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Ser484 and Ser494 in REL Are the Major
Sites of IKK Phosphorylation In Vitro:
Evidence That IKK Does Not Directly

Enhance GAL4-REL Transactivation

MICHAEL R. GARBATI AND THOMAS D. GILMORE
Department of Biology, Boston University, Boston, MA, USA

Human c-Rel (REL) is a member of the NF-xB family of transcription factors, and one of its primary physiologi-
cal roles is in the regulation of B-cell proliferation and survival. Although REL is primarily regulated by cyto-
plasmic-nuclear translocation through interaction with IxB inhibitors, REL also undergoes several posttransla-
tional modifications that have been proposed to modulate its transcriptional activation activity. For example,
phosphorylation of C-terminal sequences of REL has been proposed to increase its transactivation activity. In
this report, we have used immune complex kinase assays to identify Ser484 and Ser494 as the primary sites of
IKKo- and IKKB-mediated in vitro phosphorylation in the C-terminal transactivation domain of REL. However,
in cotransfection studies in A293 cells we have failed to detect IKKB-mediated phosphorylation of these sites
on REL in vivo, nor does IKKP appear to interact with REL in these cells. Ser-to-Ala mutation of Ser484 and
Ser494 does not affect IKK’s ability to enhance GAL4-REL transactivation in reporter gene assays in A293 cells.
We also show that the previously reported effects of overexpressed IKK and tumor necrosis factor treatment on
GAL4-REL transactivation are due to IKK-mediated activation of the endogenous NF-xB pathway, which in-
creases transcription from xB sites in the promoter of a commonly used GAL4 expression vector. Taken together,
these results do not support a role for IKK-mediated phosphorylation as means for regulating the activity of
REL in vivo.
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INTRODUCTION

The human c-rel proto-oncogene (REL) encodes a
transcription factor that is a member of the NF-xB
family of proteins, which also includes p65/RelA,
RelB, p52/p100, and p50/p105 (3). The expression of
c-rel is important for normal and malignant B-cell
proliferation and survival. c-rel knockout mice de-
velop normally, but these mice have immune defects
because their B cells cannot proliferate in response
to mitogenic stimulation. Moreover, the REL gene is
amplified in several types of human B-cell lym-
phoma, including Hodgkin’s lymphomas and diffuse
large B-cell lymphomas (3).

REL is a 587 amino acid (aa) polypeptide that can
bind DNA as a homodimer or as a dimer with other
NF-kB family members (3). The N-terminal approxi-
mately 300 aa of REL largely comprise a conserved
domain called the Rel homology domain (RHD),
which mediates dimerization, DNA binding, nuclear
localization, and binding to its inhibitor, IkB. The C-
terminal half of REL (aa 296—587) contains an inhib-
itory linker region (10) followed by a transactivation
domain that contains two subdomains: subdomain I
(aa 422-497) and subdomain II (aa 518-587) (14,21)
(Fig. 1A).

NF-kB proteins are primarily regulated at the level
of cytoplasmic-nuclear localization through con-
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trolled phosphorylation and degradation of the inter-
acting IkB inhibitors; however, the activity of the
NF-kB proteins is fine-tuned through several regula-
tory posttranslational modifications (15). For exam-
ple, the IxkB kinases (IKK) IKKo and IKKP can
phosphorylate RelA on Ser536 in vitro and in vivo
(18), and phosphorylation of Ser536 can affect RelA-
driven transactivation and RelA stability (9,24).

IKK has also been shown to phosphorylate the C-
terminal transactivation domain of REL in in vitro
immune complex kinase assays (4,9,23). Moreover,
overexpression of IKKPB and activation of endoge-
nous IKK by treatment of cells with TNF-a have
been reported to enhance the transactivation ability
of GAL4-REL fusion proteins containing the REL C-
terminal transactivation domain (13,14,21,23). How-
ever, the sites of IKK phosphorylation on REL and a
role for IKK phosphorylation of REL activity in vivo
have not been clearly demonstrated.

In this report, we have identified Ser484 and
Ser494 as the primary sites of IKK-mediated in vitro
phosphorylation in the C-terminal transactivation do-
main of REL. However, these sites do not appear to
be sites of IKK phosphorylation on REL in vivo, nor
do mutations at these sites affect IKK’s ability to en-
hance GAL4-REL transactivation. Finally, we show
that the previously reported effects of IKK on GAL4-
REL transactivation are due to IKK-mediated activa-
tion of the endogenous NF-kB pathway, which in-
creases expression from kB sites in the promoter of
a commonly used GAL4 expression vector. As such,
these results do not support an in vivo role for IKK
phosphorylation affecting the activity of REL.

MATERIALS AND METHODS
Plasmids

DNA manipulations were carried out by standard
methods (19). Further details of all subclones and
primers used in this study can be obtained at www.nf-
kb.org.

GST bacterial expression plasmids pGEX-KG and
pGEX-REL (REL aa 323-587) have been described
previously (23). pGEX-REL-S484,494A was created
by standard overlapping PCR mutagenesis techniques.
GST-REL deletion mutants A58, A90, A110, and
A132 were created by subcloning EcoRI-HindIIl
PCR fragments from plasmids containing these dele-
tions (21) into pGEX-KG. GST-REL aa 476-504
plasmids containing wild-type, S484A, S494A, or
S5484,494A sequences were created by PCR mutagen-
esis techniques and were subcloned into pGEX-KG
using EcoRI and HindIIl.

pcDNA3-FLAG was a kind gift of Bakary Sylla
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(International Agency for Research on Cancer, Lyon,
France). pcDNA-FLAG-REL was created by sub-
cloning an EcoRI-BamHI PCR fragment containing
the N-terminal half of REL into pcDNA3-FLAG, fol-
lowed by subcloning an EcoRV-Xhol fragment con-
taining the C-terminal half of REL into that vector.
pcDNA-FLAG-REL-S484,494A was created by sub-
cloning an EcoRV-Xhol fragment containing the
S484,494A double mutant to replace the correspond-
ing sequences in pcDNA-FLAG-REL.

pcDNA-FLAG-IKK0, pcDNA-FLAG-IKKp, pe-
DNA-FLAG-IKKB-S177,181E, pcDNA-mouse-RelA,
and pcDNA-REL have been described previously
(10-12,23). pcDNA-FLAG-IxB-S32,36A super-repres-
sor was a kind gift of Susan Kandarian (Boston Uni-
versity). pcDNA-HA-IKKB-S177,181E was a kind
gift of Sankar Ghosh (Yale University).

GALA4 expression plasmids pSG424 (aa 1-147 of
GAL4) and pSG-REL (REL aa 278-587), reporter
plasmid GAL4-site luciferase, and transfection nor-
malization plasmid RSV-Bgal have been described
previously (21). pSG-REL-S484,494A was created
by subcloning an EcoRV-Ndel REL fragment con-
taining the S484,494A double mutant into pSG-REL
digested with EcoRV and Ndel to replace the wild-
type REL sequences. pcDNA-GAL4-REL was cre-
ated by subcloning a HindIll-Xbal fragment from
pSG-REL into pcDNA 3.1 (-).

The reporter plasmid SV40-luciferase was created
by subcloning a Pvull-HindIIl fragment from pSG424
containing the SV40 promoter into pGL3 Promoter
Vector (Promega, Madison, WI) that had been di-
gested with Smal and HindIIl. The reporter plasmid
RSV-luciferase was created by subcloning an Ndel/
Klenow-treated to HindIIl fragment containing the
Rous sarcoma virus LTR into pGL3 Promoter Vector
that had been digested with Smal and HindIIL

Cell Culture and Transfection

A293 human embryonic kidney cells and 3T3,
IKKoo~, IKKB™-, and IKK0/f37~ mouse embryonic fi-
broblasts were cultured in Dulbecco’s modified Ea-
gle’s medium (DMEM) supplemented with 10%
heat-inactivated fetal bovine serum (FBS) (Biologos,
Montgomery, IL) as previously described (22).

For transfections, cells were seeded such that they
were 60% confluent on the following day when trans-
fections were performed using polyethylenimine
(PEI) (Polysciences, Warrington, PA) as described
previously (6,10). On the day of transfection, DNA/
PEI was incubated at a per microgram ratio of 1:3 in
serum-free DMEM (200 pl for a 35-mm plate) for 15
min at room temperature. The DNA/PEI mixture was
then added to 2 ml of DMEM containing 10% FBS
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and the final mixture was added to the cells. The next
day, the medium was replaced with 2 ml of DMEM
containing 10% FBS. Cells were harvested 24 h later.

Where indicated, for cells treated with TNF-o
(R&D Systems, Minneapolis, MN), cells were
starved for 16 h in 2 ml of DMEM containing 0.5%
FBS. The next day, cells were treated with 20 ng/ml
TNF-o for 6 h and cells were then lysed and pro-
cessed.

Immune Complex Kinase Assays

IKK immune complex kinase assays were per-
formed essentially as described previously (11,23).
For kinase assays performed with transfected FLAG-
IKK, kinases were immunoprecipitated with anti-
FLAG beads (Sigma, St. Louis, MO). For kinase
assays performed with endogenous IKK, serum-
starved cells were treated for 7.5 min with 20 ng/ml
of TNF-o before harvesting in AT lysis buffer. The
IKK complex was immunoprecipitated with a poly-
clonal antiserum against NEMO (BD Pharmingen,
San Jose, CA) and protein G sepharose beads (Zymed,
San Francisco, CA). Immunoprecipitates were then
incubated with 5 pg GST or GST-REL and 5 pCi [y-
32P]JATP (Amersham Biosciences, Piscataway, NJ) in
kinase reaction buffer for 30 min at 30°C. Denatured
samples were electrophoresed on an SDS-polyacryl-
amide gel, and *P-labeled GST-REL proteins were
detected by phosphorimaging. In parallel, 5 pug of
GST and the relevant GST-REL proteins were elec-
trophoresed on 10—-12.5% SDS-polyacrylamide gels,
and proteins were detected by staining with Coomas-
sie blue (Bio-Rad, Hercules, CA).

Metabolic Labeling and Immunoprecipitation

A293 cells in 35-mm plates were cotransfected
with 1.5 pg FLAG-REL or 1.5 ug FLAG-REL-
S484,494A and with 1.5 ug HA-IKKB-S177,181E or
1.5 ug pcDNA 3.1 (-). The next day, medium was
replaced with 2 ml of DMEM containing 10% FBS.
Twenty-four hours later, medium was replaced with
1 ml of DMEM without phosphate (MP Biomedicals,
Solon, OH) containing 10% dialyzed FBS (Gibco,
Grand Island, NY) and 0.2 mCi [**P]orthophosphate
(MP Biomedicals). After 3 h, cells were harvested in
lysis buffer (20 mM Tris, pH 7.5, 100 mM NaCl, 5
mM MgCl,, 1 mM EDTA, 10 mM NaF, 1 mM
Na,P,0,, 1% Triton X-100, 0.25% SDS, 1% aproti-
nin, | mM PMSF, 1 pg/ml pepstatin, 1 pg/ml leupep-
tin), and FLAG-REL proteins were immunoprecipi-
tated with anti-FLAG beads. Denatured samples were
electrophoresed on a 10% SDS-polyacrylamide gel,
transferred to a nitrocellulose membrane, and ¥P-
labeled FLAG-REL proteins were detected by phos-
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phorimaging. The membrane was then subjected to
anti-REL Western blotting as described below.

Luciferase Reporter Assays

For GALA4 reporter assays, A293 cells in 35-mm
plates were transfected with 0.5 pg of reporter plas-
mid GALA4 site luciferase and 0.5 pg of normalization
plasmid RSV-Bgal. Cells were cotransfected with 100
ng of the given pSG424-based GAL4 expression
plasmid, 10 ng of the given pRG424-based GAL4
expression plasmid, or 100 ng of pcDNA-GALA4-
REL. For coexpression studies of GAL4-REL with
IKK, IxkBa-SR, REL, or RelA, 0.5 ug of the given
pcDNA plasmids was used. Quantities of DNA were
brought up to 2.0 pug per 35-mm plate with pcDNA.

For pSV40-luciferase and pRSV-luciferase reporter
assays, A293 cells in 35-mm plates were transfected
with 0.5 pg of reporter plasmid and 0.5 pg of normal-
ization plasmid RSV-Bgal. Cells were cotransfected
with 1 pg of the given pcDNA-based expression
plasmid.

Luciferase activity was measured using the Lucif-
erase Assay System (Promega, Madison, WI). Lucif-
erase values were normalized to Pgal values in all
assays (7,22).

Western Blotting

Nuclear extracts were prepared (11), and anti-REL
Western blotting was performed as described pre-
viously (21,22). The rabbit anti-human REL antise-
rum (a kind gift of Nancy Rice, National Cancer In-
stitute, Bethesda, MD) is directed against the REL C-
terminal 15 aa, and was used at a 1:10,000 dilution.

RESULTS

The Major Sites of IKKB-Mediated In Vitro
Phosphorylation on REL Are Not Required for
IKK -Enhanced Transactivation by GAL4-REL

Several groups have shown that sequences C-termi-
nal to the RHD in REL can be phosphorylated by
IKK in vitro; however, the individual phosphoryla-
tion sites have not been precisely identified. Namely,
REL can be phosphorylated between residues 422
and 540 by IKKa and between residues 473 and 531
by IKK (4,9). Starczynowski et al. (23) showed that
REL can be weakly phosphorylated by IKKp on
Ser525, but showed that there are additional sites of
phosphorylation.

To identify the major residues in the C-terminal
half of REL that are phosphorylated by IKK, immune
complex kinase assays were performed using GST-
REL fusion proteins containing aa 323-587 and a se-
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ries of deletions of residues from the REL C-terminus
(Fig. 1B). FLAG-tagged IKKPB was immunoprecipi-
tated from transfected A293 cells and incubated with
these bacterially expressed GST-REL substrates. GST-
REL aa 323-587, aa 323-529 (A58), and aa 323-497
(A90) were strongly phosphorylated by IKKp, whereas
GST-REL aa 323-477 (A110) and aa 323-455
(A132) were not appreciably phosphorylated above
the level seen with GST alone. Coomassie blue stain-
ing shows approximately equal loading of all sub-
strates. These results indicate that the major IKK[
phosphorylation sites on REL are between residues
477 and 497.

IKK is almost exclusively a serine-specific protein
kinase (20). Between aa 477 and 497, there are three
serine residues, at residues 484, 491, and 494. To de-
termine which specific sites are phosphorylated by
IKKpB, immune complex kinase assays were per-
formed using a GST-REL substrate containing aa
476-504 and single mutants S484A, S494A, or dou-
ble mutant S484,494A (Fig. 1C). The wild-type REL
peptide and both single mutants were readily phos-
phorylated, whereas the GST-REL-S484,494A dou-
ble mutant was not. This result shows that Ser484
and Ser494 are IKKf phosphorylation sites in vitro
and rules out Ser491 as a site of IKKp phosphoryla-
tion.

An IKKp immune complex kinase assay was next
performed using these same mutants in the context
of REL aa 323-587, containing the entire C-terminal
transactivation domain of REL (Fig. 1D). GST-REL
and both single mutants (S484A and S494A) were
phosphorylated strongly, whereas mutant S484,494A
showed greatly reduced phosphorylation (GST-REL-
A110 was included as a negative control). We con-
clude that Ser484 and Ser494 are the major sites of
in vitro phosphorylation by IKKf in the C-terminal
half of REL. We have also determined by immune
complex kinase assays that Ser484 and Ser494 are
sites of IKKa phosphorylation (data not shown).

To determine whether REL can be phosphorylated
on Ser484 and Ser494 by endogenous IKK, kinases
assays were performed using immunoprecipitated
IKK complexes from 3T3 cells or from comparable
IKKo", IKKoo~, and IKKo/IKK 37~ mouse fibroblast
cell lines. Cells were either untreated or were stimu-
lated with TNF-0, and IKK complexes were immu-
noprecipitated with anti-NEMO antiserum. Immune
complex kinase assays were then performed using
GST, GST-REL, and GST-REL-S484,494A as sub-
strates, either as contained within the aa 476-504
peptide (Fig. 1E) or within the entire C-terminal half
of REL (aa 323-587) (Fig. 1F). IKK complexes im-
munoprecipitated from 3T3 cells and both single IKK
knockout cells phosphorylated wild-type GST-REL,
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but not GST alone. GST-REL-S484,494A was phos-
phorylated much more weakly than wild-type REL
in the immune complexes from 3T3 and single IKK
knockout cells (Figs. 1E, F). GST-REL fusion pro-
teins were not phosphorylated using IKK complexes
immunoprecipitated from the IKKo/IKKf3”~ double
knockout cells. Therefore, endogenous IKKo and
IKKp appear to show the same specificity for phos-
phorylating REL Ser484 and Ser494 as overexpressed
IKKo and TIKK.

To determine whether IKKP can phosphorylate
REL on Ser484 and Ser494 in vivo, we performed
%P metabolic labeling. A293 cells were transfected
with FLAG-tagged REL or REL-S484,494A, with
and without HA-IKK(-S177,181E (SS/EE), a consti-
tutively active IKKf mutant. Cells were radiolabeled
with [**PJorthophosphate and FLAG-REL proteins
were immunoprecipitated. In all cases, REL and
REL-S484,494A showed similar amounts of phos-
phate labeling (Fig. 1G). Anti-REL Western blotting
confirmed that the radiolabeled bands contained ap-
proximately equal amounts of REL protein. There-
fore, Ser484 and Ser494 in REL are unlikely to be
sites of in vivo phosphorylation by IKK}.

It has been shown previously that cotransfection
with IKKp can increase the transactivation ability of
GAL4-REL about fourfold in A293 human embry-
onic kidney cells (23). We repeated this assay in
A293 cells, using IKKB-SS/EE and the same GALA4-
REL fusion protein containing the REL transactiva-
tion domain (aa 278-587) and measured transactiva-
tion from a GALA4-site luciferase reporter. GAL4-REL
can activate reporter gene activity by over 200-fold
compared to GAL4 (1-147) alone (21); therefore, to
achieve a maximal effect of IKKB on GAL4-REL
transactivation, we optimized the assay by titrating
down the amount of GAL4-REL expression plasmid
compared to the IKKB-SS/EE expression plasmid
(100 ng pSG-REL to 0.5 pg FLAG-IKKB-SS/EE).
Under these conditions, we observed an approxi-
mately 30-fold increase in GAL4-REL transactiva-
tion when cells were cotransfected with an expression
plasmid for the constitutively active IKKB-SS/EE
protein, compared to cells cotransfected with the
empty vector control (Fig. 1H).

To determine whether IKK-mediated enhancement
of GAL4-REL transactivation is due to phosphoryla-
tion of REL by IKK at serine residues 484 and 494,
we measured transactivation by GAL4 fusion pro-
teins containing the C-terminal sequences from wild-
type REL or REL-S484,494A, with and without
IKKB-SS/EE in A293 cells (Fig. 1H). In the absence
of IKKB-SS/EE, GAL4-REL and GAL4-REL-
S484,494A activated transcription to approximately
the same extent. Moreover, IKKB-SS/EE increased
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Figure 1. IKKP in vitro phosphorylation sites on REL are not required for IKKB-enhanced transactivation by GAL4-REL. (A) Schematic
of the REL protein showing the location of IKK[ phosphorylation sites in the C-terminal domain. Transactivation subdomains I and II are
indicated. (B) FLAG-IKK protein was immunoprecipitated from transfected A293 cells and immune complex kinase assays were performed
with GST alone and each of the depicted GST-REL deletion mutants (left panel). Coomassie blue staining shows protein loading (right
panel). Asterisk (*) denotes IKK[ autophosphorylation. (C) FLAG-IKKP immune complex kinase assays were performed with GST and
GST-REL aa 476-504 with the indicated point mutants (upper panel). Coomassie blue staining shows protein loading (lower panel). (D)
FLAG-IKKf immune complex kinase assays were performed with GST and GST-REL aa 323-587 with the indicated point mutants (left
panel). Coomassie blue staining shows protein loading (right panel). Asterisk (*) denotes IKKf autophosphorylation. (E and F) Anti-NEMO
complexes were immunopreciptated from the indicated mouse fibroblast cell lines and were used in immune complex kinase assays with
GST, GST-REL, and GST-REL-S484,494A: (E) GST-REL aa 476-504; (F) GST-REL aa 323-587 (upper panels). Coomassie blue staining
shows protein loading (lower panels). (G) Cells were transfected with 1.5 ug of FLAG-REL or FLAG-REL-S484,494A and 1.5 pg of
pcDNA or HA-IKKB-SS/EE. Cells were incubated for 48 h, and were then radiolabeled with [**P]orthophosphate for 3 h prior to lysis.
FLAG-REL was detected by phosphorimaging (upper panel) and by an anti-REL Western blotting of the same filter (lower panel). The
positions of the FLAG-REL protein are indicated. (H) Cells were transfected with 100 ng of pSG-REL or pSG-REL-S484,494A GAL4-
fusion expression vector, 0.5 g pcDNA, IKKo., or IKKB-SS/EE, and 0.5 ug of GAL4-luciferase plasmid. Cells were incubated for 48 h,
and luciferase and B-galactosidase activites were then determined and values normalized to GAL4-REL plus the pcDNA vector (1.0). GAL4-
REL-S484,494A plus IKK values were normalized to GAL4-REL-S484,494A alone (1.0). In all cases, values are the averages of three
experiments performed with triplicate samples.
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transactivation by both GAL4-REL and GAL4-REL-
S484,494A by approximately 30-fold (Fig. 1H). In
similar experiments with (wild-type) IKKao, both
GAL4-REL and GAL4-REL-S484,494A activated
transcription approximately threefold higher when
cotransfected with IKKa than with the vector control.
We have conducted similar experiments using full-
length REL and REL S484,494A and a xB-site re-
porter plasmid. We observed no significant differ-
ences in transactivation by wild-type REL versus
REL-S484,494A (data not shown). Taken together,
these results show that IKK can increase the transact-
ivation ability of GAL4-REL, but that this effect does
not require phosphorylation of Ser484 or Ser494,
which are major sites of REL phosphorylation by
IKK in vitro.

The IxkBa Super-Repressor Abolishes IKK -
and NF-xB-Mediated Enhancement
of GAL4-REL Transactivation

Because mutation of the major IKK[} phosphoryla-
tion sites in REL does not affect IKKB-mediated en-
hancement of GAL4-REL transactivation, it sug-
gested to us that this enhancement proceeds through
a mechanism other than IKKB phosphorylation of
REL. As a first step towards describing this indirect
mechanism, we sought to determine whether disrup-
tion of downstream effects of IKKP on NF-kB affected
its ability to enhance GAL4-REL transactivation. Be-
cause IKKB-SS/EE is a potent inducer of NF-xB, we
determined the effect of the IkBou super-repressor
(IxBo-SR) on IKKPB enhancement of GAL4-REL
transactivation. The IxkBo-SR does not dissociate
from NF-xB dimers, and therefore blocks activation
of NF-xB by IKK. Expression of the IxkBo-SR had
no significant effect on transactivation by GAL4-
REL in the absence of IKKB-SS/EE (Fig. 2A). How-
ever, cotransfection of the IkBo-SR blocked the abil-
ity of IKKB-SS/EE to enhance transactivation by
GALA4-REL (Fig. 2A), suggesting that the effect of
IKKB-SS/EE on GAL4-REL transactivation requires
increased NF-xB activity.

The cytokine TNF-o. can activate the canonical
NF-xB pathway, which proceeds through activation
of the IKK complex (5). TNF-a has also been shown
to enhance GAL4-REL transactivation in cell-based
GALA4-site reporter gene assays (13,14,22). To deter-
mine whether the effect of TNF-a. on GAL4-REL is
due to IKK activation of NF-xB signaling, A293 cells
were transfected with GAL4-REL and either vector
alone or IkBo-SR. These cells were then either
treated with TNF-o or left untreated. As previously
observed (13), TNF-a treatment increased GAL4-
REL transactivation by approximately threefold com-
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pared to untreated cells (Fig. 2B). However, expres-
sion of the IxBo-SR blocked the TNF-o-induced
increase in GAL4-REL transactivation (Fig. 2B).
These data show that the IxkBo-SR blocks the ability
of both overexpressed IKKB- and TNF-o-activated
endogenous IKK to enhance GAL4-REL transactiva-
tion, suggesting that downstream activation of NF-
kB is required for the effects of IKKP on GAL4-
REL.

To determine whether overexpression of NF-xB
subunits could also enhance GAL4-REL transactiva-
tion, we cotransfected A293 cells with GAL4-REL,
and with vector alone or expression plasmids for
REL, RelA, or, as a positive control, IKKB-SS/EE.
As previously observed, IKKB-SS/EE increased GALA4-
REL by approximately 30-fold. REL and RelA in-
creased GAL4-REL transactivation by approximately
sixfold and eightfold, respectively (Fig. 2C). Further-
more, the IkBa-SR blocked the ability of RelA to
enhance GAL4-REL transactivation (Fig. 2D).

Taken together, these results show that NF-xB ac-
tivity increases GAL4-REL transactivation and sug-
gest that induction of NF-kB signaling accounts for
the effect of IKKP on GAL4-REL transactivation in
these types of reporter gene assays.

The pSG424 GALA-Fusion Protein Expression
Vector Contains kB-Responsive Sites in Its SV40
Promoter Sequences

Upon examination of the Simian virus 40 (SV40)
early promoter sequences in the pSG424 vector,
which is used for expression of GAL4 and GALA4-
REL, we identified two kB sites (5’-GGAAAGTC-
CCC-3’) that have been previously identified by
Kanno et al. (8). To determine whether the reason for
enhancement of GAL4-REL transactivation by NF-
kB and IKKp was due to NF-xB-mediated activation
of the promoter in the pSG424 vector, we first sub-
cloned the pSG424 SV40 promoter sequences into
the luciferase reporter vector pGL3 Promoter Vector.
Cotransfection of RelA with pSV40-luciferase re-
sulted in approximately 16-fold higher luciferase ac-
tivity than the vector control. Additionally, cotrans-
fection of IKKB-SS/EE with pSV40-luciferase
resulted in approximately 55-fold higher luciferase
activity than the vector control (Fig. 3).

The Rous sarcoma virus (RSV) promoter is not
known to contain kB sites. To determine whether
IKKP and NF-xB could affect expression from the
RSV promoter, we subcloned the RSV promoter into
the pGL3 Promoter Vector. We cotransfected RelA
and IKKB-SS/EE with pRSV-luciferase and observed
only minor increases (approximately twofold) in lu-
ciferase activity when compared with the vector con-
trol (Fig. 3).
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Figure 2. The IxBa super-repressor blocks IKKB- and NF-kB-mediated enhancement of GAL4-REL transactivation. (A) Cells were transfec-
ted with 100 ng of pSG-REL expression vector, 0.5 g pcDNA, IkBo.-SR, or IKKB-SS/EE, and 0.5 pg of GAL4-luciferase reporter plasmid.
(B) Cells were transfected with 100 ng of pSG-REL expression vector, 0.5 pg pcDNA or IxBa-SR, and 0.5 pug of GAL4-luciferase plasmid.
Cells were incubated for 24 h, serum starved for 16 h, and then treated with 20 ng/ml TNF-o for 6 h or left untreated. (C) Cells were
transfected with 100 ng of pSG-REL expression vector; 0.5 ug pcDNA, REL, RelA, or IKKB-SS/EE; and 0.5 pg of GAL4-luciferase
plasmid. (D) Cells were transfected with 100 ng of pSG-REL GALA4-fusion expression vector; 0.5 pg pcDNA, IxBa-SR, or RelA; and 0.5
ug of GAL4-luciferase plasmid. In all reporter assays, cells were incubated for 48 h, then luciferase and B-galactosidase activities were
determined, and values were normalized as indicated for each panel (1.0). In all cases, values are the averages of three experiments performed

with triplicate samples.
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Figure 3. The pSG424 vector contains KB-responsive sites in its
SV40 promoter sequences. Cells were transfected with 1 pg
pcDNA, RelA, or IKKB-SS/EE, and either 0.5 pg of SV40-lucifer-
ase plasmid (SV40-luc) or 0.5 ug of RSV-luciferase plasmid
(RSV-luc). Reporter assays were then conducted as described for
Figure 2, and values were normalized to the value obtained with
pcDNA alone (vector) (1.0). In all cases, values are the averages
of three experiments performed with triplicate samples.

These results suggest that pSG424 contains func-
tional kB sites and that NF-kB increases expression
from the promoter in pSG424, which accounts for the
NF-xB- and IKKfB-mediated increases in GAL4-REL
transactivation.

Replacement of the SV40 Promoter With

the RSV Promoter in the pSG424 Vector Abolishes
IKK3- and NF-kB-Mediated Enhancement

of GAL4-REL Transactivation

To show more directly that the kB site-containing
promoter sequences in the pSG424 vector account for
IKKB-mediated induction of GAL4-REL, we re-
placed the SV40 promoter sequences in the pSG424
vector with the RSV promoter sequences to create the
pRG424 vector, and then assessed whether IKK[3-SS/
EE could affect GAL4-REL transactivation (Fig. 4A).
As a control, cotransfection of pSG-REL with IKKp-
SS/EE resulted in an approximately 15-fold increase
in transactivation by GAL4-REL compared to cotran-
sfection with the vector control. However, cotrans-
fection of the IKKB-SS/EE expression vector with
PRG-REL or pRG-REL-5484,494A did not increase
GALA-REL transactivation above the level seen with
the vector control (Fig. 4A); in fact, we even noted a
decrease in GAL4-REL transactivation in the pres-
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Figure 4. Replacement of the SV40 promoter with the RSV promoter in the pSG424 vector abolishes IKKB-mediated enhancement of
GALA4-REL transactivation. (A) Cells were transfected with 100 ng of pSG424 GAL4-fusion expression vectors, 10 ng of pRG424 GALA4-
fusion expression vectors, or 100 ng of pcDNA-GAL4-REL; 0.5 pg pcDNA or IKKB-SS/EE; and 0.5 pg of GAL4-luciferase plasmid. Cells
were incubated 48 h, then luciferase activities and [-galactosidase activities were determined, and values normalized (1.0). Values are the
averages of three experiments performed with triplicate samples. (B) Cells were transfected with 1.5 ug of the indicated pSG424 GAL4-
fusion expression vector, 1.0 g of the indicated pPRG424 GALA4-fusion expression vector, or 0.5 ug pcDNA-GAL4-REL (pcG-REL); and
with 0.5 pg pcDNA or IKKB-SS/EE. (C) Cells were transfected with 2.0 g of pSG-REL and were treated (or untreated) with TNF-o for
6 h prior to lysis. In (B) and (C), 40 ug of nuclear extract protein was separated by SDS-PAGE and subjected to anti-REL Western blotting.

The positions of the GAL4-REL protein are indicated.

ence of IKKB-SS/EE. In addition, we observed only
a minor difference in the basal transactivation by
pRG-REL and pRG-REL-5484,494A.

To achieve high constitutive expression of GAL4-
REL, we subcloned the GAL4-REL sequences into
pcDNA 3.1. pcDNA 3.1 contains the cytomegalovi-
rus (CMV) promoter, which is a much stronger pro-
moter than the SV40 promoter (26), presumably di-
recting greater expression of GAL4-REL. Transfection
of 100 ng of pcDNA-GAL4-REL resulted in an ap-
proximately 70-fold increase in reporter gene expres-
sion compared to 100 ng of pSG-REL (Fig. 4A; com-
pare 32 to 2300 relative luciferase units). Of note, the
RSV promoter is also about 80-fold stronger than the
SV40 promoter: that is, transfection of 10 ng of pRG-
REL yields approximately eight times more GAL4-
site promoter luciferase activity than transfection of
100 ng of pSG-REL (Fig. 4A; compre 32 to 270 rela-
tive luciferase units). Taken together, these results
show that increased levels of promoter activity con

trolling GAL4-REL protein expression are correlated
with increased expression of luciferase from the
GAL4-site reporter plasmid.

To show that increased GAL4-REL protein expres-
sion also correlates with increased GAL4-site lucifer-
ase activity, we cotransfected A293 cells with pSG424,
pSG-REL, pRG424, or pRG-REL and with pcDNA
or pcDNA-IKKB-SS/EE. Anti-REL Western blot
analysis of nuclear extracts showed that cotransfec-
tion of IKKB-SS/EE with pSG-REL results in in-
creased expression of GAL4-REL protein (Fig. 4B,
lanes 3 and 4); in contrast, cotransfection of IKKj-
SS/EE did not appreciably affect the levels of GAL4-
REL expressed from pRG-REL (Fig. 4B, lanes 7 and
8). Additionally, pcDNA-GAL4-REL directs high
levels of expression of GAL4-REL, similar to what
is seen with pRG-REL alone and pSG-REL when
cotransfected with IKKB-SS/EE (Fig. 4B, compare
lanes 4, 7, and 9). We also show that TNF-o treat-
ment of cells transfected with pSG-REL results in
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increased expression of GAL4-REL protein (Fig.
40).

These results show that cotransfection of the
IKKB-SS/EE expression vector and activation of en-
dogenous IKK by TNF-o correlate with both in-
creased GAL4-site luciferase reporter gene activity
and increased levels of GAL4-REL protein when us-
ing the pSG424 vector, which contains functional kB
sites. Conversely, cotransfection of the IKK(-SS/EE
expression plasmid does not result in increased
GALA4-site luciferase reporter activity or GAL4-REL
protein levels when using the pRG424 vector, which
lacks known functional kB sites.

DISCUSSION

Several groups previously demonstrated phosphor-
ylation of REL transactivation domain sequences by
IKK in vitro (4,9,23), leading them to suggest a direct
IKK — REL cross-talk. We are the first to identify
Serd84 and Serd94 as the major sites of in vitro phos-
phorylation of REL by IKKo and IKKP. However,
we have not been able to establish an in vivo role
for phosphorylation of these sites in REL-dependent
transactivation. Moreover, we have not detected en-
hanced phosphorylation of REL by IKK at Ser484
and Ser494 (or any other residues) in vivo (Fig. 1G),
nor have we been able to detect a physical interaction
between REL and IKK through coimmunoprecipita-
tion (data not shown). Therefore, we conclude that
the in vivo effects of IKK on REL that these groups
reported (4,9,23) are unlikely to be due to C-terminal
phosphorylation of REL by IKKa or IKK(. As such,
it is unclear what role, if any, phosphorylation of
these in vitro IKK recognition sites plays in the regu-
lation of REL activity in vivo.

Why can IKK phosphorylate C-terminal sequences
of REL in vitro but not in vivo? First, IKK might be
in a different subcellular compartment than REL and,
therefore, IKK may never be able to access the REL
phosphorylation sites in vivo. Second, IKK might
have a weak affinity (high K)) for Ser484 and
Serd94, and, therefore, phosphorylation of these resi-
dues may occur in vitro where the two proteins are
at high concentrations, but not in vivo where the ef-
fective concentrations are much lower. Third, we and
others have looked at the ability of IKK to phospho-
rylate in vitro the C-terminal sequences of REL in
the context of GST-fusion proteins, whereas our in
vivo experiments have been done with full-length
REL, wherein the sites of phosphorylation may not
be accessible.
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It has been reported previously that overexpression
of IKKP and activation of IKK by TNF-o. can en-
hance the transactivation ability of GAL4-REL fu-
sion proteins (13,14,22,23). As we now show, muta-
tion of Ser484 and Ser494 to Ala does not affect the
ability of IKK to increase GAL4-REL transactivation
in assays similar to those reported previously. More-
over, we show that the effects of IKK on GAL4-REL
transactivation are due to IKK-mediated activation of
the endogenous NF-kB pathway, which activates
transcription from xB sites in the GAL4 expression
vector pSG424. NF-kB-mediated activation of the
SV40 promoter in these pSG424-based vectors then
leads to increased expression of GAL4-REL protein
and, consequently, increased expression of the
GALA4-site luciferase reporter. Strikingly, we have
shown that coexpression of the IkBa super-repressor
can block the effects of either overexpressed IKK or
TNF-activated IKK on GAL4-REL transactivation.

pSG424 (17) is a commonly used expression vec-
tor for GAL4 fusion protein-based reporter gene
assays in tissue culture cells; indeed, the short paper
describing this vector has now been cited over 500
times (www.isiknowledge.com). Because the pSG424
vector contains KB sites in its promoter (8), several
other reports are likely to have misinterpreted effects
of NF-xB inducers (e.g., UV, phorbol ester, interleu-
kin-1) on transactivation by GAL4 fusion proteins.
For example, GAL4-Jun has been has been reported
to be enhanced by UV (1), GAL4-GRIP1 by phorbol
ester (16), GAL4-Elkl and GAL4-MEF2A by inter-
leukin-1 (25), and GAL4-VP16 by TNF-o (2). Simi-
larly, we have found that cotransfection of IKK[3-SS/
EE can also increase transactivation by a GAL4-
VP16 fusion protein when expressed from pSG424
(data not shown). The use of our RSV promoter-
driven GAL4 system (pRG424) should enable one to
avoid problems associated with induction of the en-
dogenous NF-kB pathway in an experimental treat-
ment group, a common problem given the large num-
ber of NF-xB inducers (see www.nf-kb.org, under
Inducers).

What is the biological function, if any, of the
Ser484/Ser494 in vitro IKK phosphorylation sites in
REL? Although RelA’s transactivation activity can
be increased by IKK phosphorylation on Ser536 (24),
we find no evidence that REL transactivation is simi-
larly affected by IKK. That is, although we have
shown that the C-terminal half of REL is strongly
phosphorylated at Ser484 and Ser494 in vitro by
IKKo and IKKp, IKK does not appear to phosphoryl-
ate these sites in vivo, and mutation of these sites to
either Ala residues or phosphorylation mimetic Asp
residues (data not shown) does not strongly affect
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GALA4-REL transactivation. Nevertheless, the Ser484
and Ser494 residues are conserved in c-Rel among
several mammals (22), suggesting that they have a
role in REL activity. Therefore, there may be a ki-
nase(s) (other than IKK) that can phosphorylate
Ser484 and Ser494 in vivo, or these two Ser residues
may play a role in REL activity that is not modulated
by phosphorylation.
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