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Potent induction of the gene coding for human prointerleukin 1␤ (il1b) normally requires a far-upstream
inducible enhancer in addition to a minimal promoter located between positions ⴚ131 and ⴙ12. The transcription factor Spi-1 (also called PU.1) is necessary for expression and binds to the minimal promoter, thus
providing an essential transcription activation domain (TAD). In contrast, infection by human cytomegalovirus
(HCMV) can strongly activate il1b via the expression of immediate early (IE) viral proteins and eliminates the
requirement for the upstream enhancer. Spi-1 has been circumstantially implicated as a host factor in this
process. We report here the molecular basis for the direct involvement of Spi-1 in HCMV activation of il1b.
Transfection of Spi-1-deficient HeLa cells demonstrated both the requirement of Spi-1 for IE activity and the
need for a shorter promoter (ⴚ59 to ⴙ12) than that required in the absence of IE proteins. Furthermore, in
contrast to normal, enhancer-dependent il1b expression, which absolutely requires both the Spi-1 winged
helix-turn-helix (wHTH) DNA-binding domain and the majority of the Spi-1 TAD, il1b expression in the
presence of IE proteins does not require the Spi-1 TAD, which plays a synergistic role. In addition, we
demonstrate that a single IE protein, IE2, is critical for the induction of il1b. Protein-protein interaction
experiments revealed that the wing motif within the Spi-1 wHTH domain directly recruits IE2. In turn, IE2
physically associates with the Spi-1 wing and requires the integrity of at least one region of IE2. Functional
analysis demonstrates that both this region and a carboxy-terminal acidic TAD are required for IE2 function.
Therefore, we propose a protein-tethered transactivation mechanism in which the il1b promoter-bound Spi-1
wHTH tethers IE2, which provides a TAD, resulting in the transactivation of il1b.
fection assays (12, 25). Interestingly, in contrast to normal
expression of il1b, which requires both a far-upstream enhancer and a promoter element (30, 48), transactivation of il1b
by HCMV IE gene products eliminates the need for the essential upstream enhancer located between positions ⫺3134
and ⫺2729 and requires only the il1b promoter element located at positions ⫺131 to ⫹12 (11). Within the il1b promoter,
there are two binding sites for the myelomonocyte- and B-cellspecific ETS transcription factor Spi-1 (also called PU.1) which
have been demonstrated to be critical for basal il1b promoter
activity (30) (sites A and B in Fig. 1). Spi-1, a winged helixturn-helix (wHTH) transcription factor, plays a pivotal role in
the development of hematopoietic cell lineages and has also
been implicated as an essential host factor in viral transactivation of various cellular genes (17, 24, 26, 28, 54). Studies have
suggested direct interactions between Spi-1 and viral proteins,
such as the human T-cell leukemia virus type 1 Tax protein
(54) and the Epstein-Barr virus nuclear protein-2 (EBNA-2)
(26). In the case of il1b transactivation by HCMV, mutation of
the Spi-1-binding site located at ⫺50 to ⫺39 results in a dramatic loss of IE protein-dependent transactivation, suggesting
a possible involvement of Spi-1 (24). However, this report did
not demonstrate a direct role for Spi-1 protein in activation by
IE protein because the Spi-1-binding site is also required in the
absence of viral protein (30).
Due to the fact that there are three predominant HCMV IE
proteins, IE1(p72), IE2(p55), and IE2(p86), reported to activate the transcription of cellular genes by considerably different mechanisms (20, 37), it is important to identify the roles of
individual IE proteins in il1b transactivation. It has been shown
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by many studies that IE1 and IE2, either independently or
synergistically, transactivate various promoters. These promoters include those regulating cellular expression of the gene for
the 70,000-molecular-weight heat shock protein (hsp70),
c-myc, c-fos, and c-jun, as well as the promoter for the human
immunodeficiency virus (HIV) long terminal repeat (LTR) (3,
4, 21, 31, 55). IE1(p72) has been described as a transactivator
for the HCMV major IE promoter (6) and for some cellular
genes via NF-B (17, 32, 44, 57). IE2(p86) transactivates the
HCMV UL 112/113 early promoter and represses the major IE
promoter via direct DNA binding (34, 46). It is also a potent
transactivator for many cellular genes (14, 33, 36, 41, 47, 56). In
contrast to that by IE1, which has not been reported to bind
any DNA sequence, transactivation by IE2 appears to involve
both direct DNA binding and interaction with various cellular
proteins (14). Recent studies have revealed physical associations of IE2 with a number of transcription factors, including
TATA-binding protein (TBP), TFIIB (5), Sp1, Tef-1, Rb (19),
p53, c-Jun, JunB (47), and p300/CREB-binding protein (45).
The function of IE2(p55), an alternatively spliced version of
IE2, is unclear, but it does not appear to directly support
transactivation (40).
The activation of gene transcription has been widely demonstrated to involve numerous protein-protein interactions.
Many of these involve various members of the ETS transcription factor family, including Spi-1 (1, 23, 30, 51, 58). Our study
was aimed at determining whether Spi-1 protein is involved in
a physical interaction with HCMV IE proteins in enhancerindependent il1b transactivation. Using transient transfection
of Spi-1-deficient HeLa cells, we directly demonstrate a requirement for Spi-1. Furthermore, we show that the wHTH
DNA-binding domain of Spi-1 is sufficient to support significant transactivation of il1b by HCMV IE proteins. A proteinprotein interaction assay was used to demonstrate that IE2, but
not IE1, interacts with Spi-1 and to map specific regions of IE2
and Spi-1 which are essential for a physical association between these two proteins. Functional analysis indicates that, in
addition to a centrally located region of IE2 required for
strong interaction with the Spi-1 wHTH wing motif, a carboxyterminal region is required and an amino-proximal region is
supportive for il1b transactivation. These two regions have
previously been reported to serve as an acidic activation domain (40) and a TBP-binding domain (52), respectively. Based
on this evidence, we propose a protein-tethered transactivation
(PTT) mechanism of il1b by IE2 in which the Spi-1 wHTH
directly binds to the il1b promoter and tethers IE2 protein,
which is unable to directly bind the promoter, providing a
multifunctional TAD required for gene expression.
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FIG. 1. Schematic representation of the il1b promoter showing two Spi-1binding sites, one located adjacent to the transcription start site and the other
located further upstream. The TATA sequence (TATAAAA) and the TBP are
also illustrated. Two fragments of the il1b promoter, HT (⫺131 to ⫹12) and DT
(⫺59 to ⫹12), used in the transfection experiments in this study are shown as
bars (see Kominato et al. [30] for a detailed description of these sequences).

Cell culture. HeLa cells (strain S3) were cultured as previously described (30).
The cells were grown in Dulbecco modified Eagle medium (DMEM) containing
10% fetal bovine serum and 0.5% penicillin-streptomycin. Every three days, cells
were split 1:10 by adding cold phosphate-buffered saline (PBS) containing 25
mM EDTA to detach the cells.
Reporter constructs and expression vectors. Plasmids 3MHT and 3MDT,
previously described (48), contain the il1b promoter sequence ⫺131 to ⫹12 and
the sequence ⫺59 to ⫹12 (Fig. 1), respectively, ligated to chloramphenicol
acetyltransferase (CAT) reporter plasmid pA10CAT3M (3M).
Plasmid pGL3B-DT contains the il1b promoter sequence ⫺55 to ⫹12 ligated
to the luciferase reporter pGL3-Basic vector (Promega) at XbaI and BglII sites.
The sense and antisense Spi-1 pRc/CMV expression vectors contain the entire
wild-type Spi-1 cDNA as previously reported (15). The series of Spi-1 mutant
constructs (see Fig. 3a) with deletions in the PEST, PN, and NN regions were
constructed by shuttling the cDNAs (43), gifts from Richard Maki (The Scripps
Research Institute, La Jolla, Calif.), into pRc/CMV expression vectors. The Spi-1
⌬100 expression vector for the truncated Spi-1 protein, lacking the first 100
amino acids of Spi-1 but containing amino acids 101 to 272, was constructed by
digesting the Spi-1 cDNA with NcoI followed by ligation into pRc/RSV (Invitrogen) in the presence of a small oligonucleotide complementary to the overhangs
generated by NcoI and HindIII and was provided by Jack Hensold (Case Western Reserve University, Cleveland, Ohio). The Spi-1 ⌬8/32 pECE expression
vector, which lacks amino acids 8 to 32 and was provided by Richard Maki, had
an additional 50-bp T7 promoter sequence located upstream of the cDNA. The
Spi-1 ETS domain (wHTH) cDNA corresponding to amino acids 161 to 272 was
PCR amplified with the following primers: 5⬘ TTG CAA GCT TCC GCC ATG
CTT CTG CAC GGG GAG ACA G 3⬘ and 5⬘ TTG CTC TAG ATC AGT GGG
GCG GGA GGC G 3⬘. The overhangs were generated with HindIII and XbaI
and ligated into the pRc/CMV expression vector.
The HCMV IE expression vectors pEQ273(IE1), pEQ326(IE2), and
pEQ276(IE1⫹2), gifts from Adam Geballe (Fred Hutchinson Cancer Research
Center, Seattle, Wash.), contain the genomic HCMV IE DNA inserted into the
pGEM1 vector. The expression vector pEQ336 contains only the HCMV IE
promoter without any IE protein coding sequence. The vector pEQ273(IE1)
contains genomic DNA coding for the IE1(p72) protein. The vector pEQ326
(IE2) contains genomic DNA for IE2 protein. The vector pEQ276(IE1⫹2)
contains the entire genomic DNA sequence for both IE1 and IE2 via alternative
splicing.
The HCMV IE protein expression vectors IE1(p72), IE2(p86), and IE2(p55),
as well as the mutated IE2 expression vectors IE2 ⌬MX, IE2 ⌬SN, IE2 ⌬SX519,
IE2 ⌬XN, and IE2NheI were gifts from Deborah Spector (University of California, San Diego) and contained individual IE cDNAs (see Fig. 6a and b) in the
pSG5 (Stratagene) expression vector.
The Stat 3 expression vector contains Stat 3 cDNA in the pRc/CMV expression plasmid, a gift from Z. Zhong and J. Darnell, Jr. (Rockefeller University,
New York, N.Y.).
Transfections and reporter gene assays. The CaPO4 transfection and CAT
assays were performed as previously described (48). CAT assays were carried out
by liquid scintillation (50). In this kinetic method, which is not affected by the
saturation limitation of endpoint methods such as conventional thin-layer chromatography, HeLa cell lysates (60 g of total protein) were adjusted to a final
volume of 150 l with TT buffer (0.25 M Tris-Cl [pH 7.8], 0.5% Triton X-100],
and 100 l of 2.5 mM chloramphenicol (Sigma) solution containing 0.25 Ci of
[3H]acetyl-coenzyme A (NEN) was added. The CAT activities were evaluated by
calculating the slopes within a linear range of the kinetic response generated by
10 cycles of scintillation counting (total reaction time of approximately 6 h). The
first-order slopes were derived by a polynomial curve fit generating a coefficient
of correlation which was routinely very close to unity, and only those fits generating r values between 0.998 and 1.000 were used.
For luciferase reporters, liposomal transfection was performed by using
DOTAP transfection reagent (Boehringer Mannheim GmbH) according to the
manufacturer’s instructions. Briefly, HeLa cells (5 ⫻ 104) were plated in 16-mmdiameter culture plates 24 h before transfection. Immediately before transfection, cells (60 to 80% confluence) were washed with 500 l of DMEM three
times and incubated in 1 ml of DMEM containing 10% fetal bovine serum and
penicillin-streptomycin for 3 h. Plasmid DNA (2 g of total DNA [1 g of the
reporter and 0.5 g of each expression vector]) was gently mixed with DOTAP
(1 g of DNA per 7.5 l of DOTAP) and HEPES buffer (20 mM, pH 7.4, cell
culture grade) in a sterile reaction tube (total volume, 120 l). The transfection
mixture was incubated for 20 min at room temperature before being added to the
cells. The plates were incubated for 5 h and washed with 500 l of DMEM. After
40 h of incubation, cells were harvested and lysed in 150 l of cell culture lysis
reagent (Promega). The lysates were assayed for protein concentrations by using
Coomassie protein assay reagent (Pierce) and processed for the luciferase assay
by using a Promega luciferase assay kit according to the instructions of the
manufacturer. Fifty microliters of the lysate was mixed with 100 l of luciferase
assay reagent (Promega), and the luciferase activity was measured in a luminometer (AutoLumat LB 953; EG&G Berthold). The values obtained were normalized to the protein concentration in each cell lysate.
Human THP-1 cells were transfected by the DEAE-dextran method as de-
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scribed previously (48). Briefly, 107 cells (per 100-mm-diameter plate) were
transfected with 10 g of plasmid. After transfection, cells were treated with
lipopolysaccharide (LPS) (10 ng/ml) for 16 h prior to CAT assays.
Whole-cell extraction and Western blotting. HeLa cells were plated on 100mm-diameter plates and incubated for 24 h in order to allow growth to 60 to 80%
confluence prior to transfection. Transfections were performed with DOTAP
reagent as described above. After 40 h of incubation at 37°C with 5% CO2, cells
were washed with cold PBS once and detached with cold PBS containing 25 mM
EDTA. The cells were collected by centrifugation and resuspended in 200 l of
cold lysis buffer (20 mM HEPES [pH 7.9], 1 mM MgCl2, 10 mM KCl, 300 mM
NaCl, 0.1% Triton X-100, 20% glycerol, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride [PMSF], 10 mM NaF, 1 mM ZnCl2, 1 mM Na orthovanadate,
1 protease inhibitor cocktail tablet [Boehringer Mannheim]/50 ml). After incubation on ice for 10 min, the lysates were cleared by centrifugation for 10 min at
12,000 ⫻ g at 4°C. Protein concentrations were measured by the Bradford
method (Bio-Rad). Ten micrograms of whole-cell extract for each sample was
separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDSPAGE) and transferred to a nitrocellulose membrane. The membranes were
incubated with a 1:1,000 dilution of mouse anti-IE2 antibody (Godwin Institute
of Cancer Research, Inc.), followed by incubation with a 1:2,000 dilution of
conjugated horseradish peroxidase-labeled anti-mouse antibody. Horseradish
peroxidase activity was detected with the enhanced-chemiluminescence system
(Amersham).
GST fusion vectors. The glutathione S-transferase (GST)–wild-type Spi-1 fusion vector (WT) containing the Spi-1 coding sequence was provided by D. G.
Tenen (Beth Israel Deaconess Medical Center, Harvard Medical School, Boston,
Mass.).
GST fused with various motifs of Spi-1 fusion vectors, specifically, GST–Spi-1
(171-272), GST–Spi-1 (171-242), and GST–Spi-1 (202-254) (the amino acid coding region of each construct is indicated by the numbers after GST–Spi-1), which
contain different motifs of the Spi-1 DNA-binding domain as shown in Fig. 6a,
were constructed by PCR amplification by combining the following primers, as
required: 5⬘ wHTH, 5⬘ ATG GGA TCC AAG ATT CGC CTG TAC 3⬘; 5⬘ ␤2
motif, 5⬘ ATC GGA TCC CAG TTC TCG TCC AAG C 3⬘; 3⬘ wHTH, 5⬘ GAT
GAA TTC ATC AGT GGG GCG GGA G 3⬘; 3⬘ ␤4 motif, 5⬘ ATG AAT TCA
GAA CTG GTA GGT GAG C 3⬘; and 3⬘ ␣3 motif, 5⬘ GAT GAA TTC CTC
GCC TGT CTT GCC GTA GT 3⬘. Each PCR was performed in a total volume
of 100 l composed of 10 l of 10⫻ Pfu polymerase buffer (Stratagene), 0.8 l
of deoxynucleoside triphosphates (25 mM each deoxynucleoside triphosphate),
1.0 l of the DNA template (100 ng/l), 2.5 l of each primer (100 ng/l), 2.0 l
of the cloned Pfu DNA polymerase (2.5 U/l; Stratagene), and 81.2 l of
distilled water. The sample was overlaid with 70 l of mineral oil, and amplification was performed with a program consisting of 94°C for 1 min, followed by
30 cycles of 94°C for 45 s, 55°C for 45 s, and 72°C for 45 s, and a final cycle of 72°C
for 10 min. The PCR fragments with overhangs generated with BamHI and
EcoRI were purified with a Mermaid Kit (Bio 101, Inc.) and ligated into the
pGEX-2T (Pharmacia) GST expression plasmid. GST–Spi-1 (243-254) was constructed with synthetic oligonucleotide sequences 5⬘ GAT CCG TGA AGA
AAG TCA AGA AGA AGC TCA CCT ACC AGT TCG 3⬘ and 5⬘ AAT TCG
AAC TGG TAG GTG AGC TTC TTC TTG ACT TTC TTC ACG 3⬘, annealed,
and ligated into the pGEX-2T expression vector (Pharmacia) at the BamHI and
EcoRI restriction sites.
Expression and purification of GST fusion protein. Overnight culture of
Escherichia coli DH5␣ containing one of the GST fusion constructs was diluted
1:10 in Luria broth with ampicillin (100 g/ml) and grown for 1 h with shaking
at 37°C. Isopropyl-␤-D-thiogalactopyranoside (IPTG) was added to a final concentration of 0.5 mM, and cultures were incubated at 37°C for 3 h with shaking.
Bacteria (20 ml) were pelleted and suspended in 0.6 ml of cold NETN buffer (20
mM Tris [pH 8.0], 1 mM EDTA [pH 8.0], 200 mM NaCl, 0.5% NP-40, 0.2 mM
PMSF, 1 mM dithiothreitol, 1% Triton X-100, 1 protease inhibitor cocktail tablet
[Boehringer Mannheim]/50 ml). The cells were sonicated three times for 15 s on
ice and then centrifuged at 10,000 ⫻ g for 10 min. The protein concentrations of
the lysates were measured with a Bio-Rad protein assay kit. Glutathione-Sepharose beads (Pharmacia) were equilibrated with NETN buffer. Equivalent
amounts of GST fusion proteins (as determined by Bio-Rad and confirmed by
Coomassie blue staining) were bound to 50 l of glutathione-Sepharose beads by
incubation in a total volume of 500 l of NETN buffer for 1 h at 4°C. The beads
were washed three times in NETN buffer.
Protein-protein interaction assay. The GST fusion protein beads were incubated with 35S-labeled, in vitro-translated protein at 4°C for 1 h. The beads were
washed five times in NETN buffer, and the bound proteins were eluted by boiling
the beads for 5 min in SDS-PAGE loading buffer (50 mM Tris [pH 6.8], 30%
glycerol, 0.4% SDS, 0.1% bromphenol blue) containing ␤-mercaptoethanol. Proteins were separated by SDS-PAGE (10% polyacrylamide gel), which was then
soaked in Amplify fluorographic reagent (Amersham Life Science) and exposed
to Kodak X-Omat film.
In vitro-translated proteins. Coupled in vitro transcription-translation was
carried out to obtain recombinant proteins by using the TNT T7 Coupled Reticulocyte Lysate System (Promega) according to the manufacturer’s instructions
in the presence of [35S]methionine. Briefly, each reaction mixture was composed
of 40 l of TNT T7 Quick Master Mix, 2 l of [35S]methionine (1,000 Ci/mmol)
at 10 mCi/ml, 1 g of the DNA template, and nuclease-free water to a final

volume of 50 l. The reaction mixture was incubated at 30°C for 90 min. The
translated proteins were analyzed by SDS-PAGE and stored at ⫺80°C.
GST one-hybrid DNA-binding assays. A modification of a technique previously reported by Chittenden et al. (7) was used as a sensitive and versatile
method to detect protein interaction with DNA. Equivalent amounts of GST
fusion proteins (as determined by SDS-PAGE and Coomassie blue staining)
were bound to 50 l of glutathione-Sepharose beads as described above. After
being washed with NETN buffer three times, the beads were resuspended in 200
l of DNA probe-binding buffer [20 mM HEPES (pH 8.0), 1 mM EDTA, 50 mM
NaCl, 3 mM MgCl2, 20 g of poly(dA-dT)/reaction mixture, 1 mM dithiothreitol,
0.2 mM PMSF] and incubated for 5 min at 4°C. The beads were then incubated
for 20 min at 4°C with either 200,000 cpm of a 32P-labeled Spi-1 DNA probe
derived from the il1b promoter (sense, GCC TCC TAC TTC TGC TTT TGA
AAG CTA TAA AA; antisense, CTG TTT TTA TAG CTT TCA AAA GCA
GAA GTA GG) or 200,000 cpm of a 32P-labeled IE2 DNA probe (cis repression
sequence [CRS]) derived from the major IE promoter (34, 46) (sense, 5⬘ AGC
TTG AGG TCT ATA TAA GCA GAG CTC GTT TAG TGA ACC GTC AGG
ATC 3⬘; antisense, GAT CCT GAC GGT TCA CTA AAC GAG CTC TGC
TTA TAT AGA CCT CAA GCT 3⬘). The beads were washed twice with the
binding buffer, and their radioactivity was counted. Specific binding was assessed
by retention of the protein-DNA complex on the glutathione-Sepharose beads.
GST two-hybrid interaction assay (GHIA). In vitro-translated Spi-1 wHTH
was incubated with either GST-IE2 or GST control proteins bound to glutathione-Sepharose beads. The optimal condition required to obtain a GST-IE2–
Spi-1 wHTH was the same as that described above for the protein-protein
binding assay. After extensive washing, binding of the GST-IE2–Spi-1 wHTH
bead complexes with radiolabeled oligonucleotides containing either the strong
␤-globin B1-A Spi-1-binding site (5⬘ ACC TTC CTA TCA GAA AAA AAG
GGG AAG CGA TTC T 3⬘) or this site with a specific mutation (underlined)
that results in a loss of Spi-1 binding (5⬘ ACC TTC CTA TCA GAA AAA CCC
GGG AAG CGA TTC T 3⬘) (15, 30) was carried out in 200 l of probe binding
buffer at 4°C for 20 min. The probe-binding buffer [20 mM HEPES (pH 8.0), 1
mM EDTA (pH 8.0), 50 mM NaCl, 3 mM MgCl2, 0.2 g of poly(dI-dC) per ml,
1 mM dithiothreitol, 0.2 mM PMSF] was modeled after that previously reported
to be suitable for the binding of Spi-1 to its recognition DNA sequence (15).
Gentle washing with a probe elution buffer (same as the probe binding buffer but
containing 0.5% NP-40) was performed. Special attention was paid to probe
washing, especially during the evaluation of ternary-complex formation by Spi-1,
IE2, and DNA. Although the complex formed quite readily, association with the
DNA probe was not maintained by the GST–IE2–Spi-1 wHTH complex as well
as was that with the same probe by the GST–Spi-1 wHTH complex (approximately 10-fold less) (data not shown). This result suggests that the proteinprotein interaction between IE2 and the Spi-1 wHTH decays much more rapidly
than the interaction between the Spi-1 wHTH complex and the DNA probe. The
amount of radioactive probe bound to the GST-IE2–Spi-1 wHTH was determined by Cerenkov counting of the Sepharose beads in a scintillation counter.
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Strong transactivation of the il1b promoter by IE proteins
requires a single Spi-1-binding site. Consistent with our previous report (24), we found that, in transfected THP-1 monocytes, IE proteins upregulate il1b expression in the absence of
the il1b enhancer (Fig. 2). This expression did not require any
additional exogenous stimuli, but in combination with LPS, IE
proteins supported a stronger (approximately 70-fold) total
induction. When il1b promoter CAT reporters (HT and DT)
carrying single point mutations in Spi-1-binding site A (Fig. 2)
were cotransfected with a genomic IE1-IE2 expression vector
[pEQ276(IE1⫹2)], a dramatic loss of IE protein-dependent
activation was observed. The upstream Spi-1-binding site B,
which we previously reported to be essential for enhancerdependent il1b expression in the absence of IE protein (30),
was not required for IE protein-dependent expression (Fig. 2).
Mutation at both Spi-1 sites resulted in IE protein-dependent
activity comparable to that observed for the mutation at site A
alone. The il1b promoter fragment containing only site A (DT
fragment) demonstrated IE protein-dependent activity comparable to that of the longer sequence (HT fragment). These
results indicate that Spi-1-binding site A, but not site B, is
critical for IE protein-dependent induction of il1b.
Enhancer-independent il1b transactivation by HCMV IE
gene products requires only the Spi-1 DNA-binding domain
(wHTH). We have previously reported that potent il1b transcription is controlled by two independent elements, an up-
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stream inducible enhancer and a cell-type-specific promoter
(48). This requires the binding of transcription factor Spi-1 to
two sites within the promoter (30) (Fig. 1). The HCMV IE
proteins support strong il1b transcription in the absence of an
enhancer. Mutation of the Spi-1-binding site located adjacent
to the transcription start site has indicated a significant role for
this transcription factor in both the presence (24) and absence
of HCMV IE protein (30). However, the direct involvement of
Spi-1 in the HCMV transactivation of il1b has not been demonstrated. In order to address this, we transiently transfected
Spi-1-deficient HeLa cells (16), which do not express il1b, even
when they are induced by agents such as phorbol myristate
acetate (PMA) (8). We have previously demonstrated that
transfection of Spi-1 into HeLa cells can support strong transactivation of an il1b promoter sequence in the presence of an
abbreviated simian virus 40 enhancer (30) but not in the presence of the il1b far-upstream enhancer, as was previously reported for monocytes (48).
An enhancerless CAT reporter vector containing the il1b
promoter sequence ⫺131 to ⫹12 (fragment HT in Fig. 1) was
cotransfected into HeLa cells along with a genomic IE1-IE2
vector that expresses both HCMV IE1 and IE2. Transfections
were executed in the presence of various Spi-1 expression
vectors such as antisense Spi-1, wild-type Spi-1, and several
mutated Spi-1 expression vectors containing cDNAs coding for
deleted protein regions (Fig. 3a). As shown in Fig. 3b, the
antisense Spi-1 expression vector failed to support IE proteinactivated il1b promoter activity. In the absence of both an
enhancer and the IE proteins, wild-type Spi-1 induced a 9-fold
increase in CAT activity over that of the control and an additional 2.5-fold increase in activity when it was supplemented
with IE proteins. This confirms the absolute requirement for
Spi-1 in il1b transactivation by HCMV IE proteins. Surprisingly, an expression vector coding only for the Spi-1 wHTH,
which is inactive in the absence of IE, was able to support
significant il1b promoter activity when it was cotransfected with
the IE protein expression vector.
The PEST sequence and the TBP-binding domain of Spi-1
have been previously shown to be differentially critical for the
expression of various Spi-1-dependent genes (2, 27, 30, 43).
However, for enhancer-dependent activity of il1b in the ab-

sence of IE protein, both the TBP and Q domains are required
(30). Figure 3 demonstrates that with IE proteins, deletion of
either the PEST sequence (⌬PEST vector) or amino acids 8 to
32 (⌬8/32 vector) within the TBP-binding domain of Spi-1 did
not affect the transactivation activities of IE proteins, indicating the dispensability of both of these regions in il1b transactivation by IE proteins. Other Spi-1 deletion constructs,
namely, those with deletions of the PN sequence, the NN
sequence, and the first 100 amino acids of Spi-1 (⌬PN, ⌬NN,
and ⌬100 vectors, respectively), all lacked the Q domain and
resulted in a 50% loss of CAT activity when levels were compared to that of the wild-type Spi-1 expression vector. This
result is similar to what was observed in the absence of IE
protein (30), which suggests that the Spi-1 Q domain is essential for maximal il1b transactivation both in the presence and
absence of IE proteins. Based on these data, we conclude that
HCMV IE proteins use an unique transcriptional activation
pathway which partially circumvents the requirement for both
an enhancer and the Spi-1 TAD. Furthermore, the Spi-1 DNAbinding module (wHTH) is sufficient to support significant il1b
transactivation by HCMV IE proteins.
The ⴚ59-to-ⴙ12 il1b promoter sequence functions as an IE
protein-dependent and enhancer-independent promoter. We
have previously reported that in the presence of IE proteins
the il1b promoter from ⫺131 to ⫹12 (region HT in Fig. 1) is
able to support transactivation in the absence of the normally
required far-upstream enhancer. Within this promoter sequence, there are two binding sites for Spi-1 (Fig. 1). The
proximal Spi-1-binding site is located between ⫺50 and ⫺39
and has been shown to be crucial for il1b transactivation in
both the presence and absence of HCMV IE proteins. However, the requirement for the more upstream Spi-1-binding site
located between ⫺115 and ⫺97 has been determined only in
the absence of IE protein (30).
Transient transfections were executed with HeLa cells. An
enhancerless CAT reporter containing either the il1b promoter
sequence ⫺131 to ⫹12 (fragment HT; which contains both of
the Spi-1-binding sites) or the shorter sequence ⫺59 to ⫹12
(fragment DT; which contains only the TATA-box-proximal
Spi-1 site) was cotransfected with the IE1-IE2 expression vector. The results shown in Fig. 4 argue that in the presence of
Spi-1, the ⫺59-to-⫹12 il1b promoter (DT) can function as
effectively as the ⫺131-to-⫹12 promoter (HT) in IE protein
(enhancer-independent) transactivation of il1b, resulting in
about a 20-fold-greater activity than that of the control. The
activities of IE protein-induced HT and DT promoter fragments in the presence of the Spi-1 wHTH expression vector are
also indistinguishable from each other and are about 50% of
the activity mediated by the full-length Spi-1 expression vector.
Therefore, the il1b promoter sequence from ⫺59 to ⫹12 serves
as a minimal IE protein-dependent (enhancer-independent)
promoter requiring only one Spi-1-binding site.
Both IE1 and IE2 synergistically transactivate il1b. To determine the role of individual IE proteins in il1b transactivation, HeLa cells were cotransfected with an il1b promoter CAT
reporter and Spi-1 expression vectors along with one of three
different IE protein genomic expression vectors: pEQ273(IE1),
pEQ326(IE2), and pEQ276(IE1⫹2). Whole-cell extracts from
the transfected HeLa cells were analyzed by SDS-PAGE and
Western blotting with an antibody directed against both IE1
and IE2 in order to confirm the expression of IE proteins in
HeLa cells (data not shown). Figure 5 reveals that in the
presence of the Spi-1 expression vector, IE2 alone significantly
induced il1b promoter CAT activity and that IE1 did not.
Synergy was observed when both the IE1 and IE2 expression
vectors were cotransfected along with the Spi-1 expression
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FIG. 2. The il1b promoter is strongly transactivated by IE proteins in human
THP-1 monocytes. Shown are the CAT activities of the il1b promoter CAT
reporters (HT and DT) containing point mutations at the distal (B) and proximal
(A) Spi-1-binding sites, respectively, and cotransfected with a genomic IE1-IE2
expression vector [pEQ276(IE1⫹2)] which expresses both IE1 and IE2. The
results are expressed as average percentages of the relative CAT activity observed for the wild-type HT promoter when it was cotransfected with the IE1-IE2
expression vector. Open bars correspond to unstimulated cells, whereas filled
bars correspond to cells treated with 10 ng of LPS per ml. Standard deviations
are indicated for a minimum of three repetitions. mA, mutation at site A; mB,
mutation at site B; mA,B, mutations at both sites.
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FIG. 3. Transactivation of il1b by HCMV IE protein is differentially mediated by discrete domains of the transcription factor Spi-1. (a) Schematic representation
of Spi-1 illustrating the ETS homology DNA-binding domain (wHTH) and TAD. The previously identified functional regions are also shown, including the
TBP/Rb-binding region, Q domain, and PEST sequence containing the NF-EM5/PIP-binding region. Various Spi-1 expression vectors containing different regions of
Spi-1 are shown by horizontal bars. Numbers indicate the amino acid sequences. (b) The Spi-1 wHTH DNA-binding domain alone can support IE transactivation of
il1b. The Q domain is important for maximal transactivation. CAT activities observed for the il1b promoter from positions ⫺131 to ⫹12 (HT) are shown. The antisense
Spi-1 (As), wild-type Spi-1 (WT), and various mutated Spi-1 expression vectors (as shown in panel a) were each cotransfected with the il1b promoter (HT) CAT reporter
along with the HCMV IE1-IE2 expression vector into HeLa cells. Twenty micrograms of the CAT vector and 10 g of each expression vector were used for each
analysis. The results are expressed as average percentages of the activity observed for the wild-type promoter and the Spi-1 expression vector after stimulation with 50
ng of PMA per ml. Open bars correspond to transfections in the absence of the IE1-IE2 expression vector. Error bars indicate the deviations in results from a minimum
of three repetitions.
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vector, suggesting that IE1 augments the IE2 function in il1b
transactivation. This observation is in agreement with several
reports that IE1 and IE2 synergistically transactivate a variety
of genes (21, 37, 38).
IE2, but not IE1, physically associates directly with the
Spi-1 wHTH DNA-binding domain. A number of studies have
shown that HCMV IE proteins function as powerful transactivators for various genes by associating with numerous cellular
transcription factors. It has also been reported that the DNAbinding module (wHTH) of Spi-1 and other ETS factors interact with a variety of transcription factors, resulting in a
cooperative gene activation (reviewed in reference 1). Together with our functional data demonstrating that HCMV
requires only the Spi-1 wHTH for il1b transactivation, we hypothesized that il1b transactivation by HCMV is mediated by a
direct association between IE proteins and the Spi-1 wHTH.
To test our hypothesis, GST pulldown protein-binding assays were performed. Since there are three major HCMV IE
gene products, IE1(p72), IE2(p55), and IE2(p86), which possess considerably different functions, we evaluated the binding
activities of individual IE proteins. GST fusion proteins containing the Spi-1 wHTH (amino acids 171 to 272) (Fig. 6a) or
a GST control was bound to glutathione-Sepharose beads. In
vitro-translated 35S-labeled IE1(p72), IE2(p55), or IE2(p86)
was then added. The beads were washed, and bound proteins
were analyzed by boiling followed by SDS-PAGE. Figure 6b
reveals that both IE2(p55) and IE2(p86) bound strongly to the
GST–Spi-1 wHTH (amino acids 171 to 272) (lanes 3 and 7,
respectively) but only weakly bound to the GST control (lanes
2 and 6). In contrast, the interaction of IE1(p72) with GSTSpi-1 wHTH (lane 5) was much weaker than those of IE2
proteins, although the level of the in vitro-translated IE1 was
significantly higher than that of IE2 (lanes 8 to 10).
The strong binding of IE2 to the Spi-1 wHTH is in agreement with the functional activity demonstrated in this study in

that, although IE1 and IE2 synergistically transactivate il1b
expression, IE2 provides a stronger transactivation effect than
IE1. Furthermore, the results from the protein-protein interaction assays support our hypothesis that HCMV transactivates il1b expression via a physical association of IE2 with the
Spi-1 wHTH.
IE2 associates with Spi-1 via the wing of the wHTH. The
X-ray crystal structure of the Spi-1 DNA-binding domain reveals that the wHTH consists of three ␣-helices containing a
classical HTH along with a four-stranded antiparallel ␤-sheet
wing (29). It has been reported that Spi-1 binds to the major
groove of DNA through the HTH and that the wing provides
additional interactions with the DNA backbone (29). To further localize a specific region within the Spi-1 wHTH responsible for the recruitment of IE2(p86), GST pulldown binding
assays were performed with a series of GST fusion constructs
carrying various cDNA motifs of Spi-1 (Fig. 6a). In vitrotranslated 35S-labeled IE2(p86) was incubated with either the
GST control or GST fused to various subregions of Spi-1 (Fig.
6a). Figure 6c shows that IE2 binds to GST–Spi-1 (lane 2) as
well as to the GST–Spi-1 wHTH (amino acids 171 to 272) (lane
3) but not to GST alone (lane 1). The GST fusion constructs
containing amino acids 202 to 254 (lane 5) and 243 to 254 (lane
6) were also capable of binding to IE2(p86) protein. The data
demonstrate that all GST constructs containing amino acids
243 to 254 (antiparallel ␤-strands ␤3 and ␤4) of the Spi-1
wHTH are able to physically interact with IE2, suggesting that
the minimal structure important for the association of Spi-1
with IE2 is the portion of the wing corresponding to the antiparallel ␤3-␤4 strand pair. This is confirmed by the observation
that the GST–Spi-1 wHTH fusion construct lacking this structure (amino acids 171 to 242) (lane 4) does not efficiently bind
IE2.
To verify that protein-protein interaction directed by the
wing is not due to nonspecific binding of this motif, in vitrotranslated 35S-labeled Stat 3 protein was incubated with GST–

FIG. 5. IE1 and IE2 synergistically transactivate il1b expression. Shown is
CAT activity of the enhancerless il1b promoter (HT) CAT vector (20 g) cotransfected with 10 g of the Spi-1 or antisense Spi-1 (AS.Spi-1) expression
vector into PMA-treated HeLa cells, in the presence of an individual IE expression vector [pEQ273(IE1) or pEQ326(IE2)] or a genomic IE1-IE2 expression
vector [pEQ276(IE1⫹2)] expressing both IE1 and IE2. The total amount of
transfected DNA was kept constant by the addition of the parental vector
[pEQ336]. The CAT data were normalized to the average activity elicited by the
IE1-IE2-activated HT CAT construct in the presence of the Spi-1 expression
vector. Error bars represent the deviations in results from a minimum of three
repetitions.
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FIG. 4. The ⫺59-to-⫹12 il1b promoter (DT) containing only one Spi-1binding site adjacent to the transcription start site can function as an IE-activated
promoter via an enhancer-independent pathway. The upstream Spi-1-binding
site is not essential for il1b transactivation by HCMV IE proteins. The il1b
promoter CAT reporters were transiently cotransfected with an IE1-IE2 expression vector into HeLa cells in the presence of 50 ng of PMA per ml. The il1b
promoter CAT reporter (20 g) and IE1-IE2 expression vector (IE1⫹2) (10 g)
were used for each analysis. Ten micrograms of the Spi-1, antisense Spi-1 (AS.
Spi-1), or Spi-1 DNA-binding domain (wHTH) expression vector was cotransfected for each analysis. The results are shown as average percentages of the
CAT activity of the wild type. Error bars indicate the deviations in results from
a minimum of three repetitions.
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Spi-1 (171-272), –Spi-1 (171-242), or –Spi-1 ␤3-␤4 (243-254).
The radiolabeled Stat 3 protein did not bind to any part of
Spi-1 (Fig. 6d). This result supports the argument that the
association of the Spi-1 wing with IE2 is specific.
The sequence between amino acids 291 and 370 of IE2 is
necessary for interaction with Spi-1. As demonstrated above,
the wing is a minimal region within the Spi-1 wHTH essential
for interaction with IE2 protein. In order to map a specific
region of IE2 responsible for interaction with Spi-1, the sequences of IE1(p72), IE2(p55), and IE2(p86) were examined,
revealing that all have a common amino-terminal 85 amino
acids. IE2(p55) and IE2(p86) are identical, except that IE2
(p55) lacks amino acids 364 to 520 of IE2(p86) (Fig. 7a). The
GST pulldown protein-binding assay showed that IE2(p55)
and IE2(p86) bind strongly to the Spi-1 DNA-binding domain
but that IE1(p72) binds weakly (Fig. 6b). Therefore, amino
acids 1 to 85 are probably not responsible for the association
with Spi-1, since all three proteins contain this region.
IE2(p55) lacks amino acids 364 to 520 of the IE2(p86) (Fig. 7a)
and is still able to interact with Spi-1 as effectively as IE2(p86),
suggesting that a sequence essential for Spi-1 binding is not
located within the sequence from amino acids 364 to 520 but is
rather within the sequence from amino acids 85 to 364.
GST pulldown protein-binding assays were employed in order to identify the region of IE2 responsible for the interaction
with Spi-1. GST or GST–Spi-1 (243-254) (␤3 and ␤4 of the
wing) was bound to glutathione-Sepharose beads. In vitro-35Slabeled mutated IE2(p86) proteins carrying various deletions
as shown in Fig. 7c were tested for binding activity. Figure 7b
demonstrates that IE2 ⌬MX and IE2 ⌬SX519 interacted with
GST–Spi-1 (243-254) (lanes 3 and 7, respectively). IE2 ⌬SN
possesses significantly weaker binding activity than IE2 ⌬MX
and IE ⌬SX519. IE2⌬SN does not contain amino acids 136 to
370. Nevertheless, the deletion of amino acids 136 to 291 did
not result in loss of binding activity, as shown by the interaction
of IE2 ⌬MX and IE2 ⌬SX519 with GST–Spi-1 (243-254).
Thus, the data suggest that the association of IE2 with Spi-1 is
strongly dependent upon amino acids 291 to 370.
Transactivation of il1b by IE2 is dependent upon two different IE2 domains. To investigate the biological role of amino
acids 291 to 370, which are critical for Spi-1–IE2 interaction,
we performed transient transfections in HeLa cells. Expression
vectors carrying various IE2(p86) deletions (Fig. 7c) were cotransfected along with a Spi-1 expression vector and a reporter
vector containing the il1b promoter sequence from ⫺55 to ⫹12
(pGL3B-DT). In the presence of Spi-1 (Fig. 7d), IE2 ⌬MX
activated il1b transcription to a level approximately 50% of
that induced by wild-type IE2. This result suggests that a region between amino acids 85 and 291, although not absolutely
required, plays a synergistic role in activation of il1b expression. The mutated IE2 vectors which lack the critical Spi-1
interaction sequence (IE2 ⌬XN and IE2 ⌬SN) failed to transactivate il1b beyond the level generated by Spi-1 alone, supporting the argument that il1b transactivation by HCMV IE2 is
dependent upon a strong physical association between Spi-1
and the critical amino acids 291 to 370 of IE2. Interestingly, in
the presence of Spi-1, IE2NheI and IE2 ⌬SX519, lacking the
acidic amino acids between 544 and 579, were unable to transactivate il1b. Our results argue that both of these two regions
of IE2 (amino acids 291 to 370 and 544 to 579) are necessary
for transcriptional activation by IE2 and that a third region
between amino acids 85 and 291 provides a synergistic activity
(Fig. 7f).
IE2 and the Spi-1 wHTH DNA-binding domain form a ternary complex with DNA that requires a protein-protein interaction. In order to measure IE2 binding activity to the il1b
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FIG. 6. Physical interaction of Spi-1 with IE2. (a) Schematic representation
of various GST–Spi-1 fusion constructs. The GST–wild-type Spi-1 fusion construct is indicated as Spi-1 (WT). Other deletion constructs are shown with
numbers of amino acids deleted (in parentheses) relative to the amino acid
sequence of Spi-1. Quantitation of expressed GST fusion proteins was determined by Coomassie brilliant blue staining (data not shown). (b to d) For all
experiments, in vitro-translated 35S-labeled proteins (IE proteins in panels b and
c or Stat 3 protein in panel d) were incubated with glutathione-Sepharose beads
bound to either GST or GST–Spi-1 fusion proteins (as indicated). After incubation, the glutathione-Sepharose beads were washed extensively and bound
proteins were resolved by SDS-PAGE. (b) IE2(p55) and IE2(p86) physically
interacted with the Spi-1 DNA-binding domain (wHTH) (lanes 3 and 7, respectively). IE proteins bound weakly to the GST control (lanes 2, 4, and 6). Lanes
8, 9, and 10 indicate the mobilities of these radiolabeled IE proteins as well as the
efficiency of in vitro translation. Molecular weight markers (in thousands [K]) are
indicated at the left. (c) IE2 directly bound to Spi-1 through a portion (antiparallel ␤3 and ␤4) of the wing motif (lane 6). Lane 7 indicates the mobility of the
in vitro-35S-labeled IE2(p86) protein on SDS-polyacrylamide gel. In lane 1, the
radiolabeled IE2 was incubated with glutathione-Sepharose bead-linked GST
alone. In lanes 2 to 6, the radiolabeled IE2 was incubated with immobilized
GST–wild-type Spi-1 or various GST–Spi-1 deletion mutation fusion proteins.
(d) Stat 3 is unable to bind Spi-1 wHTH. Lane 5 shows the mobility of the Stat
3 protein on SDS-polyacrylamide gel.
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promoter, in vitro DNA-binding assays were performed. A
GST-protein fusion technique was used because of its ability to
detect weak complexes possessing high decay rates. As shown
in Fig. 8a, GST-IE2 protein strongly bound to one of its cognate binding sites found in the HCMV genome (CRS element)
but was unable to bind the il1b promoter. In contrast, GST–
Spi-1 wHTH bound to the il1b promoter but not to the CRS.
The binding of IE2 and Spi-1 to their respective cognate
probes was stable and withstood extensive washing, suggesting

a low rate of probe dissociation. Because the in vitro binding
data argue that IE2 protein does not directly recognize the il1b
promoter but that it is capable of binding to Spi-1 wHTH in
vitro and transactivating il1b transcription in vivo, we hypothesized that IE2 is recruited to the il1b promoter via association
with the DNA-binding domain of Spi-1.
To support this hypothesis, we used a GHIA to evaluate the
existence of an IE2-wHTH-DNA ternary complex. For GHIA,
a GST-protein fusion was used to detect the formation of a
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FIG. 7. Mapping the region of IE2(p86) responsible for cooperativity with Spi-1 in il1b transactivation. (a) Schematic representation of the HCMV IE gene
products, IE2(p86), IE2(p55), and IE1(p72). The exons from which each IE protein arises and their amino acids are indicated. (b) The region between amino acids
291 and 370 of IE2 is essential for the interaction with Spi-1. GST or GST–Spi-1 ␤3-␤4 (243-254) fusion proteins linked to glutathione-Sepharose beads were incubated
with equal amounts of the in vitro-translated 35S-labeled mutated IE2 proteins (as shown in Fig. 6c). After extensive washing, the bound proteins were resolved by
SDS-PAGE. All the IE2 deletion mutants bound weakly to the GST control (lanes 2, 4, and 6). Molecular weight markers (in thousands [K]) are indicated at the left.
(c) Schematic representation of mutated IE2 expression vectors. All vectors are as described by Sommer et al. (52). The wild-type IE2 (WT) and the deletion mutants
are illustrated with numbers representing the positions of important amino acid residues. Also shown are the locations of three previously reported TBP-binding
domains (52) and an acidic activation domain (40). (d) Functional data support the significance of the IE2 interaction motif (amino acids 291 to 370), the sequence
between amino acids 544 and 579, and a region within amino acids 85 to 291 of IE2 protein in the transcriptional activation of il1b. The il1b promoter luciferase reporter
(pGL3B-DT) was cotransfected with Spi-1 and mutated IE2 expression vectors (as shown in Fig. 6c) into HeLa cells. The total amount of transfected DNA was kept
constant by the addition of the parental vector. Shown are average relative luciferase activities. A broken line indicates the activity level in the absence of IE2. Error
bars indicate the deviations in results from a minimum of three repetitions. (e) Whole-cell extracts from the transfected HeLa cells were subjected to Western blot
analysis with a monoclonal antibody recognizing the IE2 protein in order to quantitate mutated IE2 protein expression. (f) Summary of the results from the
protein-protein binding assay and transactivation study. Two regions of IE2 required for il1b transactivation are shown as black bars. A region providing synergistic
activation is shown as a gray bar. The likely Spi-1 interaction motif of IE2 is illustrated as a dark-gray bar. The numbers indicate amino acid sequences of IE2.
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ternary complex involving a second unlabeled protein and a
radiolabeled DNA probe (Fig. 8b). Experiments with the il1b
probe were inconclusive and suggested that under the experimental conditions used, the association of Spi-1 and the il1b
probe may not have been sufficiently strong to allow a stable
complex to be observed. Therefore, we attempted to detect a
complex using the ␤-globin B1-A-binding site (16), which has
at least a fivefold-higher affinity for Spi-1 than did the il1b
probe (30). Our results show that the radiolabeled DNA probe
containing the ␤-globin binding site can be tethered to GSTIE2 only in the presence of the Spi-1 wHTH, demonstrating
the existence of an IE2-wHTH-DNA ternary complex. In contrast, a radiolabeled mutated DNA probe containing a specific
mutation previously reported (15, 30) not to support Spi-1
binding resulted in the loss of DNA association with GST-IE2.
It should be noted that the ternary complex, unlike the direct
binding of either IE2 or the Spi-1 wHTH to its cognate probe,
could not withstand extensive washing (not shown). This resulted in approximately a 10-fold higher level of bound probe
for direct binding as compared with protein-protein-mediated
binding (compare the counts per minute bound in Fig. 8a and
b). Therefore, the ternary complex probably has a high decay
rate that may be due to a tenuous protein-protein interaction.
DISCUSSION
In the present study, we have investigated the molecular
mechanism by which HCMV IE proteins transactivate il1b via
the transcription factor Spi-1. It has been previously demonstrated that the Spi-1 binding site located at positions ⫺50 to
⫺39 of the il1b promoter sequence is crucial for both enhancerless IE-dependent (24) and normal enhancer-dependent

(30) il1b transcription. In addition, many studies have reported
that other cellular genes coding for the IL-1 receptor antagonist, IL-6, and IL-8, which possess a potential Spi-1-binding
site, are activated by HCMV (28). A recent report of tumor
necrosis factor alpha (tnfa) gene transactivation has also suggested an essential role for Spi-1 in HCMV IE activation (17).
Based on these lines of evidence, Spi-1 appears to play a
central role as a host factor required for HCMV transactivation. Here, we show that IE-dependent il1b promoter activity
absolutely depends upon Spi-1. Moreover, we discovered that
HCMV IE proteins circumvent the normal enhancer-dependent il1b transcription pathway and upregulate il1b by a mechanism that eliminates the requirement not only for an enhancer but also, to a significant degree, for the Spi-1 TAD.
This TAD is required for enhancer-dependent transcription in
the absence of HCMV IE (30). In the presence of IE, only the
Spi-1 wHTH DNA-binding domain is required to support significant il1b expression. This observation is distinct from those
made with some other systems in which additional sequences
not essential for DNA binding (extra-wHTH) mediated transcription. Examples include PIP/NF-EM5, which binds to the
phosphorylated PEST sequence of Spi-1 (42), and FOG, which
interacts with the non-DNA-binding amino (N) zinc finger of
GATA-1 (53).
The il1b promoter from ⫺131 to ⫹12 supports both normal
enhancer-dependent and IE protein-mediated transcription
(11, 24, 30). Within this promoter, there are two Spi-1-binding
sites, one located adjacent to the transcription start site and the
other located further upstream (Fig. 1), raising the question of
whether the functions of these two sites are different for il1b
transactivation by HCMV IE proteins. In the absence of IE
proteins, a shorter ⫺59-to-⫹12 il1b promoter is inactive (30).
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FIG. 8. An in vitro ternary complex involving IE2–Spi-1 and DNA requires protein-protein interaction. (a) IE2 protein does not bind to the il1b promoter.
DNA-binding assays were performed as described in Materials and Methods. GST fusion proteins were incubated with either a radiolabeled Spi-1 DNA probe (il1b)
or an IE2 DNA probe (CRS). Following two rounds of washing, specific DNA-binding activities were determined by measuring the radioactive counts per minute from
the Sepharose beads. Reactions with GST-IE1 were performed simultaneously as negative controls. (b) The Spi-1 wHTH is required for the interaction between IE2
and DNA. The GHIA used in vitro-translated Spi-1 wHTH, which was incubated with an equal amount of either GST-IE2 or the GST control bound to
glutathione-Sepharose beads. The in vitro-translated control protein was made by the same method as was used for the Spi-1 wHTH but in the absence of the DNA
template. After incubation and extensive washing, the beads were incubated with either a wild-type or a mutated Spi-1 radiolabeled DNA probe (15). Following two
rounds of washing, the amount of bound radioactive probe was determined from the Sepharose beads. Error bars indicate the deviations in results from a minimum
of three repetitions. Cartoons explain the details of the experiment in which the natures of individual proteins and radiolabeled DNAs ( ) are indicated. ␤gb,
␤-globin-binding site; m␤gb, mutated ␤-globin-binding site.
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We now demonstrate that, in the presence of IE proteins, the
⫺59-to-⫹12 promoter can function as effectively as the ⫺131to-⫹12 promoter, indicating that the presence of the upstream
Spi-1-binding site, which is normally required, is not imperative for activation by IE. In other words, this finding demonstrates that the IE proteins specifically target the proximal
Spi-1-binding site in order to activate the expression of il1b.
Our study shows that IE2 protein plays a significant role in
il1b transactivation. Since IE2 is able to transactivate il1b, even
though there is no IE consensus binding site (34, 46) in the il1b
promoter and we cannot detect any in vitro binding, it is not
unreasonable to speculate that IE2 activates il1b transcription
by, at least in part, directly interacting with Spi-1 bound to il1b.
Spi-1 has been reported to bind various viral proteins in the
activation of cellular genes. An interaction between Spi-1 and
EBNA-2 has been shown to play an important role in latent
membrane protein 1 (LMP1) gene activation (26). Furthermore, we recently showed that il1b transactivation by human
T-cell leukemia virus type 1 Tax protein likely involves the
cooperation of Tax with Spi-1 and with NF-IL6 (C/EBP␤) (54).
None of these reports identified a specific region of Spi-1
responsible for the interaction with viral proteins. The findings
in our present study have confirmed a direct binding of Spi-1
with IE2 protein and indicate that a specific region between
amino acids 291 and 370 of IE2 is important for a strong
physical association with a portion (antiparallel ␤3 and ␤4
strands) of the Spi-1 wHTH wing. Our in vitro experiments
further reveal that IE2 is able to form a Spi-1 wHTH-dependent ternary complex on DNA. These data appear to support
a mechanism for IE2-dependent transcriptional activation mediated by direct interaction with il1b promoter-bound Spi-1.
Moreover, we find that both IE1 and IE2 synergistically upregulate il1b expression, although direct IE1 interaction with
Spi-1 could not be detected. The mechanism of synergy between the two IE proteins is not clearly understood. It has been
demonstrated that activation by individual IE proteins is de-

pendent upon both the promoter-regulatory region of the cellular gene and the cell type (39). A report that IE1 does not
directly interact with IE2 (14) argues that the cooperative
activation of il1b is unlikely to occur via physical association
between IE1 and IE2. Since IE1 has been shown to transactivate a variety of genes, including that coding for IE2 (38), it is
possible that IE1 induces the expression of a coactivator, which
in turn is able to directly bind IE2 and upregulate il1b transcription.
The wing of the wHTH proteins, including Spi-1, all other
ETS factors, and various non-ETS wHTH proteins such as
heat shock factor (HSF), is a small ␤-sheet consisting of three
or four antiparallel ␤-strands and their interconnecting loops,
which extend to one side of the triple ␣-helical bundle containing the HTH (9, 29). We have recently determined that
GATA-1 and GATA-2 are also capable of interacting with
Spi-1 via the wing (59). In addition, a recent crystal structure
report reveals that HSF multimerization on DNA occurs via
wing-mediated protein-protein interaction (35). Therefore, the
wHTH wing may represent a site for protein-protein interaction among many other diverse factors that have been reported
to functionally cooperate in transcriptional activation.
In accordance with our observation that IE2 transactivation
of il1b requires only the Spi-1 wHTH DNA-binding domain
but not an enhancer or the Spi-1 TAD, we hypothesize that
IE2 functions by providing a TAD normally supplied by the
Spi-1 TAD in cooperation with critical factors that bind to the
il1b upstream enhancer. This speculation is supported by our
functional data which indicate that, in addition to the putative
interaction motif in IE2 (amino acids 291 to 370), amino acids
544 to 579, which contain a potent independently acting acidic
TAD (40), are also necessary for activation. In addition, the
amino acid sequence between 85 and 291 of IE2, containing
two previously reported TBP-binding domains (Fig. 7c), appears to be important for maximal il1b transactivation. IE2 has
been reported to bind several transcription factors, including
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FIG. 9. Proposed model of PTT-mediated transcriptional activation of il1b by HCMV IE2. (a) Potent il1b transcription normally requires both a far-upstream
enhancer and the ⫺131-to-⫹12 il1b promoter which contains two essential Spi-1-binding sites. Two Spi-1 TAD subregions are also required. One of these is a
glutamine-rich (Q) domain (hatched areas), and the other directly binds TBP (filled areas). The Spi-1 wHTH DNA-binding domain is shown as an oval, with the wing
indicated by “w”. (b) IE2 replaces the functions of the Spi-1 TBP-binding domain and the il1b enhancer. Furthermore, only a minimal il1b promoter located between
⫺59 and ⫹12 is sufficient to support IE-activated il1b expression. IE2 is tethered to the il1b promoter via a direct interaction with the Spi-1 wing and possibly interacts
with TBP. Also, an acidic domain of IE2 (shown by a minus sign) provides an activation effect eliminating the absolute requirement for the Spi-1 TAD.
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TAFs, and has been demonstrated to perform a TAF-like
function as a component of TFIID (36). It is likely that IE2
interacts with the wing of the il1b promoter-bound Spi-1 and
either recruits TBP via its TBP-binding domain (amino acids
85 to 291) or tethers other transcriptional activators to the
transcription start site.
A well-characterized mechanism of transcriptional activation in which a viral protein, herpes simplex virus (HSV) VP16,
interacts with the DNA-binding domain of a cellular factor
(POUs domain of Oct-1) in order to mediate transcription has
been reported previously (22). In this case, VP16 is required to
bind a host cell factor (HCF) before recruitment to DNA via
interaction with the Oct-1 POUs domain. However, the mechanism of IE protein transactivation of il1b appears to be different in that IE protein is able to directly associate through
the Spi-1 DNA-binding domain without the requirement of an
additional factor and form an in vitro ternary complex with
DNA. This possibility is strongly suggested by the functional
requirement (Fig. 7d) for the same region that is critical for the
strong in vitro interaction between Spi-1 and IE2 (Fig. 7b).
Additionally, IE does not appear to interact with the il1b promoter sequence whereas VP16 in the HCF-VP16-POU complex has been shown to recognize DNA.
In conclusion, our present study has demonstrated a mechanism, which we refer to as PTT, by which HCMV IE2 transactivates il1b expression. In PTT, a DNA-binding transcription
factor can activate an apparently irrelevant target gene which
is devoid of a cognate recognition site by means of a proteinprotein interaction. With IE2 and the il1b gene, the Spi-1
wHTH provides both DNA-binding activity and a protein recruitment site for IE2 (Fig. 9b). Although the il1b promoter
does not appear to directly bind IE2, the transactivation of il1b
by IE2 can occur because an interaction between the two
proteins, IE2 and Spi-1, is possible. The Spi-1 wHTH provides
DNA-binding activity, while the IE2 protein provides the activation function. The PTT model does not exclude the possibility that association between the tethered factor and a weak
nonspecific site does occur following the initial formation of
the protein-protein interaction. However, the lack of any observable in vitro cooperative binding to DNA with Spi-1 suggests that this is not the case for IE2. Consequently, the functional cooperativity observed between PIP/NF-EM5 and Spi-1
(13) may also be considered to be an example of PTT. However, in this case the tethered PIP factor is incapable of binding
DNA until the Spi-1 interaction unmasks the latent DNAbinding activity that is structurally repressed in the full-length
protein. This interaction is also distinct in that it results in
cooperative binding in vitro and also requires the phosphorylated PEST region, which is not required either for IE2 function or for protein-protein interaction (fig. 3 and 6).
Some recently reported examples demonstrating a PTT-like
mechanism include the upregulation of macrophage colonystimulating factor (M-CSF) receptor promoter via an interaction of Spi-1 with c-Jun (2) and the transcriptional activation of
the HIV-1 LTR mediated by cooperative interaction of ETS-1
with USF-1 (49). In the case of M-CSF receptor transactivation, c-Jun does not directly bind to the M-CSF receptor promoter but is tethered to this promoter via interaction with the
Spi-1 wHTH DNA-binding domain, providing transcriptional
activation via its TAD (2). In this report, in addition to the
Spi-1 wHTH DNA-binding domain, the Spi-1 TAD was also
shown to be critical for the function of the c-Jun–Spi-1 complex. This is in contrast to the mechanism of il1b transactivation by IE2 reported here, in which the Spi-1 TAD is not
required for significant IE2–Spi-1 function. A more related
phenomenon has been demonstrated for the transactivation of

the HIV LTR, which requires the interaction between Ets-1
and USF-1. Binding of USF-1 to its recognition site on the
distal enhancer of the HIV-1 LTR and the presence of the
Ets-1 TAD are essential for the activation of HIV-1 LTR
transcription in the absence of the Ets-1 DNA-binding site.
The process of PTT suggests that DNA-binding transcription
factors may play significant roles in the expression of genes
which do not contain strong and cognate DNA target sites.
Consequently, PTT may be a general phenomenon which can
play a major role in gene expression.
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