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We present evidence that the inducer-specific regulation of the human tumor necrosis factor alpha (TNF-�)
gene in T cells involves the assembly of distinct higher-order transcription enhancer complexes (enhanceo-
somes), which is dependent upon inducer-specific helical phasing relationships between transcription factor
binding sites. While ATF-2, c-Jun, and the coactivator proteins CBP/p300 play a central role in TNF-� gene
activation stimulated by virus infection or intracellular calcium flux, different sets of activators including
NFATp, Sp1, and Ets/Elk are recruited to a shared set of transcription factor binding sites depending upon the
particular stimulus. Thus, these studies demonstrate that the inducer-specific assembly of unique enhanceo-
somes is a general mechanism by which a single gene is controlled in response to different extracellular stimuli.

Positive and negative control of gene transcription plays a
pivotal role in the functional differentiation of cells and in their
ability to respond to extracellular signals and environmental
stress (18, 28). Transcriptional regulation of eukaryotic genes
is accomplished mainly by complex DNA cis-acting promoter
elements, called enhancers, which bind to transcription factors
that recognize specific DNA sequences. The specific organiza-
tion of the enhancer sequences in a promoter and the proteins
bound to these sequences are involved in the initiation of the
assembly of the transcriptional machinery required for the
initiation of mRNA synthesis by RNA polymerase II (Pol II)
(18, 28). A major question in eukaryotic gene transcription is
how specificity in gene activation is achieved; that is, after a
particular cellular stress, a variety of transcription factors can
be activated and bind to multiple gene promoters, but only a
small subset of these genes will be activated.

The tumor necrosis factor alpha (TNF-�) gene provides a
unique opportunity in which to study the specificity of tran-
scription, since it is expressed in a variety of cell types stimu-
lated via several different signal transduction pathways and the
common end point of these diverse signaling cascades is the
binding of a particular set of protein factors to the TNF-�
promoter and the induction of TNF-� gene transcription. In
most cell types, TNF-� is not expressed prior to stimulation.
However, diverse biological processes, which include exposure
to virus (12, 14), antigen (15, 16), lipopolysaccharide (LPS)
(14, 29), and TNF-� itself (5), can elicit TNF-� gene expres-
sion. Recent studies have shown that the activators NFAT,
ATF-2/Jun, Ets/Elk, and Sp1 proteins and the CBP/p300 fam-
ily of coactivator proteins are major regulators of TNF-� gene
expression (11, 12, 29–32). In other recent studies, it has been
shown that the cell-type- and inducer-specific regulation of the
TNF-� gene is accomplished through the recruitment of in-
ducer-specific enhancer complexes to shared promoter regula-
tory elements (11, 12, 29).

Studies of the T-cell receptor � (TCR-�) and beta interferon
(IFN-�) enhancer regions have revealed the details of how
combinations of activators bind in a specific three-dimensional
arrangement and how these spatial constraints contribute to
specific gene expression patterns. Both of these genes are ac-
tivated in response to a specific cell type or stimulus: the
TCR-� enhancer is active only in T cells, and the IFN-� en-
hancer is activated in response to virus infection. Both enhanc-
ers require specific sets of transcription factors and architec-
tural proteins to form an active higher-order nucleoprotein
complex, the enhanceosome (reviewed in references 6 and 28).
Thus, the IFN-� enhancer and TCR-� enhancer are highly
specialized to respond to a certain signal or to a certain cell
type.

Here, using the TNF-� gene (which is expressed in multiple
cell types in response to a variety of extracellular stimuli) as a
model system, we investigated the role of higher-order nucleo-
protein complexes in a gene tightly regulated at the tran-
scriptional level by multiple stimuli and in multiple cell types.
Employing site-directed mutagenesis, DNase I footprinting
analysis with recombinant proteins, and in vivo chromatin im-
munoprecipitation assays, we show that distinct higher-order
transcriptional complexes, or enhanceosomes, are recruited to
the TNF-� promoter in response to distinct stimuli (calcium
flux or virus infection) in T lymphocytes. After calcium flux or
virus infection, NFATp, Sp1, and/or Ets-1 are differentially
recruited to shared transcription factor binding sites where
precise helical phasing of the DNA between these sites is both
absolutely required and inducer specific.

We know of no other example of a gene that is regulated
through the recruitment of distinct activators to the same reg-
ulatory element depending upon the stimulus. Further, we
have examined the overall spatial constraints for activation of
the TNF-� promoter in response to different stimuli. The re-
sults of these experiments demonstrate the requirement for a
distinct and inducer-specific enhanceosome, while previous
studies have established the requirement of enhanceosome
formation in a one-stimulus-to-one-response fashion or in a
single cell type fashion. This work thus represents a unique
example of the molecular basis of the specificity of transcrip-
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tion and demonstrates a general mechanism by which a single
gene is controlled in response to different extracellular stimuli
in T lymphocytes in a tightly controlled and specific fashion.

MATERIALS AND METHODS

Plasmids. The �200 TNF-� Luc reporter was created by subcloning the
SmaI-HincII fragment of �200 TNF-� CAT (14) into the SmaI site of pGL3-
Basic (Promega, Madison, Wis.). All point mutations in luciferase reporter
constructs (Luc constructs) were created by subcloning the BamHI-XbaI frag-
ment of the corresponding chloramphenicol acetyltransferase constructs (CAT
constructs) (15, 30, 31) into pBluescript (Stratagene). Then, the KpnI-XbaI
fragment of the resulting vector was subcloned into the KpnI-NheI sites of
pGL3-Basic. The �180 M, Up-Sp1M and �149 M luciferase reporters and
spacer mutants, where a half-helical turn (5 or 6 bp) or a full-helical turn (10 bp)
were introduced between different pairs of activator binding sites, were prepared
by using PCR-based mutagenesis methods (circular mutagenesis chain reaction)
(CMCR Quick Change; Stratagene).

Cell culture and transfection. The T-cell hybridoma 68-41 (a gift from Masato
Kubo, Science University of Tokyo, Tokyo, Japan) was grown at 37°C, 5% CO2,
in RPMI 1640 supplemented with penicillin, streptomycin, 10% fetal bovine
serum, and 2 mM L-glutamine. Transfections were performed using DEAE-
dextran, as described previously (15). After 6 h, cells were stimulated with 1 �M
ionomycin (Calbiochem) or were activated with Sendai virus (Cantell strain;
Spafas) at a final concentration of 300 hemagglutinating (HA) units/ml for
approximately 16 h and luciferase assays were performed according to the man-
ufacturer’s instructions (Dual Luciferase Reporter Assay System; Promega) us-
ing a Dynex luminometer, with Renilla luciferase (pRL-TK) as an internal con-
trol. The concentrations of ionomycin (from 0.1 to 100 �M) and Sendai virus
(from 100 to 1,000 HA units/ml) were titrated, and the optimal concentration of
each stimulus for gene induction was utilized.

DNase I footprinting. DNase I footprinting of the human TNF-� promoter
was performed using recombinant NFATp, Ets-1, Elk-1 (generous gifts of D.
Thanos, B. Nikolajczyk, and A. Sharrocks, respectively) and Sp1 (Promega) at
the concentrations indicated in the figure legends, as described previously (31).
The �200 to �87 fragment of the wild-type TNF-� promoter or isogenic con-
structs bearing the �50 Sp1 mutation and the �50 Sp1 consensus mutation as
shown in figures were used as templates.

Formaldehyde cross-linking and chromatin immunoprecipitation. 68-41 T
cells (�2 � 108 cells) and control samples were treated with 1 �M ionomycin
(Calbiochem) for 1 h or were activated with Sendai virus (Spafas, Cantell strain)
at a final concentration of 300 HA units/ml for 3 h, as indicated in the figure
legends. The cells were then treated with formaldehyde (1% final concentration)
for 30 min at 4°C. Cells were harvested, and fixed chromatin was sonicated,
extracted, and purified as described previously (35), followed by immunoprecipi-
tation with anti-Ets-1 or control normal immunoglobulin G (IgG) antibodies
(Santa Cruz Biotechnology). Immunoprecipitated DNA was then amplified by
PCR with primers specific to the TNF-� promoter as previously described (12).
Titrations of PCR cycles were performed to ensure that experiments were per-
formed in the linear range of amplification.

RESULTS

NFATp and Sp1 bind overlapping TNF-� promoter se-
quences. DNase I footprinting using nuclear extracts from T
cells stimulated with virus or ionophore showed that the pro-
moter was extensively protected over the previously identified
NFAT and Sp1 sites from DNase I digestion (data not shown).
Thus, the activator binding sites for NFATp and Sp1 could not
be adequately distinguished from each other, and the binding
affinities of the cognate sites for these proteins could not be
compared using nuclear extracts in the assay. We thus used
recombinant NFATp and Sp1 and a human TNF-� promoter
fragment spanning from positions �200 to �87 relative to the
TNF-� transcription start site and performed quantitative
DNase I footprinting to determine the precise patterns of
binding of NFATp and Sp1 to the TNF-� promoter in vitro.
This analysis revealed two novel NFATp-binding sites located

at �55 and �180 nucleotides (nt) relative to the TNF-� cap
site (Fig. 1A, lanes 3 to 5) and a high-affinity Sp1 site at �170
nt in addition to the Sp1 site at �50 nt (Fig. 1A, lanes 6 to 9).

Intriguingly, the �180 NFAT site binds NFATp with high
affinity, whereas the affinity of the �55 site binding with
NFATp is lower than for the �180 site (Fig. 1A, lanes 3 to 5).
We note that the four previously detected NFAT-binding sites
also bind NFATp with different affinities. The �76 NFAT site
is a high-affinity site similar to the �180 site, while the �149
and �117 NFAT sites are relatively weak and the �3-NFAT
site binds NFATp with an intermediate affinity (Fig. 1A) (31).
Thus, the human TNF-� promoter contains six NFAT-binding
sites that bind NFATp with different relative affinities.

Sp1 also binds to two regions of the TNF-� promoter (�50
and �170) with different affinities (Fig. 1A, lanes 6 to 9). The
proximal Sp1-binding site at �50 has a much lower binding
affinity for Sp1 than that of the upstream �170 Sp1-binding
site. As shown in Fig. 1B, even at very high concentrations of
Sp1, the �50 site still shows much lower affinity for Sp1 binding
than does the �170 site. Furthermore, the regions protected by
Sp1 overlap regions that are protected by NFATp at the �55,
�180, and �149 NFAT-binding sites (Fig. 1A, compare lanes
5 to 9).

NFATp and Ets proteins bind to overlapping TNF-� pro-
moter sequences. Previously, we showed that Ets-1 and Elk-1
bind to two TNF-� NFAT-binding sites, located at �76 and
�117 as well as to an Ets/Elk consensus sequence located at
�84 (29). Notably, the �76 and �117 NFAT sites are required
for calcineurin and NFAT-dependent TNF-� gene expression
in lymphocytes (30). In the case of LPS induction of TNF-� in
monocytes, Ets/Elk bind to the �117, �84, and �76 sites and
are critical in the regulation of the gene (29). Since the �180
NFAT site also contains 5	-GGAA-3	, which is a core element
for Ets/Elk binding, next we examined whether Ets-1 and Elk-1
could also bind to this site. As shown in Fig. 1C, Ets-1 (lanes 3
to 6) and Elk-1 (data not shown) bind to the �180 site at high
concentrations. Note that Ets/Elk binds with high affinity to the
relatively weak �117 NFAT-binding site and with relatively
weak affinity to the high-affinity �180 NFAT-binding site (Fig.
1C, compare lanes 6 to 11). Thus, overlapping TNF-� pro-
moter sequences centered at �180, �117, and �76 are the
binding targets of the distinct NFAT and Ets families, whereas
the sites centered at �180, �170, �149, �55, and �50 are
targets of the distinct NFAT and Sp1 families of transcription
factors. Furthermore, these transcription factors bind to the
sites with different affinities.

Inducer-specific requirements for the NFAT, Sp1, and Ets
sites in virus and ionophore regulation of TNF-�. Next, we
transfected human TNF-� luciferase reporter constructs bear-
ing mutations in the novel and previously detected binding
sites that were detected in the quantitative DNase I footprint-
ing analyses (Fig. 2A) and transfected these constructs into
68-41 T cells stimulated by ionophore or virus to identify their
role in inducer-specific TNF-� gene regulation. Consistent
with previous results (12), the CRE, �3-NFAT, and �76
NFAT sites are all required for both ionophore and virus
induction of the TNF-� gene, and the �50 Sp1 site is abso-
lutely required for virus induction of TNF-�. Mutation of the
NFAT/Ets-binding sites at �117 and �180 and the �170 Sp1
site also all decrease the transcriptional activation of the gene
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by ionophore and virus but to a comparatively greater extent by
virus (Fig. 2B). Strikingly, however, mutation of the �84 Ets/
Elk site abrogates virus induction but does not affect iono-
phore induction of the gene (Fig. 2B). Thus, the �84 Ets/Elk
site plays a novel inducer-specific role in virus induction similar
to the inducer-specific role played by the �50 Sp1 site (Fig.
2B) (12), providing further support that unique combinations

of regulatory elements are required for activation of the
TNF-� gene by virus and by ionophore.

Virus-specific recruitment of Ets to the TNF-� promoter in
vivo. Previous studies using specific antibodies in formaldehyde
cross-linking and chromatin immunoprecipitation experiments
demonstrated that ATF-2, c-Jun, and NFATp/c were recruited
to the TNF-� promoter after both ionophore and virus stim-

FIG. 1. NFATp, Sp1, and Ets-1 bind to overlapping sites in the TNF-� promoter with different affinities. (A) NFATp binds to six sites and Sp1
binds to two sites in the human TNF-� promoter. The quantitative DNase I footprinting results using the wild-type (WT) human TNF-� promoter
(nt �200 to �87 relative to the transcription start site) and increasing concentrations of recombinant NFATp (20 ng, 100 ng, 400 ng, and 2 �g)
or Sp1 (0.01, 0.05, 0.25, and 1 footprinting unit [fpu]) (for information on footprinting units, see Promega product information on Sp1 [catalog no.
E3391]) are shown. The increasing concentrations are represented in the figure by the height of the triangle over the lanes. The positions of the
six NFATp-binding sites, two Sp1-binding sites, and the CRE site are indicated. (B) Sp1 binds to two sites in the TNF-� promoter with different
affinities. The quantitative DNase I footprinting results using the wild-type human TNF-� promoter (nt �200 to �87 relative to the transcription
start site) and increasing concentrations of recombinant Sp1 (0.5, 1, 2, and 3 fpu) are shown. Sp1 binds with high affinity to the �170 site and with
low affinity to the �50 site, which are shown in the figure. (C) Ets-1 binds to the �84 Ets and the �76, �117, and �180 NFAT sites. The
quantitative DNase I footprinting results using the wild-type human TNF-� promoter (nt �200 to �87 relative to the transcription start site) and
increasing concentrations of recombinant NFATp or Ets-1 (20 ng, 100 ng, 400 ng, and 2 �g) are shown. The positions of the Ets-1, NFATp, Sp1,
and CRE sites are indicated.
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ulation of T cells, whereas Sp1 was differentially recruited after
virus infection (12). We thus next sought to directly test
whether Ets, like Sp1, was also recruited in an inducer-specific
manner to the TNF-� promoter in T cells in vivo and whether
TNF-� promoter DNA was immunoprecipitated by antibodies
to Ets and amplified by PCR. As shown in Fig. 3, although both
stimuli result in the in vivo recruitment of Ets-1 to the TNF-�
promoter, virus infection resulted in a relatively greater re-
cruitment of Ets-1 binding (lanes 1 to 3), consistent with the
virus-specific role of the Ets-binding sites in the transfection
analysis.

Activators bind overlapping TNF-� promoter sequences
with different affinities. Intracellular calcium levels and subse-
quent NFATp nuclear translocation and levels following treat-
ment with ionophore are much higher than those following
virus infection of T and B cells (12). Furthermore, relatively
higher levels of Sp1 are inducibly recruited to the promoter

after virus infection than after ionophore treatment (12). We
thus speculated that a mechanism of inducer-specific regula-
tion of TNF-� might involve the relative levels of NFATp
following a specific stimulus combined with the different affin-
ities of NFATp and Sp1 for the overlapping �50 and �55
NFAT/Sp1-binding sites (�50/�55 NFAT/Sp1-binding site).
To test this potential mechanism, we performed DNase I foot-
printing analysis and investigated the ability of NFATp to
compete with Sp1 for binding to the overlapping sites to which
both proteins bind. As shown in Fig. 4A, although NFATp and
Sp1 bind to the same overlapping �50/�55 site, each can be
distinguished by their pattern of protection from DNase I
digestion (compare lanes 5 and 9 of Fig. 4A). However, incu-
bation of the TNF-� promoter with increasing amounts of both
NFATp and Sp1 proteins leads to the NFATp-specific foot-
print after DNase I digestion (Fig. 4A, compare lanes 5, 9, and
13). Thus, at increasing concentrations of NFATp, Sp1 is dis-
placed from the site.

We next tested the effects of mutations that shifted the
balance of binding affinities between NFATp and Sp1 within
the overlapping �50/�55 NFAT/Sp1 site. Strikingly, the Sp1
mutation which prevents binding of Sp1 to the �50/�55
NFAT/Sp1 site (Fig. 4A, lanes 19 to 21) dramatically increases
the affinity of NFATp binding to the site (lanes 16 to 18 and 22
to 24), consistent with the hyperresponsiveness to ionomycin
induction of the Sp1 mutant TNF-� reporter construct ob-
served in the transient-transfection analysis (Fig. 2B). In con-
trast, when the TNF-� Sp1 motif is replaced with a consensus
Sp1 binding motif (CCCCGCCCC), the affinity of NFATp for
binding to this site is dramatically decreased (Fig. 4A, lanes 27
to 29) and Sp1 binds at the lowest concentration (lane 30).
Thus, the relatively weak affinity that the wild-type TNF-� �50
site has for Sp1 allows NFATp to effectively compete for bind-
ing under conditions of increased nuclear levels of NFATp
such as following calcium flux.

Similarly, the upstream overlapping binding sites for NFATp
and Sp1 (�149 NFAT, �170 Sp1, and �180 NFAT) demon-
strate the same pattern of mutually exclusive binding: either
NFATp or Sp1 and at increasing concentrations of NFATp,
Sp1 is displaced from the �170 site (Fig. 4A, lanes 3 to 13).
Furthermore, when NFATp and Ets were tested at increasing
concentrations, NFATp was able to displace at the �76 and
�180 sites as well as at the relatively high-affinity �117 NFAT/
Ets sites (Fig. 4B).

Taken together, these data suggest that inducer-specific
TNF-� gene regulation is achieved through the presence of
overlapping activator binding sites that bind different tran-
scription factors with different affinities combined with the
presence of different levels of specific transcription factors in
the nucleus following distinct extracellular stimulation. There-
fore, in the case of low NFATp levels such as occurs after virus
infection, Sp1 and Ets could effectively compete with NFATp
for binding to shared binding sites, whereas in the case of high
NFATp levels such as occurs following ionophore stimulation,
NFATp would bind to these same sites (see the model shown
in Fig. 5).

Inducer-specific enhanceosomes are recruited to the TNF-�
gene enhancer. A striking characteristic of the TNF-� pro-
moter is the close proximity of the activator binding sites and
the fact that all of these sites are required for maximal levels of

FIG. 1—Continued.
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FIG. 2. Identification of inducer-specific requirements of activator binding sites for the TNF-� promoter activity in response to ionophore and
virus. (A) Sequence of the TNF-� promoter from �200 to �20 nt. Activator binding sites are boxed and colored, and sites that are capable of
binding two activators contain two colors. The mutations (M’s) tested in panel B are shown below the wild-type sequence. The TATA box is shown
in a black box. (B) Relative activities of TNF-�-Luc fusion constructs containing mutations (M’s) in activator binding sites in ionophore- and
virus-stimulated 68-41 T cells. 68-41 T cells were transfected with 1 �g of the wild-type �200 TNF-� promoter-Luc reporter (WT) or with isogenic
reporters containing the mutations in different activator binding sites as shown in panel A. A Renilla luciferase control plasmid (1 �g) was
cotransfected in all cases. Cells were then stimulated with ionomycin or Sendai virus as described in Materials and Methods, and luciferase assays
were performed and normalized to Renilla luciferase activity. The histograms show the results of four independent experiments. Error bars
represent the standard errors of the mean.
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inducible transcription by virus or ionophore. These findings
suggested that protein-protein interactions between the acti-
vators might be involved in the inducer-specific regulation of
the gene and that the relative positions of the activators on the
DNA double helix were critical.

To determine whether precise helical phasing between the
activators bound to their recognition elements within the
TNF-� promoter was essential for enhancer function, we con-
structed TNF-� promoters in which half- or full-helical turns (5
or 6 bp or 10 bp, respectively) were inserted between individual
transcription factor binding sites (Fig. 6). To avoid the gener-
ation of new unexpected binding sites for transcriptional acti-
vators or repressors, we used the insertion sequences previous-
ly tested, which were selected from the randomized sequence
of inserts and were shown not to have transcriptional activity
(27).

As shown in Fig. 6, 68-41 cells were transfected with the
wild-type �200 TNF-� Luc reporter gene or with constructs
with an insertion of 5 or 6 bp or 10 bp and then stimulated with
ionophore or Sendai virus. While ionophore induction of the
wild-type �200 TNF-� Luc reporter resulted in a 
20-fold
increase in luciferase activity, the insertion of a half-helical
turn between the �50 Sp1 and �55 NFAT-binding sites abro-
gated ionophore induction (Fig. 6, lane 1). Remarkably, inser-
tion of 10 bp, which reestablished the relative positions of
binding sites on the face of the DNA helix, fully restored the
activity of the promoter in response to calcium flux (Fig. 6,
compare constructs in lane 1). These results thus suggested
that after ionophore stimulation, the activators bound to the
TNF-� promoter upstream of the �50 Sp1 site, including all
NFAT molecules, likely contact the basal transcription com-
plex directly or indirectly through protein-protein interactions
with each other or via the coactivator proteins p300/CBP. Flip-
ping all the necessary activators out of the correct helical

surface strongly inhibits the formation of the functional en-
hancer complex on the TNF-� promoter following ionophore
stimulation.

In contrast, the insertion of a half-helical turn between the
�50/�55 Sp1/NFAT- and �76 NFAT-binding sites inhibits the
activity of the reporter gene to approximately 50% of the
wild-type activity achieved upon ionophore stimulation, and
the insertion of a full-helical turn does not restore the tran-
scriptional activity of the promoter after ionophore stimulation
(Fig. 6, lane 2). Thus, the proteins bound to the �76 NFAT-
binding site also appear to directly interact with the activators
bound to the overlapping �50/�55 Sp1/NFAT site.

T cells transfected with the same helical phasing mutants
stimulated with Sendai virus gave us surprisingly different re-
sults. Disruption of the DNA phasing at the �50 Sp1 site with
half a helical turn of the DNA reduced promoter activity by
approximately 50% (Fig. 6, lane 1), and this activity was not
restored by correct helical phasing, indicating that in the case
of virus-stimulated TNF-� gene expression, proteins bound to
the Sp1 site must interact directly with proteins bound to
adjacent sites. In contrast, a half DNA turn between the �76
NFAT/Ets-binding site and the �50/�55 Sp1/NFAT compos-
ite site decreases the TNF-� promoter response to virus to less
than half compared to the wild-type construct, but introduction
of a 10-bp spacer between the same sites completely restores
the activity of the promoter to wild-type levels (Fig. 6, compare
constructs in lane 2). Taken together (and consistent with our
mutagenesis data [Fig. 2B]), these results suggest that for virus
induction of TNF-�, Sp1 interacts with proteins bound to abut-
ting sequences and that proteins bound to the �76 NFAT/Ets
site must be in phase with other activators in order to interact
with the basal transcription complex perhaps through protein-
protein interactions with the coactivator proteins p300/CBP.

Insertion of nucleotides disrupting the phasing and spacing
between other sites also has inducer-specific effects, but none
of the effects can be rescued by restoring helical phasing. For
example, the introduction of 5 or 10 bp between CRE and �3
sites decreases the inducibility of the promoter by both iono-
mycin and virus (Fig. 6, constructs in lane 4). These results are
consistent with the CRE-�3 site functioning as a composite
element where ATF-2, c-Jun, and NFATp proteins must di-
rectly contact each other or a coactivator protein for gene
activation to occur.

Taken together, these results demonstrate that specific pro-
tein-protein and protein-DNA interactions are absolutely nec-
essary for the assembly of a functional enhancer complex on
the TNF-� promoter. The fact that precise helical phasing
requirements are absolutely required and inducer specific is
consistent with our observation that different sets of transcrip-
tional activators bind to shared binding sites in the TNF-�
promoter in response to different stimuli. We conclude that
inducer-specific TNF-� gene activation is achieved through the
recruitment of distinct enhanceosomes.

DISCUSSION

We have shown here that inducer-specific TNF-� gene reg-
ulation in T cells requires the assembly of distinct and inducer-
specific multicomponent higher-order transcription enhancer
complexes, or enhanceosomes. In contrast to TNF-�, which is

FIG. 3. Inducer-specific binding of Ets-1 to the endogenous TNF-�
promoter. Formaldehyde cross-linking and chromatin immunoprecipi-
tation of unstimulated (UN) and ionomycin-stimulated (Io)- or virus-
stimulated (V) 68-41 T cells are shown. Following stimulation, the cells
were treated with formaldehyde to cross-link endogenous protein and
DNA. Samples of sonicated and purified chromatin were immunopre-
cipitated with the indicated antibodies, and DNA isolated from immu-
noprecipitated material was amplified by PCR with primers specific for
the TNF-� gene. An increase in the relative amount of the amplified
TNF-� promoter-specific PCR product indicates binding of the pro-
tein to the endogenous TNF-� promoter. To demonstrate that the
efficiencies of cross-linking and immunoprecipitation of Ets-1 to the
TNF-� promoter were equivalent in the mock-, virus-, and ionophore-
treated samples, we included isotype-matched IgG antibodies (IgG
control [IgG cont.]). gen., genomic.
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induced by multiple stimuli, the other previously characterized
genes that require enhanceosome formation for transcriptional
induction are either stimulus specific or cell type specific. For
example, the IFN-� gene is tightly regulated in response to a
single specific stimulus, virus infection (reviewed in reference

24), whereas the TCR-� enhanceosome is constitutively re-
cruited in a single cell type, T cells (13).

Virus infection of a cell results in the coordinate assembly of
a specific set of transcriptional activators on the IFN-� pro-
moter, including NF-�B p50/p65, ATF-2/Jun, interferon regu-

FIG. 4. Mutually exclusive binding of different activators to shared sites in the TNF-� promoter. (A) Mutually exclusive binding of NFATp and
Sp1 to shared sites in the TNF-� promoter. DNase I footprinting results using the wild-type (WT) human TNF-� promoter (nt �200 to �87
relative to the transcription start site) or isogenic probes bearing mutations in the �50 Sp1 site (Sp1 mut or Sp1 cons mut), as described in the
text, and increasing concentrations of recombinant NFATp and/or Sp1 are shown. The positions of the six NFAT-binding sites and two Sp1-binding
sites are indicated to the left of the panel. (B) Mutually exclusive binding of NFATp and Ets-1 to shared sites in the TNF-� promoter. DNase I
footprinting results using the wild-type human TNF-� promoter and increasing concentrations of either recombinant Ets-1 or NFATp are shown.
The concentration of recombinant Ets-1 was increased, while NFATp protein was kept at a constant and maximal concentration (lanes 2 to 5), and
vice versa: the concentration of recombinant NFATp was increased, while Ets-1 protein was kept at a constant and maximal concentration (lanes
7 to 10). The concentrations of recombinant proteins used are described in detail in the legend to Fig. 1.
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latory factors 3 and 7, and the architectural protein HMG-I
(Y). These activators bind to a fixed set of binding sites in its
promoter and associate with the CBP/p300 coactivators (re-
viewed in reference 24). Thus, the IFN-� enhanceosome has a
stringent requirement for a specific set of binding sites and
cognate transcription factors, which are coordinately activated
by a single stimulus, virus. Similar to the IFN-� enhanceosome,
the TCR-� enhanceosome, which is constitutively active in a
single cell type, T cells, requires the binding of an architectural
protein (LEF-1). Notably, the architectural proteins HMG-I
(Y) and LEF-1 induce a bend in the DNA helix when bound to
the IFN-� and TCR-� enhancer regions, respectively, and they

thus facilitate interactions between factors bound at the flank-
ing sequences of these enhancers (13, 24).

Sequence analysis of the TNF-� enhancer region, however,
did not reveal any binding motifs for the HMG-domain family
members, which includes both HMG-I(Y) and LEF-1 and,
furthermore, we were unable to detect binding of recombinant
HMG-I(Y) in DNase I footprinting analysis of the TNF-�
enhancer (data not shown). However, DNA binding of activa-
tors, including members of the AP-1 (8) and Sp1 (19) families
of transcription factors, also result in DNA bending, and the
AP-1 bending effect can be augmented by the concordant bind-
ing of NFATp to the adjacent site (7). Thus, binding of the
bZIP heterodimer ATF-2/c-Jun, NFATp, and Sp1 may result
in DNA bending and take the role of architectural proteins in
TNF-� enhanceosome assembly.

In contrast to TNF-�, which responds to multiple stimuli in
a single cell type and is expressed in a variety of cell types,
IFN-� and T-cell receptor alpha (TCR-�) are single-switch
genes. They require structural proteins to form highly specific
and unique enhanceosomes, and none of the activators can be
substituted by other proteins, even by closely related family
members (13, 24). In the case of the multiswitch TNF-� gene,
the inducer-specific enhanceosomes that are formed have dif-
ferent helical phasing requirements, indicating that the ternary
structure of these enhanceosomes is distinct. Thus, we imagine
that TNF-� promoter DNA adopts an inducer-specific confor-
mation to accommodate different sets of activators and coac-
tivators in response to different stimuli.

Notably, activation of TNF-� gene transcription in T cells by
TCR engagement, ionophore stimulation, and virus infection
requires the coactivator proteins CBP/p300 (12). The histone
acetyltransferases CBP and p300 both may function as tran-
scriptional integrators, interacting with multiple transcription
factors, including all the major activators involved in TNF-�
gene activation, i.e., NFATp, Ets-1, Sp1, and ATF-2/Jun, and
the basal transcription machinery (1, 3, 20, 21, 26, 37). Thus,
through protein-protein interactions with the inducer-specific
TNF-� enhancer complexes, CBP/p300 may provide a surface
for the higher-order enhanceosome structures to be formed
and tethered to the target surface within the Pol II transcrip-
tional machinery and, thus, replace the requirement for archi-
tectural proteins (see the model shown in Fig. 7).

Precise helical phasing of DNA and specific arrangement of
protein binding sites on the same surface of duplex DNA are
critical for the appropriate binding of transcription factors to
form a three-dimensional structure of a functional enhanceo-
some complex (27). Strikingly, five of the six NFAT-binding
sites in the TNF-� enhancer region are positioned on the same
phase of the DNA helix (Fig. 2A). Moreover, they are aligned
with the ATF-2 and c-Jun proteins bound to the CRE site and
with the Sp1- and TATA-binding proteins bound to their re-
spective sites. Only the very low-affinity �149 NFAT-binding
site is located on the opposite side of the DNA helix.

In the case of ionomycin induction of TNF-�, the overlap-
ping NFAT/Sp1 site (�50/�55) is occupied by NFAT, which in
turn appears to anchor the ionomycin-induced enhanceosome
to the basic transcription machinery. This is supported by the
demonstration that the �55 NFAT site and the TATA box
alone result in moderate levels of ionomycin activation and by
the demonstration that when the �55 site is out of phase with

FIG. 4—Continued.
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the Pol II complex, transcription is abrogated (Fig. 6, construct
in lane 1). Using mice deficient in NFATp, we previously
showed that NFATp could not be functionally replaced by
other NFAT family members in immediate-early TNF-� gene

activation in T cells (32). Notably, a partial TFIID complex as-
sembled from recombinant hTBP, hTAFII250, and hTAFII130
supports NFATp-activated transcription, demonstrating the
ability of hTAFII130 to serve as a coactivator for NFATp in

FIG. 5. Inducer-specific occupancy of the activator binding sites in the TNF-� promoter region. A model of the cis-acting TNF-� promoter
elements and transcription factors involved in the inducer-specific regulation of TNF-� by ionophore and virus in T cells is summarized
schematically. Activator binding sites that are critical for activation of the promoter are shown in colored boxes. The transcription factors that are
recruited to the TNF-� promoter (NFAT, Sp1, Ets, and ATF-2/c-Jun) following the indicated stimuli are shown in different shapes and colors.

FIG. 6. TNF-� gene activation requires inducer-specific precise helical phasing between activator binding sites. 68-41 T cells were transfected
with the wild-type �200 TNF-� promoter-Luc reporter or with the indicated mutant reporter constructs containing insertions between activator
binding sites that disrupt and restore helical phasing as indicated and with the Renilla luciferase (Luc.) control plasmid. After the cells were
stimulated with ionomycin or Sendai virus, luciferase activity was measured and divided by Renilla luciferase activity to normalize transfection
efficiency and fold induction was calculated. The histograms show the results of four independent experiments. Error bars represent the standard
errors of the mean. Note that we observed a strong correlation between the effects of the insertion mutants on basal and induced levels of
transcription (data not shown), consistent with the fact that both the basal transcription complex and enhanceosome contribute to the induction
of the TNF-� gene.
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vitro (22). Thus, NFATp or Sp1 bound to the overlapping
NFAT/Sp1 site could be an anchor between the basic transcrip-
tion machinery and the ionophore- or virus-specific enhanceo-
some, respectively.

In contrast, the virus-specific enhanceosome includes Sp1
and Ets family members, and intriguingly, Sp1 and Ets factors
can interact and promote transcription through protein-pro-
tein interactions (4, 9, 10, 23). Insertion of a half-helical turn of

FIG. 7. Model of the recruitment of inducer-specific TNF-� gene enhanceosomes in T lymphocytes. Distinct enhanceosomes are formed on the
TNF-� promoter region in response to ionophore or virus stimulation of T cells. The ionomycin-inducible enhanceosome includes proteins bound
to the composite core element CRE/�3 (ATF-2/c-Jun/NFATp dimer) and two NFAT molecules closest to the basic transcription complex, which
we imagine play a major anchoring role in the process of forming the functional transcription-driving complex. We note that phasing mutations up-
stream of the �76 NFAT site have a relatively modest effect on transcriptional activation by ionomycin, although site-directed mutations in these
sites do have a significant impact on gene induction (Fig. 2). The virus-inducible enhanceosome has different components. It has a composite core
element ATF-2/c-Jun/NFATp dimer, which also includes Ets protein, and it contains two anchoring Sp1/Ets complexes that, we speculate, are respon-
sible for the recruitment of basic transcription machinery and the activation of transcription. Once assembled, the enhanceosome makes multiple
contacts with the basal transcription Pol II complex. The relative sizes of the proteins and the length of the DNA covered are not drawn to scale.
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DNA between the �50/�55 Sp1/NFAT site and the �76/�84
Ets site significantly inhibits virus-inducible TNF-� promoter
activity, and insertion of a full-helical turn, which restores the
normal helical phasing, restores the activity of the promoter in
response to virus (Fig. 6, constructs in lane 2). These results
thus suggest that an interaction between the activators bound
to the Sp1 and Ets sites is necessary for the formation of the
virus-inducible TNF-� enhanceosome.

We note that four different glutamine-rich regions of
hTAFII130, a component of the Pol II complex, can interact
with Sp1 and are required for Sp1-mediated transcriptional
enhancement in mammalian cells, and furthermore, different
activation domains of the Sp1 protein target distinct subdo-
mains of hTAFII130 (25). Taken together with our observa-
tions that both Sp1 sites are critical for virus induction and that
Sp1 is inducibly recruited by virus to the TNF-� promoter in
vivo, we speculate that Sp1 anchors the virus-inducible enhan-
ceosome to the basic transcription machinery, likely through
an interaction with coactivators and the Pol II complex (Fig. 7).

Adjacent Ets- and AP-1-binding sites occur in a large num-
ber of promoter/enhancer elements (8, 34, 36), and functional
cooperation between Ets and AP-1 is critical for the controlled
expression of many genes, including cytokines (17, 33). The
physical association between the DNA-binding domain of Ets
family proteins and AP-1 was demonstrated both in vitro and
in vivo in activated human T cells (2). In the TNF-� enhan-
ceosome, ATF-2/c-Jun bind to the CRE site, which abuts the
high-affinity Ets-binding site at �117. All three proteins bound
to their sequences are positioned on the same helical surface of
DNA that would allow them to interact with each other. In-
deed, mutation of either the �117 Ets site or the CRE site
leads to complete unresponsiveness of the reporter gene to
virus (Fig. 2B). Moreover, insertion of a half-helical turn of
DNA between these two sites reduces the activity of the pro-
moter in response to virus, and correct phasing that displaces
the sites away from each other further does not restore activity
(Fig. 6, constructs in lane 5).

These data support the speculation that Ets/ATF-2/c-Jun
protein-protein interactions are functionally important for the
activation of TNF-� gene transcription by virus. They also
demonstrate that the �117 Ets site is part of a composite site
that includes the CRE/�3 element and that it must be intact for
virus activation of TNF-� gene expression. Thus, the core
composite element required for virus and ionophore activation
is distinct. In the case of virus activation, this core composite
site includes the �117 Ets site along with the CRE/�3 element,
which binds ATF-2/c-Jun and NFATp (30), while the core
composite element of the ionomycin-inducible enhanceosome
does not include Ets (Fig. 7).

Thus, our results demonstrate that stimulus-specific TNF-�
gene expression depends on the precise arrangement of acti-
vator recognition sites in the promoter and inducer-specific
combinations of bound activators, which together generate a
unique network of protein-protein and protein-DNA interac-
tions. We imagine that after the stimulus-specific enhanceo-
some is formed, it presents a particular activation surface that
is complementary to a target surface within the Pol II tran-
scriptional machinery, thereby recruiting it to the TNF-� pro-
moter, resulting in high levels of transcriptional synergy. Thus,
these data demonstrate a novel mechanism by which a high

level of transcriptional specificity is achieved in response to
distinct extracellular signals and that may be common to genes
that are activated by multiple extracellular stimuli.
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