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Nuclear factor-kB (NF-kB) is an essential transcrip-
tion factor in the control of expression of genes involved
in immune and inflammatory responses. In unstimu-
lated cells, NF-kB complexes are sequestered in the cy-
toplasm through interactions with IkBa and other IkB
proteins. Extracellular stimuli that activate NF-kB, such
as tumor necrosis factor a (TNFa), cause rapid phospho-
rylation of IkBa at serines 32 and 36. The inducible
phosphorylation of IkBa is followed by its ubiquitina-
tion and degradation, allowing NF-kB complexes to
translocate into the nucleus and to activate gene expres-
sion. Previously, it has been shown that TNFa as well as
other stimuli also lead to the phosphorylation of the
RelA/p65 subunit of NF-kB. In this report, we demon-
strate that the TNFa-induced phosphorylation of the
RelA/p65 subunit occurs on serine 529, which is in the
C-terminal (TA1) transactivation domain. Accordingly,
the TNFa-induced phosphorylation of Rel/p65 increases
NF-kB transcriptional activity but does not affect nu-
clear translocation or DNA binding affinity.

NF-kB1/Rel transcription factors are key regulators of tran-
scription of a variety of genes involved in immune and inflam-
matory responses, growth, differentiation, development, and
cell death (1–3). NF-kB was originally identified as a nuclear
factor that binds to the enhancer element of the immunoglob-
ulin kappa light chain gene (4). To date, eight members of the
NF-kB/Rel proteins have been cloned and characterized. They
are c-Rel, NF-kB1 (p50/p105), NF-kB2 (p52/p100), RelA (p65),
RelB, and the Drosophila proteins Dorsal, Dif, and Relish (2).
These proteins can form homo- or heterodimers through their
N-terminal Rel homology domains, which also function in DNA
binding and interaction with inhibitor proteins known as IkBs.
The prototypical, inducible NF-kB complex is a heterodimer
containing p50 and p65. The C-terminal region of p65 contains
a potent transactivation domain that is lacking in p50 (1, 2).

In most cells, NF-kB is inactive due to its cytoplasmic se-
questration through interactions with inhibitor proteins IkBs
(1, 2). The activation of NF-kB by a wide variety of stimuli such
as mitogens, cytokines, bacterial lipopolysaccharide, viral in-
fection, double-stranded RNA, and UV light involves the dis-

sociation of NF-kB from IkB, allowing the nuclear translocation
of the transcription factor (1). There are seven members of the
IkB family identified: IkBa, IkBb, IkBg, Bcl3, p105, p100, and
IkBe as well as Drosophila IkB protein cactus (2, 6, 7), each of
which contains multiple copies of the ankyrin repeat.

Stimulation of cells with inducers such as TNFa leads to
rapid phosphorylation, ubiquitination, and degradation of
IkBa. NF-kB is therefore released and translocates into the
nucleus to activate the expression of target genes (2). Early
studies implicated IkB phosphorylation as a crucial step for
NF-kB activation, and much attention has been focused on the
signal transduction pathway involved with induced phospho-
rylation of IkB. Recently, it was shown that two highly related
serine kinases, IKKa and IKKb, are induced in response to
TNFa treatment and phosphorylate IkBa and IkBb on critical
serine residues known to be required for NF-kB activation
(8–12).

Signals that induce phosphorylation of IkBs can also cause
the phosphorylation of NF-kB proteins (13–18). For example,
p50 is hyperphosphorylated in response to phorbol myristate
acetate in Jurkat cells (15). In vitro studies suggest that phos-
phorylation of p50 and p65 enhances NF-kB DNA binding
ability (13, 14). In vivo, the inducible phosphorylation on
NF-kB subunits could also be correlated with dimerization,
release from IkBs, nuclear translocation, or activation of tran-
scription function of NF-kB. Recent work by Zhong et al. (18)
demonstrated that LPS induced the phosphorylation of the
p65/RelA subunit on serine 276 and increased its transactivat-
ing potential (18). Consistent with reports of others (16), we
report here that p65 phosphorylation is rapidly induced upon
TNFa stimulation. Using phosphopeptide mapping and site-
directed mutagenesis, we identified the inducible phosphoryl-
ation site as serine 529 in the C-terminal region of p65. A
mutant p65 protein that has a serine 529 to alanine substitu-
tion cannot be phosphorylated in response to TNFa stimulation
when stably expressed in fibroblasts from p65 2/2 mice. Our
data also demonstrate that inducible phosphorylation on p65
does not affect nuclear translocation or DNA binding ability
but functions to increase its transcriptional activity.

EXPERIMENTAL PROCEDURES

Cell Culture—HeLa cells were grown in Dulbecco’s modified Eagle’s
medium. Cos cells were grown in Iscove’s minimal essential medium.
All media were supplemented with 10% fetal bovine serum, penicillin,
and streptomycin. Stable cell lines that express flag-empty, flag-p65,
flag-p65(529A), or flag-p65(276A) were grown in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum, penicillin,
streptomycin, and hygromycin (450 mg/ml).

In Vivo Labeling, Phosphoamino Acid Analysis, and Phosphopeptide
Mapping—For 32P metabolic labeling, cells were grown in phosphate-
free media with 2% serum for 3 h before 32P H3PO4 was added. After 3 h
of labeling, the cells were stimulated with TNFa (30 ng/ml) and har-
vested in cold radioimmunoprecipitation assay buffer (25 mM Tris, pH
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7.6, 150 mM NaCl, 2 mM EDTA, 1% Nonidet P-40, 0.5% deoxycholate,
0.1% SDS) supplemented with phosphatase and protease inhibitors.
Whole cell lysates were subjected to immunoprecipitation with p65
antibody, and the precipitated proteins were separated on SDS-PAGE
and transferred to nitrocellulose (Schleicher & Schuell). Phosphoryl-
ated p65 was excised after autoradiography and digested with trypsin
or V8 protease (Sigma). The resulting peptides were resuspended in
Laemmli SDS loading buffer and resolved on three layer Tris-Tricine
gels (19). After electrophoresis, the gel was dried and exposed to x-ray
film at 280 °C for 3–10 days.

For phosphoamino acid analysis, excised phosphorylated p65 from
the nitrocellulose was incubated with 6 N HCl at 110 °C for 1 h. The
resulting amino acids were lyophilized and applied to thin-layer cellu-
lose plates with cold PAA standards (1.0 mg/ml each phosphoserine,
phosphothreonine, and phosphotyrosine). Two-dimensional electro-
phoresis was carried out for 25 min at 1.5 kV in pH 1.9 buffer (formic
acid:acetic acid:H2O 5 50:156:1794) followed by 12 min at 1.3 kV in pH
3.5 buffer (pyridine:acetic acid:H2O 5 1:10:189). Cold phosphoamino
acids were detected by spraying the plates with 0.25% ninhydrin. Hot
phosphoamino acids were visualized by exposing the plates to x-ray
films at 280 °C for a week.

Plasmid Constructs—F-p65, F539, F534, FD534, and F521 were
made by cloning different PCR products into the HindIII and EcoRV
sites of pFlag-CMV-2 expression vector. The template for the PCR
reactions is CMV-p65. The 59 primer is 1) 59 GAC AAG CTT GAC GAA
CTG TTC CCC CTC AT 39. The 39 primers are 2) GTC GAT ATC TTA
GGA GCT GAT CTG ACT C (F-p65); 3) GAA GAT ATC GTC CGC AAT
GGA GGA GAA GT (F539); 4) GCG GAT ATC GAA GTC TTC ATC TCC
TGA AAG GA (F534); 5) GCG GAT ATC GAA GTC TTC ATC TCC TGC
AAG G (FD534); and 6) GCG GAT ATC CGG GGC CCC CAG TGG AGC
AG (F521).

F-529A, F-276A, and F-529E were made by site-directed mutagene-
sis using two-staged PCR. The template for the first round PCR is
CMV-p65. The primers are: 1, 2, and 7) 59 CTT CAT CTC CTG CAA
GGA GGC C 39; 8) 59 GGC CTC CTT GCA GGA GAT GAA G 39
(F-529A); 9) 59 CTT CAT CTC CTT CAA GGC C 39; 10) 59 GGC CTC
CTT GAA GAT GAA G 39 (F-529E); 11) 59 GCG GCG GCC TGC CGA
CCG GGA G 39; and 12) 59 CTC CCG GTC GGC AGG CCG CCG C
39(F-276A) (boldface type indicates the nucleotides that encode mutated
amino acids). The products of second round PCR were cloned into the
HindIII and EcoRV sites of the Flag-CMV-2 vector.

Electrophoretic Mobility Shift Assay and Western Blot Assay—Nu-
clear and cytoplasmic extracts were prepared as described previously
(20). EMSA were performed as previously detailed (21). The DNA probe
(59CAGGGCTGGGGATTCCCCATCTCCACAGTTTCACTTC 39) con-
tains the NF-kB binding site (underlined) from the MHC class I H-2kb

gene. For Western blotting, a total of 50 mg of whole cell lysates or
nuclear extracts were separated on a 10% polyacrylamide gel. Proteins
were transferred to nitrocellulose, and blots were blocked with 5% dry
milk and then probed with anti-p65 antibodies (Rockland, Inc., Boyer-
town, PA). After the blots were incubated with secondary antibody, ECL
reagents (Amersham) were used to detect the proteins.

Transient Transfection and Luciferase Assay—Cells were transfected
using lipofectAMINE (Life Technologies, Inc.) (22). For TNFa induc-
tion, cells were grown in Dulbecco’s modified Eagle’s medium with 0.1%
serum for 36 h after incubation with LipofectAMINE/DNA mixture.
TNFa (10 ng/ml) was added to the cells 6–10 h before harvest. Lucif-
erase assays were performed by methods described elsewhere (23).

For stable transfection, a vector (pHygro) encoding the hygromycin
resistance protein was cotransfected with flag expression vectors. The
individual stable clones were selected by adding 450 mg/ml hygromycin
to the media. The expression of p65 proteins was quantified by Western
blot method.

RESULTS

p65 Phosphorylation Is Rapidly Induced on Serine Residue(s)
upon TNFa Treatment—Although inducible phosphorylation
on IkBs plays an important role in NF-kB activation, some
NF-kB/Rel proteins are also inducibly phosphorylated (13–18).
Consistent with results of others (16), we found that p65 phos-
phorylation is rapidly induced upon TNFa stimulation in HeLa
cells. After treatment with TNFa for 10 min, whole cell lysates
from 32P metabolically labeled HeLa cells were generated and
immunoprecipitated with anti-p65 antibodies. A TNFa-in-
duced phosphoprotein of 65 kDa was detected following elec-
trophoresis (Fig. 1, upper panel). The identity of this protein as

p65 was confirmed by competition with the peptide against
which the anti-p65 antibody was raised (data not shown). The
levels of p65 protein did not change in response to TNFa (Fig.
1, lower panel); therefore, quantitative changes in p65 cannot
explain the increase in phosphorylation. Additionally, a level of
basal phosphorylation of p65 in untreated cells was also de-
tected. Immunoprecipitated p65 from untreated cells or cells
treated with TNFa for 10 min was isolated, hydrolyzed with 6
N HCl, and subjected to two-dimensional phosphoamino acid
analysis. The inducible p65 phosphorylation was exclusively on
serine residues (Fig. 2).

Mapping of the TNFa-induced p65 Phosphorylation Site—To
determine a potential function for inducible phosphorylation of
p65 in NF-kB activation, it was important for us to identify the
site of phosphorylation. We used high resolution Tris-Tricine
gel electrophoresis to fractionate the proteolyzed phospho-p65
from untreated HeLa cells or from cells treated with TNFa for
10 min. Trypsin digestion generated a major phosphopeptide of
approximately 5 kDa in both untreated and TNFa-treated cells
(Fig. 3A), suggesting that inducible phosphorylation occurs on
the same peptide as occurs in basal phosphorylation, and pos-
sibly on the same serine residue(s). To determine the relative
position of the phosphopeptide in p65, the tryptic digestion
product was subjected to another round of immunoprecipita-
tion with either C-terminal or N-terminal p65 antibody. The
5-kDa peptide could be specifically recognized by a C-terminal
p65 antibody but not by an N-terminal p65 antibody (Fig. 3A,
lanes 3 and 4). Therefore, the phosphopeptide is at the C
terminus of p65. Since trypsin cleaves after Lys and Arg resi-
dues and since the phosphopeptide is approximately 5 kDa, it
was reasonable to propose that the target of phosphorylation
was in the last 42 amino acids, C-terminal to Arg-509 (Fig. 3C).
The other phosphopeptides were likely to result from partial
digestion, since their presence was dependent on the time of
protease digestion (data not shown). Digestion of 32P-labeled
p65 from untreated cells and cells treated with V8 yielded a
major phosphopeptide of approximately 4 kDa (Fig. 3B). This
peptide could also be recognized by a C-terminal p65 antibody
(data not shown). V8 cleaves the peptide bond after Glu; there-
fore, the only way this protease can generate a 4-kDa peptide at
the C terminus of p65 was by cleaving at Glu-498 and Glu-532
(Fig. 3C). The overlapping region of the tryptic and V8 phos-
phopeptides is from Arg-509 to Glu-532, and in this region only
one serine, Ser-529, is found (Fig. 3C). The results of phos-
phopeptide mapping also indicated that the TNFa-inducible
phosphorylation site of p65 is the same as the basal phospho-
rylation site (data not shown). These data indicate that serine
529 is the major site of phosphorylation on p65 in response to
TNFa stimulation.

Mutation Analysis Confirms Serine 529 as the Major Site of
p65 Phosphorylation—To confirm that serine 529 of p65 is the
phosphorylation site, we therefore made a number of expres-

FIG. 1. p65 phosphorylation is rapidly induced upon TNFa
induction. Upper panel, HeLa cells were labeled with [32P]orthophos-
phate for 3 h and were either left untreated or were treated with TNFa
for 10 min. After harvest, whole cell lysates were immunoprecipitated
with anti-p65 antibody and separated on SDS-PAGE. The phosphoryl-
ated proteins were visualized by autoradiography. Lower panel, HeLa
cells were treated with TNFa for 10 min. Whole cell extracts were
analyzed by Western blot using the anti-p65 antibody.
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sion vectors encoding flag-tagged, C-terminal truncated p65
mutants (Fig. 4A) to determine if these proteins can be phos-
phorylated when expressed in Cos cells. After metabolically
labeling the transfected cells with [32P]orthophosphate, whole
cell lysates were made and subjected to immunoprecipitation

with the flag antibody. As expected, flag-tagged wild-type p65
(F-p65) was phosphorylated (Fig. 4B) as were F539 and F534
which express flag-tagged truncated p65 proteins from amino
acids 2–539 and 534, respectively. FD534, which encodes the
same length p65 protein as F534 except has a serine to alanine
substitution at 529, cannot be phosphorylated. In addition, the
mutant F521 lacks the last 30 amino acids of p65 and was
incapable of being phosphorylated. Immunoblotting results
(not shown) demonstrated that F521 expressed the highest
amount of protein while F-p65 expressed the least. The higher
levels of phosphorylation of F539 and F534 are due to higher
levels of expression of these proteins relative to F-p65. It is
obvious that whenever serine 529 was deleted or mutated, the
mutant p65 was no longer phosphorylated, suggesting serine
529 of p65 (Fig. 4A, underlined) is the target for phosphoryla-
tion. Interestingly, the phosphorylation of p65 in Cos cells was
largely constitutive, although some weak induction by TNFa
was observed. This result suggests that the kinase that phos-
phorylates p65 has the potential to function constitutively, at
least in Cos cells (see “Discussion”).

To demonstrate that serine 529 is the TNFa-induced phos-
phorylation site, we made another flag-tagged p65 mutant
(F-529A). F-529A expresses full-length p65 but has an alanine
to serine substitution at 529. Since in Cos cells, transiently
transfected p65 has high basal phosphorylation (Fig. 4), we
stably expressed F-p65 and F-529A into p65 2/2 embryonic
fibroblasts. The stable cells that contain the flag empty vector,
F-p65 or F-529A, were labeled with [32P]orthophosphate and
stimulated with TNFa for 10 min. After cells were harvested,
the whole cell extracts were subjected to immunoprecipitation
with flag antibody. The proteins were then separated by SDS-
PAGE and visualized by autoradiography (Fig. 5, upper panel).
The results demonstrate that TNFa-induced phosphorylation
only occurred with wild-type p65 (Fig. 5, lanes 3 and 4, lower
bands, upper panel), while F-529A exhibited no detectable
phosphorylation in response to TNFa induction (Fig. 5, lanes 5
and 6, upper panel). Immunoblotting analysis indicated that
the lack of phosphorylation of F-529A was not due to reduced
protein levels (Fig. 5, lower panel). Recently, it was reported
that serine 276 of p65 was phosphorylated by protein kinase A
after LPS induction (18). It was therefore possible that differ-
ent inducers target distinct sites on p65 for phosphorylation. To
test this hypothesis, we made a flag-tagged p65 mutant (F-
276A) that has an alanine to serine substitution at 276. When
stably expressed in p65 2/2 cells, this mutant still can be
phosphorylated in response to TNFa induction (Fig. 5, lanes 7
and 8, upper panel), suggesting that TNFa- and LPS-induced
phosphorylation sites on p65 are distinct. It is noted that high
levels of expression of the alanine 276 mutant leads to en-
hanced basal phosphorylation, similar to results obtained in
Fig. 4B.

TNFa-induced Phosphorylation on Serine 529 Increases p65
Transcriptional Activity—To determine the possible role for
TNFa-induced phosphorylation relative to p65 function, we
utilized the stable cell lines expressing F-p65 or F-529A. The
cells were treated with TNFa for various times, and nuclear
extracts were collected for EMSA (Fig. 6A, upper panel) and
Western blot analysis with p65 antibody (Fig. 6A, lower panel).
The EMSA experiment identified two complexes that bind to
the NF-kB site-containing probe. The lower complex can be
totally supershifted by a p50 antibody, suggesting it is the
p50zp50 homodimer. The upper complex (asterisk) can be al-
most totally supershifted with a p65 antibody, suggesting this
complex contains the p65 subunit (Fig. 6B). The relatively
weak supershift by the p50 antibody is likely due to the poor
ability of this antibody to recognize the p50zp65 heterodimer. It

FIG. 2. Inducible phosphorylation of p65 is on serine resi-
due(s). Immunoprecipitated p65 from untreated or TNFa-treated
HeLa cells was hydrolyzed with 6 N HCl. The resulting amino acids
were separated on two-dimensional thin layer cellulose plates. The
dotted areas show the position of the nonradioactive phosphoamino acid
standards. The 32P-labeled phosphoamino acids were visualized by
autoradiography.

FIG. 3. Mapping the inducible phosphorylation site of p65.
HeLa cells, labeled with 32P for 3 h, were either left untreated or treated
with TNFa for 10 min. After the cells were lysed, p65 was immunopre-
cipitated, separated on SDS-PAGE, and transferred to nitrocellulose
membranes. Phosphorylated p65 was excised after autoradiography
and digested with trypsin (A) or V8 (B). The resulting phosphopeptide
was either separated on high resolution Tris-Tricine gel (A, lanes 1 and
2, and B) or were subjected to another round of immunoprecipitation
with C- or N-terminal p65 antibodies before loading on Tris-Tricine gel.
C, trypsin and V8 digestion sites in the C-terminal region of p65.
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is obvious that both wild-type and mutant p65 rapidly trans-
located to nucleus after TNFa induction and remained there for
at least 4 h (Fig. 6A). Additionally, there was no defect in DNA
binding for TNFa-induced F-529A. These results demonstrate
that the phosphorylation of p65 on serine 529 does not control
nuclear translocation or DNA binding affinity.

Previously, it has been shown that the C terminus of p65,
which contains serine 529, functions as a strong transactiva-
tion domain when fused to heterologous DNA binding domains
(24). Phosphorylation on serine 529 may, therefore, regulate
the transcriptional activity of p65. To test this possibility, the
stable cells expressing flag empty vector, wild-type p65, or
alanine 529 were transiently transfected with a 3XkBLuc re-
porter, which contains three copies of kB binding site. To assay
transcription function, TNFa was added to the cells, and whole
cell lysates were made for luciferase assays. As shown in Fig.
6C, TNFa activated 3XkBLuc activity in the cells expressing
wild-type p65 but had little or no effect in the cells expressing
mutant (alanine 529) p65, indicating that serine 529 of p65 is

the target for TNFa and that the inducible phosphorylation on
this site increases p65 transcriptional activity. The higher ba-
sal transcription in the cells expressing F-p65 or F-529A com-
pared with the cells expressing flag empty vector may be due to
nuclear NF-kB in the untreated cells. This result also excluded
the possibility that F-529A acts as a dominant negative of other
members of the NF-kB family. The NF-kB responsive human
immunodeficiency virus-long terminal repeat fused to a chlor-
amphenicol acetyltransferase reporter was activated by TNFa
in the F-p65 cells but not in the F-529A-expressing cells (data
not shown). Thus, mutation of serine 529 significantly inhibits
the ability of TNFa to activate transient NF-kB-dependent
transcription.

To further confirm that phosphorylation on serine 529 in-
creases p65 transcription activity, we made F-529E, which has
a glutamic acid substitution at position 529 to mimic consti-
tutively phosphorylated p65. For unknown reasons, we were
unable to stably express F-529E in the p65 null cell line. In
transient transfection assays, F-529E activated 3XkBLuc sig-
nificantly better than F-p65 and F-529A (Fig. 6D). This result
indicates that a mutation that mimics phosphorylation at po-
sition 529 leads to constitutively enhanced p65 transcriptional
activity.

DISCUSSION

Stimulation of cells with TNFa leads to phosphorylation and
degradation of IkBa and to subsequent translocation of NF-kB
to the nucleus to activate gene-specific transcription. In this
paper, and consistent with previous reports (16), we have
shown that TNFa also induces phosphorylation on the p65
subunit of NF-kB. Phosphopeptide mapping of TNFa-induced
phosphorylated p65 indicates that phosphorylation occurs ex-
clusively on serine 529. By the use of p65 2/2 embryonic
fibroblasts stably expressing wild-type p65 or the non-phospho-
rylated mutant p65, we conclude that TNFa-induced phospho-
rylation on p65 does not affect its nuclear translocation or DNA
binding abilities but increases its transcriptional potential.

FIG. 4.Mutant analysis of p65 phos-
phorylation. The serial C-terminal dele-
tion mutants of human p65 cDNA were
cloned into the Flag-CMV2 vector. The
C-terminal amino acid sequences of the
resulting mutant proteins are shown in A.
B, the flag-tagged vectors were tran-
siently transfected into Cos cells. After
the cells were labeled with 32P for 3 h,
TNFa was added. 10 min later, the cells
were lysed and immunoprecipitated with
the flag M2 antibody.

FIG. 5. Serine 529 is a TNFa-inducible phosphorylation site of
p65. Flag empty vector, F-p65, F-529A, or F-276A was stably trans-
fected into p65 null embryonic fibroblasts. The stable cells were labeled
with [32P]orthophosphate. TNFa was added 10 min before harvest. The
cells were lysed in 600 ml of cold radioimmunoprecipitation assay
buffer. Upper panel, 580 ml of the lysates were subjected to immuno-
precipitation with flag antibody. Lower panel, 20 ml of the lysates were
analyzed by Western blot with anti-p65 antibody.
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Transient transfection experiments with F-529E also indicated
that phosphorylation on serine 529 increases p65 transactiva-
tion ability.

RelA/p65 contains at least two strong transactivation do-
mains in its C-terminal region (24, 25). Serine 529 is within the
TA1 domain, which comprises the last 30 amino acids of p65.
TA1 belongs to the class of acidic activators; thus, it is not
surprising that the additional negative charge by the phos-
phate group at serine 529 increases its transcriptional poten-
tial. The C-terminal transcriptional activation domain of p65
interacts with TBP, TFIIB, and coactivators such as CBP and
p300 (26–28). It will be interesting to determine if the phos-
phorylation on serine 529 potentiates any of these interactions.
Also, it remains possible that phosphorylation may involve inter-
action with other transcription factors and with the ability of
NF-kB to disrupt chromatin. Thus, the inducible phosphorylation
of p65 may have different effects on different promoters.

The most widely studied mechanism for inducible NF-kB
activation is the phosphorylation of IkBs on serines located in
the N-terminal region of the proteins (2). Different inducers
converge on this step that involves IKK activation, which sub-
sequently causes degradation of IkBs and nuclear translocation
of NF-kB (2). Our data and those of others show that there is a
second level of regulation on NF-kB activity: modulation of p65
transactivation potential by additional phosphorylation events.
Schmits et al. (17) showed that phosphorylation and transcrip-
tional activity of a defined region within the TA2 domain (90
amino acids adjacent to TA1 domain) were stimulated by phor-
bol myristate acetate treatment of HeLa cells. Recently, Zhong
et al. (18) observed that upon LPS stimulation, the transcrip-
tional activity of p65 was increased after phosphorylation on
serine 276, which is in the Rel homology domain of p65. Im-
portantly, we found that a mutant p65 protein with an alanine
to serine substitution at position 276 can still be phosphoryl-

FIG. 6. Transcriptional activity of p65 is stimulated by phosphorylation on serine 529. A, the stable cells that express F-p65 (left) or
F-529A (right) were either left untreated or treated with 10 ng/ml TNFa for varying times as indicated. Upper, the nuclear extracts were analyzed
by EMSA with 32P- labeled NF-kB site containing DNA probe. Lower, the nuclear extracts were analyzed by Western blot with p65 antibody. B,
nuclear extracts from untreated and TNFa-treated cells were incubated with 32P-labeled NF-kB site containing probe, and antibodies against
different NF-kB subunits were added. The reaction mixtures were electrophoresed on 5% non-denaturing gel. C, the stable cells that express flag
empty vector, F-p65, or F-529A were transiently transfected with 3XkBLuc reporter, which contains three copies of kB binding site. The cells were
stimulated with 10 ng/ml TNFa for 6–10 h before harvest. After cell lysis, luciferase activities were measured. D, flag empty vector, F-p65, F-529A,
or F-529E (10 ng of each) was cotransfected with 3 mg of 3XkBLuc reporter into p65 null cells. 36 h after transfection, the cells were harvested,
and luciferase activities were measured. Fold induction was calculated relative to the luciferase activity when cells were cotransfected with flag
empty vector and 3XkBLuc reporter.

TNFa-induced RelA/p65 Phosphorylation 29415



ated upon TNFa treatment (Fig. 5). Therefore, it is possible
that different inducers can activate different kinases to phos-
phorylate p65 at distinct sites to modulate its transcriptional
activity. Phosphorylation of p65 at serine 276 enhances the
ability of this transcription factor to interact with the tran-
scriptional coactivator CBP/p300 (29). Whether these phospho-
rylation events have the same functional outcome or whether
they may lead to distinct functions is presently unclear. Recent
data from our laboratory (30) and others (31) demonstrate that
several inducers can control the transcriptional function of
NF-kB, independent of induced nuclear translocation.

How does TNFa induce phosphorylation of p65? TNFa acti-
vates JNK and p38 MAP kinases and previous studies indi-
cated that both SEK/JNK and p38 MAP kinase pathways are
involved in NF-kB regulation. It has been reported that JNK
can physically associate with c-Rel and activate human immu-
nodeficiency virus-1 long terminal repeat and Il-2Ra promoters
(32). However, whether JNK causes p65 phosphorylation is yet
to be investigated. Bayaert et al. (33) found that p38 MAP
kinase pathway was required for transcriptional induction me-
diated by NF-kB while having no effect on nuclear transloca-
tion or DNA binding of NF-kB. Recently, Vanden Berghe and
co-workers (34) showed that p38 and ERK pathways target the
transactivation domain of p65 in response to TNFa. All these
data suggest that JNK or p38 MAP kinase pathways constitute
a second level of regulation of NF-kB activation by modulation
of transcription function. Whether JNK or p38 can phosphoryl-
ate p65 directly or whether they control other kinases to phos-
phorylate p65 remains unknown. In our studies, we found that
SB203580, a p38 inhibitor, did not inhibit TNFa-induced p65
phosphorylation (data not shown). Therefore, JNK or p38 path-
ways may cause phosphorylation of a distinct component of the
transcription pathway to enhance p65 transactivation function.
Recently, it was reported that casein kinase II can phosphoryl-
ate the p65 subunit and that casein kinase II is associated with
p65 in vivo (35). How casein kinase II could be modulated to
induce the potential phosphorylation of p65 is presently un-
known. Transiently transfected p65 activates kB-dependent
gene expression without TNFa induction (Fig. 6D and data not
shown). One explanation for this is that in transient transfec-
tion experiments, cells cannot make enough IkB protein to keep
p65 in cytoplasm. Also considering that transiently transfected
p65 has high basal phosphorylation on serine 529 (Fig. 4B), it
is possible that the kinase that phosphorylates p65 is consti-
tutively active. This kinase may phosphorylate p65 only when
it is released from IkB (for example, following IkB degradation
or when p65 is overexpressed), appearing to function as an
inducible kinase. The identification of the kinase that directly
phosphorylates serine 529 of p65 will provide new insight into
mechanisms whereby TNFa controls NF-kB activity. Such a
kinase activity may prove to be a useful target in treating
diseases associated with dysregulation of NF-kB activity.
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