses

The GST-235R fusion protein as well as the 
GST-235R deletion mutants were obtained by clon
ing the respective coding region of the adenovirus 
serotype 12 El A wild-type/mutant 235R protein, ob
tained via PCR, into the Bam HI cloning site of the 
bacterial expression vector pGEX-2T (Pharmacia). 
GST-235RAN lacks aa 1-29 of the 235R protein, 
GST-235RACR1 lacks the conserved region 1 (corre
sponding to aa 39-79 of the 235R protein), and GST- 
235RA1-79 lacks aa 1-79.

Whole-cell extract was prepared as described by 
Wang et al. (55) except that 150 mM NaCl was used 
instead of 250 mM NaCl. GST pull-down assays 
were performed as described (33). GST-E1A fusion 
protein (50 pg) was incubated with 4 mg cellular pro
tein for protein-protein interaction assays. Interacting 
proteins were analyzed on 6% SDS/polyacrylamide

gels (32) followed by Western blotting using the anti- 
p300 (C-20) antibody (Santa Cruz Biotechnology) as 
primary antibody. p300 was detected using the Super- 
Signal ULTRA system from Pierce (Rockford, IL), 
in combination with the horseradish peroxidase-con
jugated anti-rabbit Ig from Amersham Life Science.

RESULTS

The EnA-TRE as well as the H2TF1 Element Is 
Necessary for an Efficient Activation of the H-2Kb 
Enhancer A

The enhancer A is one key element for the activa
tion of the H-2Kb promoter (13). It contains several 
transcription factor binding sites, among them an AP- 
1/ATF recognition sequence (EnA-TRE) and a well- 
characterized NF-kB binding site (H2TF1 element). 
To determine whether both sites function indepen
dently or whether they cooperate in enhancer A acti
vation, we have cloned three heterologous reporter 
constructs (Fig. 1A) and compared their activity in 
transient expression assays in HeLa-tk" cells: (i) 
EnA-tk-CAT5 containing the complete enhancer A in 
front of the herpes simplex virus (HSV) thymidine 
kinase (tk) promoter (nt -105 to +51) in the basal 
CAT reporter construct pBLCAT5 (6), (ii) H2TF1- 
tk-CAT5, which contains the enhancer A H2TF1 ele
ment, and (iii) EnA-TRE-tk-CAT5 carrying the AP- 
1/ATF binding site of the enhancer A. Heterologous 
reporter constructs were chosen instead of mutants 
of the natural H-2Kb promoter to prevent a possible 
interference with one or more of the other MHC class 
I promoter elements in our analyses.

EnA-tk-CAT5 displayed a very low CAT activity 
in HeLa-tk" cells kept under low serum condition 
(0.5%), which was set at 1 in Fig. IB. However, CAT 
activity was strongly induced by TPA (75-fold; Fig. 
IB) as well as TNFa (440-fold; Fig. IB). Both sub
stances have been shown to be very efficient activa
tors of the cellular transcription factors AP-l/ATF 
and NF-kB (17,28,54). Contrary to EnA-tk-CAT5, 
TPA and TNFa were only slightly able to induce re
porter gene expression from H2TFl-tk-CAT5 (six
fold or fourfold, respectively, Fig. IB) or EnA-TRE- 
tk-CAT5 (sevenfold or sixfold, respectively; Fig. 
IB). Both findings are consistent with published data 
of Israel et al. (26) and our own results showing that 
a reporter construct carrying three copies of the EnA- 
TRE is only poorly activated by cotransfecting a c- 
Jun expression plasmid in F9 cells (9). As expected, 
neither TPA nor TNFa was able to activate reporter 
gene expression from the basal reporter construct 
pBLCAT5 (Fig. IB). From these results we draw the 
conclusion that neither the EnA-TRE nor the H2TF1
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FIG. 1. Neither the TRE on its own nor the H2TF1 element on its own of the H-2Kb enhancer A is able to mediate efficient reporter gene 
activation in response to TPA or TNFa. (A) Reporter constructs. In the reporter construct EnA-tk-CAT5 the expression of the CAT gene is 
driven by the enhancer A (nt -2 1 0  to -151) of the H-2Kb promoter and the HSV tk promoter (nt -105  to +51). The EnA-TRE, the kB2 site, 
and the H2TF1 element are indicated. The numbers refer to the positions of nt in the H-2Kb promoter relative to the CAP site as described 
by Kimura et al. (30). H2TFl-tk-CAT5 contains the H2TF1 element (nt -172  to -159), EnA-TRE-tk-CAT5 contains the TRE (nt -1 9 9  to 
-192) of the enhancer A. The basal reporter construct pBLCAT5 contains the HSV tk promoter and the CAT gene (6). CAT, chloramphenicol 
acetyltransferase gene. (B) Determination of CAT enzyme activity in cellular extracts obtained from HeLa-tk- cells. The respective reporter 
constructs (0.4 jig) [pBLCAT5, EnA-tk-CAT5 (EnA), H2TFl-tk-CAT5 (H2TF1), or EnA-TRE-tk-CAT5 (EnA-TRE)] were transfected in 
serum-starved (0.5% FCS) HeLa-tk- cells (black columns). TPA-treated (50 ng/ml) HeLa-tk" cells are represented by hatched columns; 
TNF-a treated (100 U/ml) HeLa-tk“ cells are represented by empty columns. The quantification is the average of three independent CAT 
assays. EnA-tk-CAT5 promoter activity in serum-starved HeLa-tk- cells was set at 1.
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element on their own can confer efficient promoter 
activation in response to TPA or TNFa.

To determine the role of the kB2 site in the activa
tion process of the enhancer A we cloned three en
hancer A deletion mutants (Fig. 2A): (i) kB2/H2TF1- 
tk-CAT5, lacking the EnA-TRE; (ii) TRE/H2TFl-tk- 
CAT5 in which the kB2 site is deleted; and (iii) TRE/ 
KB2-tk-CAT5, lacking the H2TF1 element. After 
transfection in HeLa-tk“ cells and treatment with 
TNFa, CAT activity was determined. The activity of 
EnA-tk-CAT5 was set at 100% (Fig. 2B). In contrast 
to the complete enhancer A, none of the three dele

tion mutants was able to confer a high reporter gene 
activation in response to TNFa (Fig. 2B). These re
sults clearly show that the kB2 site is not able to sub
stitute for either the EnA-TRE or the H2TF1 element 
in transcriptional activation. Moreover, they demon
strate that all three c/s-acting elements are necessary 
to confer efficient reporter gene activation and indi
cate that a correct spacing between the EnA-TRE and 
the H2TF1 element might be essential for activation. 
However, we cannot exclude that factors bound to 
the kB2 site are directly involved in the transcription 
activation process.

B r
120 —

CAT-construct EnA kB^HUTFI TRE/H2TF1 TRE/kB2

FIG. 2. The kB 2 site is indispensable for H-2Kb enhancer A activity. (A) Reporter constructs. In the reporter construct EnA-tk-CAT5 the 
expression of the CAT gene is driven by the enhancer A (nt -2 1 0  to -151) of the H-2Kb promoter and the HSV tk promoter (nt -105  to 
+51). KB2/H2TFl-tk-CAT5 lacks the EnA-TRE, TRE/H2TFl-tk-CAT5 lacks the kB 2 site, and TRE/KB2-tk-CAT5 lacks the H2TF1 element. 
The numbers refer to the positions of nt in the H-2Kb promoter relative to the CAP site as described by Kimura et al. (30). (B) Determination 
of CAT enzyme activity in cellular extracts obtained from TNFa-treated HeLa-tk_ cells. The respective reporter constructs (0.4 jig) were 
transfected. The quantification is the average of three independent CAT assays. EnA-tk-CAT5 promoter activity was set at 100%.



A Correct Spacing Between the EnA-TRE and the 
kB2/H2TF1 cis Elements Is Necessary for the 
Activation of the Enhancer A

Two enhancer A insertion mutants were con
structed to analyze whether a correct spacing between 
the EnA-TRE and the other transcription factor bind
ing sites is one prerequisite for the activation of the 
enhancer A: (i) EnA+5-tk-CAT5 containing five ad
ditional nucleotides between the EnA-TRE and the 
kB2 site (Fig. 3A) and (ii) EnA+10-tk-CAT5 contain
ing 10 additional nucleotides between the EnA-TRE 
and the KB2-site (Fig. 3A). The activity of both pro
moter mutants was compared to the EnA-tk-CAT5 
wild-type reporter construct in transient expression 
assays in TNFa-treated HeLa-tk-cells. These CAT- 
assays demonstrated that both insertion mutants were 
unable to confer CAT gene expression in response to

REGULATION OF H-2Kb ENHANCER A ACTIVITY

TNFa (Fig. 3B), underscoring our assumption that a 
correct spacing of the cis-acting elements in the en
hancer A is necessary for its activation.

The EnA-TRE Is Bound by at Least Two 
Heterodimers o f the AP-l/ATF Transcription 
Factor Family

We have shown previously that the c-Jun tran
scription factor binds to the EnA-TRE (9). To iden
tify its dimerization partner on this specific promoter 
element we performed gel retardation assays using 
a radioactively labeled EnA-TRE oligonucleotide in 
combination with nuclear extract prepared from ei
ther serum-starved or TNFa-treated HeLa-tk- cells 
and a panel of antibodies directed against distinct 
members of the AP-l/ATF transcription factor 
family.

7

A
EnA-tk-CAT5

Enhancer A
1

TRE kB2 H2TF1

-192 -176 -159

EnA EnA+5 EnA+10

FIG. 3. H-2Kb enhancer A activation depends on a correct spacing between the EnA-TRE and the kB2 site and H2TF1 element. (A) Reporter 
constructs. In the reporter construct EnA-tk-CAT5 (EnA) the expression of the CAT gene is driven by the enhancer A (nt -2 1 0  to -151) of 
the H-2Kb promoter and the HSV tk promoter (nt -105  to +51). EnA+5-tk-CAT5 (EnA+5) and EnA+10-tk-CAT5 (EnA+10) contain an 
insertion of 5 or 10 nucleotides, respectively, in front of nt -189  between the EnA-TRE and kB2 site. The numbers refer to the positions of 
nt in the H-2Kb promoter relative to the CAP site as described by Kimura et al. (30). Transcription factor binding sites are indicated. (B) 
Determination of CAT enzyme activity in cellular extracts obtained from TNFa-treated HeLa-tk“ cells. The respective reporter constructs 
(0.4 jig) were transfected. The quantification is the average of three independent CAT assays. EnA-tk-CAT5 promoter activity was set at 
100%.
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Incubation of the EnA-TRE oligonucleotide with 
nuclear extract prepared either from TNFa-treated or 
from serum-starved HeLa-tk“ cells gave rise to two 
complexes, marked 1 and 2 in Fig. 4A. However, in 
contrast to the band shift pattern obtained from 
TNFa-treated cells, the intensity of bands was re
duced using nuclear extracts from serum-starved cells 
(data not shown), reflecting a lower concentration of 
these factors in serum-starved cells. This result is in 
agreement with published data demonstrating that c- 
Jun is expressed in many cell types at low levels and 
that the expression of members of the AP-l/ATF 
transcription factor family can be greatly induced by

TNFa (28). Moreover, ATF-2 is constitutively ex
pressed and preexisting ATF-2 is activated, too, 
through TNFa (28). Preincubation of the nuclear ex
tract prepared from TNFa-treated HeLa-tk" cells with 
an anti-c-Jun mouse monoclonal antibody reduced 
the amount of both complexes (Fig. 4A, lanes 3 and 
11). In addition, a more slowly migrating complex 
was generated (Fig. 4A, lanes 3 and 11). The forma
tion of both complexes was also prevented using an 
independent goat polyclonal anti-c-Jun antiserum 
(Fig. 4A, lanes 4 and 12). However, no supershifted 
complex could be detected, which might be due to 
the fact that this anti-c-Jun antiserum recognizes the
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FIG. 4. The EnA-TRE is bound by at least two distinct AP-l/ATF transcription factor complexes in vitro. (A) For antibody perturbation 
assays nuclear extracts prepared from TNFa-treated HeLa-tk” cells were incubated with a radioactively labeled synthetic EnA-TRE-oligo 
representing nucleotides -207  to -186  of the H-2Kb promoter in the absence (lanes 2 and 10) or the presence of two different anti-c-Jun 
antibodies (lanes 3, 4, 11, and 12), an anti-ATF-2 mouse monoclonal antibody (lane 5), an anti-ATF-3 rabbit polyclonal antiserum (lane 6), 
two different anti-c-Fos goat polyclonal antisera (lanes 7 and 8), an anti-Fral rabbit polyclonal antiserum (lane 9), or an anti-Fra2 rabbit 
polyclonal antiserum (lane 13). Lane 1 shows the labeled oligo without extract. A complex supershifted by the anti-ATF-2 antibody is 
indicated by an arrow (lane 5). Protein-DNA complexes were resolved on 5% nondenaturing polyacrylamide gels. The positions of the 
retarded complexes are indicated. (B) Competition analyses using nuclear extracts of TNFa-treated HeLa-tkf cells and a radioactively labeled 
synthetic EnA-TRE oligonucleotide in combination with a onefold or 10-fold molar excess of unlabeled EnA-TRE-oligo (lanes 3 and 4), of 
unlabeled c-jun2TRE-oligo (lanes 5 and 6), of unlabeled colTRE-oligo (lanes 7 and 8), or of the unlabeled mutant G/T-EnA-TRE (lanes 9 
and 10). This mutant oligonucleotide contains a T to G transversion mutation at position nt -199  (9). Lane 2 shows the band shift pattern 
without competitor, lane 1 the EnA-TRE oligo-without nuclear extract.



DNA binding domain of the transcription factor, 
thereby preventing its interaction with DNA. These 
data confirm our previous findings showing that c- 
Jun is one of the constituents of the transcription fac
tor complex bound to the EnA-TRE of the H-2Kb 
promoter (9).

Preincubation of the nuclear extract with an anti- 
ATF-2 mouse monoclonal antibody led to the reduc
tion of the amount of complex 1 and to a supershifted 
complex (Fig. 4A, lane 5; the supershifted complex 
is marked by an arrow), indicating that complex 1 
also contains the ATF-2 protein, most probably as c- 
Jun/ATF-2 heterodimer. Nevertheless, we cannot rule 
out the presence of a comigrating ATF-2/ATF-2 ho
modimer. In contrast to the ATF-2 antibody, the us
age of a rabbit polyclonal anti-ATF-3 antiserum only 
slightly interfered with the generation of complex 1 
and complex 2 (Fig. 4A, lane 6). As we obtained no 
supershifted complex, we suppose that this slight de
crease in the amount of complex 1 and complex 2 is 
rather due to a weak cross-reactivity of the anti-ATF- 
3 polyclonal antiserum with other members of the 
AP-l/ATF transcription factor family included in 
complex 1 and 2 than to a specific interaction. There
fore, ATF-3 is most probably not included in one of 
the protein complexes bound to the EnA-TRE in this 
cell system.

Interestingly, preincubation with an anti-c-Fos 
goat polyclonal antiserum, which is broadly reactive 
with c-Fos, FosB, Fral, and Fra2, completely inhibits 
the formation of complex 2 (Fig. 4A, lane 7). A sec
ond anti-c-Fos-specific goat polyclonal antiserum 
[anti-c-Fos(4); Fig. 4A, lane 8] or an anti-Fral rabbit 
polyclonal antiserum (Fig. 4A, lane 9) reduces mod
estly the amount of complex 1 and complex 2. In 
contrast, the formation of complex 2 was nearly com
pletely inhibited using an anti-Fra2-specific rabbit 
polyclonal antiserum (Fig. 4A, lane 13). As Fra2 is 
able to heterodimerize with c-Jun (48), we conclude 
that complex 2 consists, at least in part, of a c-Jun/ 
Fra2 heterodimer. However, due to the weak interac
tion of the anti-c-Fos(4) and the anti-Fral antiserum 
with complex 2, we cannot exclude that this complex 
contains minor amounts of c-Fos and/or Fral.

It was described that the EnA-TRE overlaps with 
a retionoid X receptor p recognition sequence in the 
enhancer A (43). Therefore, we included an anti-reti
noid X receptor p rabbit polyclonal antiserum in our 
analyses. However, the usage of this antiserum did 
not interfere with the generation of complex 1 or 
complex 2 (data not shown).

To confirm our findings that the EnA-TRE can be 
bound by at least two different AP-l/ATF transcrip
tion factor complexes, we performed competition ex
periments. The radioactively labeled EnA-TRE oligo-
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nucleotide was incubated with nuclear extract 
prepared from TNFa-treated HeLa-tk“ cells in the 
presence of a 1- or 10-fold molar excess of an unla
beled c-jun2TRE or colTRE oligonucleotide. The c- 
jun2TRE oligonucleotide [TTACCTCA; nt -190  to 
-183 of the c-jun promoter (53)] was shown to bind 
predominantly c-Jun/ATF-2 heterodimers (53), 
whereas the colTRE [TGAGTCA; nt -7 2  to -6 5  of 
the human collagenase promoter (2)] represents the 
classical c-Jun/c-Fos recognition sequence (28), 
which can be bound by c-Jun/Fra2 and c-Jun/c-Fos 
with a similar affinity (48). Therefore, the colTRE 
should compete efficiently complex 2 if c-Jun/Fra2 
and/or c-Jun/c-Fos is present. A 10-fold molar excess 
of the jun2TRE oligonucleotide completely inhibits 
the formation of complex 1 whereas complex 2 was 
slightly affected (Fig. 4B, lane 6). On the other hand, 
in the presence of the same molar concentration of 
unlabeled colTRE oligocucleotide complex 2 was 
greatly diminished (Fig. 4B, lane 7), whereas a 10- 
fold molar excess inhibits the formation of complex 
1 as well as of complex 2 (Fig. 4B, lane 8). These 
data are consistent with our findings obtained with 
the antibody perturbation assays, indicating that com
plex 1 contains predominantly c-Jun/ATF-2 hetero
dimers whereas complex 2 contains at least c-Jun/ 
Fra2 heterodimers.

To demonstrate the specificity of our competition 
experiments, we synthesized an EnA-TRE oligonu
cleotide point mutant in which the thymine was re
placed by a guanine [7GAGGTCA —> GGAGGTCA 
(9)]. A comparable mutation was shown to greatly 
inhibit the transactivation of the human collagenase 
promoter by c-Jun/c-Fos (2), indicating that this nu
cleotide is essential for a functional interaction be
tween the promoter element and the transcription fac
tor. Most interestingly, neither the formation of 
complex 1 nor the formation of complex 2 was com
pletely competed by a 10-fold molar excess of the 
mutant EnA-TRE oligonucleotide (Fig. 4B, lane 10). 
Together with the competition experiments using the 
unlabeled wild-type EnA-TRE oligonucleotide (Fig. 
4B, lanes 3 and 4), these results demonstrate the 
specificity of the protein-DNA interaction. More
over, they indicate that the first T of the binding site 
octamer seems to be of importance for the interaction 
of c-Jun/ATF-2 and c-Jun/Fra2 with the EnA-TRE.

The Coactivator p300 Is Recruited Through NF-kB 
to the H2TF1 Element

It is well documented that the H2TF1 element is 
bound by NF-kB as well as by a homodimer consist
ing of the NF-kB p50 subunit (27,57). Furthermore, 
very recent results demonstrate that p300 functions

9
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as a transcriptional coactivator for the p65 subunit 
of NF-kB on E-selectin- and VCAM-l-CAT-reporter 
constructs (20). To check whether p300 is also in
volved in the transcriptional activation of the en
hancer A of the H-2Kb promoter, we performed gel 
retardation and transient expression assays.

For gel retardation assays an oligonucleotide 
(H2TF1 oligonucleotide) spanning nt -175 to -156 
of the H-2Kb promoter and nuclear extract prepared 
from either serum-starved or TNFa-treated HeLa-tk- 
cells was used. Protein-DNA complexes were re
solved on 5% nondenaturing polyacrylamide gels and 
detected by autoradiography.

Incubation of the H2TF1 oligonucleotide with nu
clear extracts obtained from TNFa-treated HeLa-tk" 
cells gave rise to two complexes (complex 1 and 
complex 2; Fig. 5A, B, lanes 2), which is in agree
ment with data published by Schouten et al. (42) and 
Liu et al. (35) using protein extracts of other cells. 
The formation of both complexes was efficiently pre
vented by an anti-p50-specific goat polyclonal antise
rum. In addition, a supershifted complex was gener
ated (Fig. 5A, B, lanes 3). The formation of complex 
1 was also completely inhibited by an anti-p65-spe- 
cific goat polyclonal antiserum whereas complex 2 
was not affected (Fig. 5A, B, lanes 4). In this case 
two more slowly migrating complexes were gener
ated. The reason why two slowly migrating com
plexes are formed in the presence of the anti-p65- 
specific goat polyclonal antiserum is not yet clear, 
but might be due to the presence of two or more anti
body species recognizing different p65 epitopes re
sulting in two immunocomplexes with different mi
gration properties. From these results we conclude (i) 
that the protein-DNA complex 2 includes the p50- 
NF-kB1 protein probably as p50/p50 homodimer, 
and (ii) that the protein-DNA complex 1 contains 
p50-NF-KBl as well as p65/relA. The latter result 
was confirmed using a second independent goat poly
clonal anti-p65-specific antiserum (data not shown).

In contrast to the nuclear extract prepared from 
TNFa-treated HeLa-tk" cells, nuclear extract ob
tained from serum-starved HeLa-tk cells gave rise to 
only a residual amount of the p50/p50 homodimer 
(Fig. 5A, lane 5). Interestingly, the anti-p50-specific 
goat polyclonal antiserum stabilizes the interaction 
between the p50/p50 homodimer and the H2TF1 ele
ment (Fig. 5A, lane 6). A p50/p65 NF-kB hetero
dimer could not be detected (Fig. 5A, lanes 5 and 7), 
which can be explained by published data showing 
that TNFa treatment of cells results in the transloca
tion of the p50/p65 NF-kB heterodimer into the nu
cleus due to the degradation of IkB via the ubiquiti- 
nation-proteosomes pathway and in the processing of 
the p50 precursor p i05 (54).
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FIG. 5. The cellular coactivator p300 is recruited to the H2TF1 
element through NF-kB. Nuclear extracts prepared from TNFa- 
treated HeLa-tk- cells (A, lanes \-4 ;  B) or from serum-starved 
HeLa-tk" cells (A, lanes 5-7) were incubated with a radioactively 
labeled synthetic H2TFl-oligo representing nucleotides -175  to 
-156  of the H-2Kb promoter in the presence of an anti-p50 goat 
polyclonal antiserum (A, lanes 3 and 6; B, lane 3), in the presence 
of an anti-p65 goat polyclonal antiserum (A, lanes 4 and 7; B, lane 
4) or in the presence of an anti-p300 rabbit polyclonal antiserum 
(B, lane 5). Lane 1 shows the labeled oligo without extract, lanes 
2 (and 5 in A) show the labeled oligo with extract. Protein-DNA 
complexes were resolved on 5% nondenaturing polyacrylamide 
gels. The positions of the retarded complexes are indicated.

To analyze whether p300 is included in the pro
tein-DNA complex 1 containing NF-kB, we per
formed gel retardation assays in the presence of an 
anti-p300 rabbit polyclonal antiserum. Most interest
ingly, this antiserum prevents the formation of com
plex 1 whereas complex 2 was only slightly affected 
(Fig. 5B, lane 5). Moreover, a more slowly migrating 
protein-DNA complex was formed (Fig. 5B, lane 5). 
This result suggests that complex 1 might also con
tain the coactivator p300.

To confirm that the anti-p300 rabbit polyclonal 
antiserum used in gel retardation assays is highly spe
cific for p300, we performed GST pull-down assays 
followed by Western blot analyses in which we took
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advantage of the finding that the 235R El A protein 
of adenovirus type 12 interacts with the cellular co
activator p300 in an N-terminus- and CR1 -dependent 
manner [(56); K. S. Lipinski, H. Esche, and D. 
Brockmann, unpublished data]. This interaction is 
necessary for the viral regulation of expression of 
specific target genes as well as for the adenovirus- 
mediated cell transformation (39).

Whole-cell extract was prepared from HeLa-tk 
cells and incubated with the GST leader sequence 
(GST) or a fusion protein consisting of the GST 
leader sequence and the 235R El A protein of adeno
virus type 12 (GST-235R). GST-235R-interacting 
proteins were resolved on a 6% SDS/polyacrylamide 
gel followed by Western blotting using the same anti- 
p300 rabbit polyclonal antiserum as for the gel retar
dation assays shown in Fig. 5B. This antiserum rec
ognizes a cellular protein in the size of 300 kDa in 
Western blot analyses (Fig. 6, lane 1; indicated by an 
arrow). A cellular protein of the same size interacts 
with GST-235R (Fig. 6, lane 3) but not with the GST 
leader sequence (Fig. 6, lane 2). Removal of the con
served region 1 greatly diminishes the capacity of the 
resultant mutant to bind to p300 (Fig. 6, lane 5), 
whereas deletion of aa 1-29 (GST-235RAN; Fig. 6, 
lane 4) or deletion of aa 1-79 (GST-235RAN/CR1;
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FIG. 6. The cellular coactivator p300 interacts with aa 1-79 of the 
235R El A protein of adenovirus type 12. Whole-cell extract was 
prepared from HeLa-tk“ cells and incubated with the GST leader 
sequence (GST, lane 2), a fusion protein consisting of the GST 
leader sequence and the 235R El A protein of adenovirus type 12 
(GST-235R, lane 3), or fusion proteins containing 235R mutants 
(lanes 4-6). After extensive washing to remove unspecifically 
bound cellular proteins, GST-235R-interacting proteins were re
solved on a 6% SDS/polyacrylamide gel followed by Western blot
ting using the same anti-p300 rabbit polyclonal antiserum as in the 
experiment described in Fig. 5. GST-235RAN lacks aa 1-29 of the 
235R protein (lane 4), GST-235ACR1 lacks aa 39-79 (lane 5), and 
GST-235RAN/CR1 lacks aa 1-79 (lane 6). Lane 1 represents 1% 
of the cellular extract input. The position of the p300 protein as 
well as of the marker proteins is indicated.

Fig. 6, lane 6) completely prevents their interaction. 
These data are consistent with our finding that in case 
of the Ad 12 El A 235R protein aa 1-29 are sufficient 
for an interaction with p300 (K. S. Lipinski, H. 
Esche, and D. Brockmann, unpublished data). To ex
clude that the difference in the binding capacity of 
the 235R mutants is due to different concentrations 
of the respective mutants used in GST pull-down 
assays, conventional SDS/polyacrylamide gel electro
phoresis was performed with a constant aliquot of the 
glutathione sepharose beads coupled GST fusion pro
teins used in the pull-down assays. Coomassie blue 
staining showed the comparable concentration of fu
sion proteins in these assays (data not shown). These 
results strongly indicate that the anti-p300 antiserum 
recognizes specifically p300 and therefore support 
our presumption that the cellular coactivator p300 
and NF-kB are able to form a complex on the H2TF1 
element of the H-2Kb promoter.

p300 Functions as a Coactivator for Enhancer A- 
Driven Gene Expression

If p300 functions as a coactivator in the activation 
mechanism of the enhancer A its cotransfection 
should increase CAT gene expression from EnA-tk- 
CAT5. This hypothesis was tested in transient expres
sion assays. Rising amounts of the p300 expression 
vector pCMVp-p300 were cotransfected with EnA- 
tk-CAT5 in HeLa-tk” cells. After treatment with 
TNFa, cells were harvested and CAT activity deter-

FIG. 7. Cotransfected p300 enhances enhancer A-driven gene ex
pression. EnA-tk-CAT5 (0.4 pg) was cotransfected with pCMVP 
(empty box) or rising amounts of the p300 expression vector 
pCMV(3-p300 (0.05-0.35 pg; black columns) in HeLa-tk“ cells. 
After treatment with TNFa, cells were harvested and CAT activity 
determined. Empty expression vector pCMVP was always cotrans
fected to keep the DNA concentration constant. EnA-tk-CAT5 in 
the absence of pCMVp-p300 was set at 1.
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mined. The activity of EnA-tk-CAT5 in the absence 
of pCMV|}-p300 was set at 1 (Fig. 7, empty box). 
Cotransfection of 0.2 or 0.35 pg pCMV|3-p300 re
sults in a 2.4-fold activation of CAT gene expression 
(Fig. 7, black boxes) compared to cotransfection ex
periments using the empty expression vector. Cotrans
fection of 0.05 pg pCMVp-p300 has no effect on the 
enhancer A-driven reporter gene expression whereas 
a pCMVp-p300 concentration above 0.5 |ig per dish 
represses reporter gene expression, most probably 
due to a squelching mechanism (data not shown).

To make sure that p300 activates CAT gene ex
pression through factors bound to the enhancer A and 
not through the tk promoter, we performed transient 
expression assays using the mutants KB2/H2TFl-tk- 
CAT5, TRE/H2TF1 -tk-C AT 5, and TRE/KB2-tk- 
CAT5 described in Fig. 2A. None of these enhancer 
A mutants was inducible by cotransfected p300 in the 
presence of TNFa (data not shown). Taken together 
these data demonstrate that p300 functions as a coact
ivator for enhancer A-driven gene expression.

Loss of Binding of AP-l/ATF or NF-kB to Their 
Respective Promoter Elements in the Enhancer A 
Correlates With Loss of Enhancer A Inducibility

To analyze whether the binding of AP-l/ATF and 
NF-kB transcription factors to their respective pro
moter elements in the enhancer A correlates with the 
activation of the enhancer A, we constructed several 
point mutants: (i) pm-TRE-EnA-tk-CAT5 containing 
a TRE point-mutated enhancer A, (ii) pm-H2TFl- 
EnA-tk-CAT5 containing a H2TF1 point-mutated en
hancer A, and (iii) pm-TRE/H2TF 1 -En A-tk-C AT 5 
containing a TRE/H2TF1 point-mutated enhancer A. 
These point mutations lead to a complete loss of the 
binding of AP-l/ATF to the EnA-TRE (Fig. 8A, 
compare lanes 2-4  with lanes 6-7) and of NF-kB to 
the H2TF1 element (Fig. 8B, compare lanes 2-4  with 
lanes 6-8) as demonstrated by gel retardation assays 
using nuclear extract prepared from TNFa-treated 
HeLa-tk" cells. To determine their promoter activity, 
pm-TRE-En A-tk-C AT 5, pm-H2TF 1 -EnA-tk-C AT 5, 
and pm-TRE/H2TF 1 -En A-tk-C AT 5 were transfected 
in HeLa-tk" cells. After treatment with TNFa, cells 
were harvested and CAT activity was compared to 
the reporter gene activity driven by the wild-type en
hancer A. Figure 8C demonstrates that point muta
tions in either the EnA-TRE or in the H2TF1 element 
prevented enhancer A activation through TNFa in 
transient expression assays. Taken together these re
sults show a strong correlation between the loss of 
AP-l/ATF or NF-kB binding to their respective cis 
elements in the enhancer A and loss of the inducibil
ity of the enhancer A.

The Enhancer A Can Be Bound Simultaneously by 
AP-l/ATF as well as NF-kB Transcription Factors

If the enhancer A is synergistically activated by 
AP-l/ATF and NF-kB, proteins of both transcription 
factor families should be present in the same retarded 
complex in band shift analyses using the enhancer A 
as oligonucleotide. To proof this assumption, a radio- 
actively labeled oligonucleotide spanning the entire 
enhancer A (EnA oligonucleotide; nt -204  to -154) 
of the H-2Kb promoter was incubated with nuclear 
extract prepared from TNFa-treated HeLa-tk" cells in 
the presence of different specific antibodies.

Incubation of the EnA oligonucleotide with nu
clear extract prepared from TNFa-treated HeLa-tk" 
cells gives rise to several retarded complexes, termed 
A, B, and C (Fig. 9, lane 2). The formation of com
plex A was prevented through two different anti-c- 
Jun antisera (Fig. 9, lanes 3 and 4) and through an 
anti-p65 goat polyclonal antiserum (Fig. 9, lane 7). 
Moreover, its amount decreased in the presence of an 
anti-ATF-2 antibody (Fig. 9, lane 5). As an unrelated 
antiserum directed against the DP-1 protein does not 
prevent the formation of complex A (and complexes 
B and C; Fig. 9, lane 8), we conclude that complex 
A contains c-Jun and ATF-2 (most probably as c- 
Jun/ATF-2 heterodimer) as well as p65. However, the 
dimerization partner of p65 is not yet clear due to 
the fact that we cannot differentiate between the two 
possibilities that (i) the anti-50 antiserum stabilizes 
complex A or (ii) a complex shifted by the anti-p50 
antiserum comigrates with complex A (Fig. 9, lane 
6).

The composition of complexes B and C is not 
clear. Complex C contains at least the p65 protein 
(Fig. 9, lane 7). Of note, neither the anti-c-Fos antise
rum, which is broadly reactive with c-Fos, FosB, 
Fral, and Fra2, nor the anti-Fra2 antiserum nor the 
anti-p300 antiserum had a clear-cut effect on com
plexes A to C, although the anti-c-Fos antiserum gave 
rise to a supershifted complex (data not shown). 
Taken together these data show that the enhancer A 
can be bound simultaneously by AP-l/ATF and NF- 
kB transcription factors.

DISCUSSION

The aim of this study was to analyze the factors 
bound to the TRE of the H-2Kb enhancer A and to 
clarify their interrelationship in the process of tran
scriptional activation with transcription factors asso
ciated with other cis-acting elements of this enhancer. 
We identified two distinct AP-l/ATF complexes able 
to bind to the EnA-TRE: c-Jun/Fra2 and c-Jun/ATF-
2. Most interestingly, the EnA-TRE on its own is un-



able to confer efficient activation on a heterologous 
promoter construct. AP-l/ATF transcription factors 
have to cooperate with NF-kB, bound to the H2TF1- 
element, to highly induce reporter gene expression.
In addition, our findings indicate that NF-kB recruits 
p300 as coactivator to the enhancer A as cotransfec
ted p300 augmented transcriptional activation.

Our data suggest that all three cis elements are 
involved in mediating transcriptional activation of the 
enhancer A in response to TNFa and TPA. However, 
the function of the second NF-kB binding site, kB2, 
is less clear. Own unpublished antibody perturbation 
assays show that kB2 can be bound by NF-kB recruit
ing p300 to the kB2 site (data not shown). On the 
other hand, they also suggest that the EnA-TRE and 
the kB2 sites cannot be bound simultaneously by AP- 
l/ATF transcription factors and NF-kB, respectively 
(data not shown), and that a mutated enhancer lack
ing the H2TF1 element is unable to confer activation 
of a heterologous reporter construct. As the enhancer 
mutant TRE/H2TF1 lacking 11 nucleotides of the 
kB2 site is also not functional, one might conclude 
that a correct spatial distance between the EnA-TRE 
and the H2TF1 binding site is necessary for a high 
transcriptional activation. This conclusion is sup
ported by our findings that enhancer A mutants, in 
which 5 or 10 nucleotides are inserted between the 
EnA-TRE and the kB2 site, are also unable to mediate 
reporter gene activation in response to TNFa. These 
data are partly in agreement with results published by 
Mansky et al. (37). Using mutants of the HLA-A2 
promoter these authors have shown that the complete 
enhancer A gives rise to the highest CAT activity in 
transient expression assays compared to H2TF1 or 
kB2 mutants, which is consistent with findings of Is
rael et al. (26) using the H-2Kb promoter in TNFa- 
treated HeLa cells. Interestingly, point substitutions 
in H2TF1 (bound either by a BI protein complex con
taining the p50 subunit of NF-kB or by B ill contain
ing p65) as well as in kB2 (not bound by BI) inter
feres equally with promoter activation. Therefore, 
Mansky et al. (37) suggest that occupancy of both 
sites is required for enhancer activation, although a 
multiprotein complex containing BI as well as B ill 
was not detected in gel retardation assays. Our gel 
retardation assays indicate that a simultaneous occu
pation of the kB2 site and the EnA-TRE is not possi
ble (data not shown), underscoring our interpretation 
that the DNA sequence itself as spacer is important 
for activation, most probably to guarantee a correct 
spacing between both transcription factor binding 
sites. The different results might be explained by the 
fact that the kB2 site of the H-2Kb and HLA-A2 pro
moters is not conserved (12,30), allowing a different 
kind of regulation.
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A very interesting finding of our studies is that at 
least two distinct AP-l/ATF complexes (c-Jun/ATF- 
2, c-Jun/Fra2) are able to bind to the EnA-TRE. 
These results extend published data concerning the 
composition of the complex bound to the EnA-TRE
(9,31,58). For example, using DNAse I protection 
analyses Korber and coworkers (31) have shown that 
crude nuclear extracts prepared from cells of the 
mouse myeloma cell line MPC 11 gave rise to the 
same protected region in the enhancer A (spanning 
the EnA-TRE)-like AP-1 complexes purified from 
HeLa cells. However, the composition of the purified 
AP-1 complex was not clarified in these studies. In a 
second investigation (58) it was shown that the incu
bation of an enhancer A oligonucleotide with nuclear 
extracts prepared from D122 cells (D122 is a high 
metastatic cell clone, derived from Lewis lung carci
noma cells obtained from C57BL/6 mice) gave rise 
to five complexes. Preliminary gel shift assays re
vealed that the formation of two of these complexes 
is disturbed in the presence of an anti-c-Fos antibody 
(58).

c-Jun/ATF-2 is a well-known activator of gene ex
pression via ATF/CREB binding sites [see, e.g.,
(53)]. c-Jun/Fra2 was shown to bind AP-1 as well as 
ATF recognition sequences (48). Moreover, as heter
odimer with c-Jun, Fra2 was described to have a sup
pressive function on the colTRE (48), which is in 
contrast to our expectations that c-Jun/Fra2 should 
function as an activator for the H-2Kb enhancer A. 
There are several explanations for this discrepancy, 
(i) The results obtained in the gel retardation assays 
do not reflect the in vivo situation during MHC class 
I gene activation. In vitro c-Jun/Fra2 binds to the 
EnA-TRE but under physiological conditions this 
heterodimer might not be involved in the activation 
of the enhancer A because the EnA-TRE is occupied 
by a c-Jun/ATF-2 heterodimer, (ii) c-Jun/Fra2 can 
have opposite effects on gene expression depending 
on the cell type and/or promoter/enhancer context. In 
this context it is interesting that a Fra2-containing 
complex called Mod-1 was shown to bind to a spe
cific sequence in the enhancer of the swine class I 
(PD1) gene (21), although the sequence under study 
does not contain an obvious AP-l/ATF recognition 
sequence (16). In addition to Fra2, Mod-1 contains 
the p50 but most probably not the p65 subunit of NF- 
kB and it functions as a transcriptional activator of 
the swine PD1 gene in response to IFN-a or IFN-y. 
However, it is not yet clear whether Fra2 fulfills its 
transcriptional activity by contacting the Mod-1 rec
ognition sequence directly or by targeting p50. For 
instance, the latter mechanism was shown for c-Fos, 
which binds to the p65 subunit of NF-kB, thereby 
enhancing the transcriptional activity of NF-kB on

13
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EnA-TRE 5'-(GGG)CCAGGCAG7'G4GGrC4GGGGTG-3' 
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ABOVE AND FACING PAGE
FIG. 8. Loss of binding of AP-l/ATF or NK-kB to their respective binding sites in the enhancer A correlates with the loss of the inducibility 
of the enhancer A. (A) For antibody perturbation assays nuclear extracts prepared from TNFa-treated HeLa-tk cells were incubated with 
either a radioactively labeled synthetic EnA-TRE-oligo representing nucleotides -207  to -186  of the H-2Kb promoter (lanes 2-4) or a 
radioactively labeled point-mutated EnA-TRE-oligo (lanes 6 and 7) as indicated on the top of the figure. Lanes 3 and 7, gel retardation 
assays in the presence of an anti-c-Jun antibody; lane 4, gel retardation assay in the presence of an anti-ATF-2 antibody; lanes 2 and 6, gel 
retardation assays in the absence of antisera. Lanes 1 and 5 show the labeled oligos without extract. Protein-DNA complexes were resolved 
on 5% nondenaturing polyacrylamide gels. The positions of the retarded complexes are indicated. (B) Nuclear extracts prepared from TNFa- 
treated HeLa-tk cells were incubated with a radioactively labeled synthetic H2TFl-oligo representing nucleotides -175  to -156  of the H- 
2Kb promoter (lanes 2-A) or a radioactively labeled point-mutated H2TFl-oligo (lanes 6-8) as indicated on the top of the figure. Lanes 3 
and 7, gel retardation assays in the presence of an anti-p50 goat polyclonal antiserum; lanes 4 and 8, gel retardation assays in the presence 
of an anti-p65 goat polyclonal antiserum. Lanes 2 and 6, gel retardation assays in the absence of antisera; lanes 1 and 5 show the labeled 
oligos without extract. The positions of the retarded complexes are indicated. (C) 0.4 pg of either EnA-tk-CAT5 (EnA) or the point 
mutants pm-TRE-EnA-tk-CAT5 (pm-TRE), pm-H2TFl-EnA-tk-CAT5 (pm-H2TFl), pm-TRE/H2TF 1 -EnA-tk-CAT5 (pm-TRE/H2TFl) was 
transfected in HeLa-tk' cells. After treatment with TNFa, cells were harvested and CAT activity determined. The quantification is the 
average of three independent CAT assays. EnA-tk-CAT5 promoter activity was set at 100%.
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FIG. 8 Continued

the kB-dependent 5' long terminal repeat of the hu
man immunodeficiency virus type 1 (47). The exact 
role of Fra2 in the process of H-2Kb enhancer A acti
vation will be enlightened in transient expression 
assays using the F9 teratocarcinoma cell system.

Taken together our data might suggest that the ac
tivity of the H-2Kb enhancer A is regulated by a 
multiprotein complex that might assemble to an en- 
hanceosome. In enhanceosomes transcription factors 
synergize with each other as well as the basal tran
scriptional machinery, which results in a dramatic in
crease in gene transcription (11). One of the best 
studied examples for transcriptional synergism is the 
virus-inducible enhancer of the human interferon-(3 
gene (52). The enhanceosome bound to this enhancer 
consists of the transcriptional activators NF-kB, 
IRF1, and the heterodimer c-Jun/ATF-2. Moreover, it 
contains the architectural protein HMG I(Y), which 
is required for the cooperative assembly, for the sta
bility of the enhanceosome, and for maximal levels 
of transcriptional synergy. The activation domains of 
the transcription factors interact with factors of the 
basal transcription machinery like TFIID and with 
specific components of the RNA II holoenzyme, re
sulting in the recruitment of the transcriptional appa
ratus to the promoter and in the formation of a stable 
preinitiation complex (29). Very recent results have 
shown that the recruitment of the coactivator p300/ 
CBP through the p65 subunit of NF-kB is also re
quired for transcriptional synergy (38). The assembly

oligonucleotide:
TRE kB2 H2TF1

*' .A0*0* 0*0* o* <5*

1 2 3 4 5 6 7 8

FIG. 9. The enhancer A can be bound simultaneously by AP-1/ 
ATF and NK-kB transcription factors in vitro. Nuclear extracts 
prepared from TNFoc-treated HeLa-tk” cells were incubated with a 
radioactively labeled synthetic enhancer A oligonucleotide repre
senting nucleotides -204  to -154  of the mouse H-2Kb promoter in 
the presence or absence of specific antibodies as indicated. Pro- 
tein-DNA complexes were resolved on 5% nondenaturing poly
acrylamide gels and retarded complexes were visualized by autora
diography.
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as well as the transcriptional activity requires a pre
cise helical relationship between individual transcrip
tion factor binding sites (50).

There are some striking similarities between the 
virus-inducible enhancer of the human interferon-(3 
gene and the enhancer A of the H-2Kb gene, (i) A 
single copy of any regulatory element of both en
hancers does not function on its own and inactivation 
of one of the cis-regulatory elements in the respective 
enhancer leads to a dramatic decrease of its inducibil- 
ity [15,49); this study], (ii) The relative position of 
the individual cw-regulatory elements in the respec
tive enhancer plays a decisive role for transcriptional 
synergy, (iii) The cellular coactivator p300 is re
cruited to both enhancers, most probably through the 
p65 subunit of the NF-kB transcription factor. How
ever, there are also some differences. Most important, 
we were unable to detect the architectural HMG I(Y)
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