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Background: Phosphorylation of nuclear factor-«B (NF-«kB) subunits is critical for NF-«B activity.

Results: Mutation of phospho-acceptor sites within the p65 Rel homology domain influences NF-«B activity in a gene-depen-
dent manner by altering p65 and RNA polymerase II promoter recruitment.

Conclusion: Differential p65 phosphorylation serves as a code to target NF-«B transcriptional activity to distinct gene subsets.
Significance: Our data provide insight into how NF-«B transcriptional specificity is achieved.

Phosphorylation of NF-kB plays an important role in modu-
lating transcriptional activity of NF-«kB independently of inhib-
itor of kB (IkB) proteins. For the p65 subunit, multiple phos-
phorylation sites have been mapped in and adjacent to both the
N-terminal Rel homology domain and the C-terminal transacti-
vation domain. Their impact on NF-kB-dependent transcrip-
tion, however, has never been assessed at a broader level. In this
study, we evaluate the importance of differential p65 phosphor-
ylation on four serine acceptor sites in the Rel homology domain
for the expression of an array of NF-kB-dependent genes in
endothelial cells. We find that inhibition of p65 phosphoryla-
tion on these serine residues targets NF-kB activity to distinc-
tive gene subsets in a kB enhancer element-specific context. We
show that the phosphorylation-dependent alterations in gene
and protein expression are reflective of the amount of p65 and
phosphorylated RNA polymerase II (p-RNAP II) bound to
respective gene promoter regions. Depending on the gene sub-
set, impaired gene expression was either a result of decreased
p65 promoter recruitment or of a failure of bound p65 to recruit
p-RNAP II. In conclusion, our findings demonstrate that site-
specific p65 phosphorylation targets NF-kB activity to particu-
lar gene subsets on a global level by influencing p65 and p-RNAP
II promoter recruitment.

Gene expression regulation by NF-kB is fundamental for
controlling many important cellular processes, including
inflammatory and immune responses, cell proliferation, devel-
opment, and apoptosis (1-3). In resting cells, NF-kB transacti-
vators are sequestered in the cytosol by association with IkB
proteins (4). Upon stimulation with pro-inflammatory induc-
ers, IkB proteins are phosphorylated, ubiquitinated, and
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degraded (5-7). This event constitutes the major step for initi-
ation of NF-kB-dependent transcription as it allows the tran-
scription factor to enter the nucleus where it can bind to regu-
latory sequences in gene promoters/enhancers. However, it has
been shown that this step alone is often not sufficient to initiate
gene expression.

Inducible post-translational modification of NF-«B subunits
especially by phosphorylation has proven to be equally impor-
tant for NF-«B to efficiently induce transcription of target
genes (8). For the p65 subunit, which constitutes the most
potent transcriptional activator of the NF-«B protein family (9),
12 phospho-acceptor sites have been mapped. Five sites (Ser-
205, Thr-254, Ser-276, Ser-281, and Ser-311) are located in or
adjacent to the N-terminal RHD,? and seven residues (Thr-435,
Ser-468, Thr-505, Ser-529, Ser-535, Ser-536, and Ser-547) are
contained in the C-terminal transactivation domain. Depen-
dent on the stimulus and the modification site, phosphorylation
of p65 regulates NF-kB transcriptional activity by different
mechanisms. Ser-276 and Ser-311 phosphorylation in the RHD
is enhancing p65 interaction with the transcriptional co-activa-
tor cAMP-response element-binding binding protein, thus
activating NF-kB-dependent gene expression (10, 11). Phos-
phorylation in the transactivation domain at Thr-435, Thr-505,
or Ser-547 can either activate or inhibit NF-kB-dependent
transcription by impeding or promoting the interaction with
histone deacetylase-1 (HDAC1) (12-14). Phosphorylation at
Ser-529 and Ser-536 was shown to alter the association with
basal components of the transcriptional machinery (15, 16),
and Ser-205, Ser-276, Ser-281, and Ser-536 phosphorylation
regulates p65 subcellular localization (17-19). Attachment of
phospho-groups to Thr-254 and Ser-468 is determining the
binding to the suppressor of cytokine signaling 1 (SOCS1) ubiq-
uitin ligase complex thereby regulating p65 protein stability
(20, 21).

Whereas degradation of IkB and subsequent nuclear trans-
location of NF-«B serves as a general step in NF-«B activation

2 The abbreviations used are: RHD, Rel homology domain; p-RNAP II, phos-
phorylated RNA polymerase Il.
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that affects expression of all dependent genes, there is strong
evidence that the phosphorylation of p65 regulates the activity
of NF-«B in a gene-specific context. Several studies have shown
that reconstitution of p65-deficient mouse embryonic fibro-
blasts with p65 S205A, S276A, S281A, T435A, S468A, and
S536A mutants leads to reduction of NF-«B transcriptional
activity confined to certain genes (12, 20, 22-25). Also, loss of
glycogen synthase kinase-38 (GSK-3), which phosphorylates
p65 at Ser-468 (26), has profound effects on the expression of
interleukin-6 (IL-6) and chemokine (CC motif) ligand 2 (CCL2)
genes, but it only minimally impacts IkBa (NFKBIA) and
chemokine (CXC motif) ligand 2 (CXCL2) expression (27).
Silencing of NF-kB-dependent transcription by nuclear IkB is
dependent on p65 Ser-536 phosphorylation and targets TNF
and IL-6 genes but not the interleukin-8 (IL-8) gene (28).

Because existing reports only include a limited amount of
NEF-kB responsive genes, it is still unclear, however, to what
extent differential phosphorylation of NF-«kB leads to changes
in its transcriptional profile at a global level. In this study, we
investigated the effects of impaired p65 serine phosphorylation
in and adjacent to the RHD on the expression of an array of
NF-kB-dependent genes.

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents—The mouse endothelial cell line
bEND.3 was obtained from ATCC. Mouse embryonic fibro-
blasts (3T3) isolated from p65~/~ mice were a kind giftof Dr. A.
Beg (Moffitt Cancer Center, Tampa, FL) and were described
previously (29). All cells were maintained in Dulbecco’s modi-
fied Eagle’s medium (DMEM,; Cellgro) supplemented with 10%
fetal bovine serum (Atlanta Biologicals) and 100 units/ml pen-
icillin G and 100 pg/ml streptomycin B (both Cellgro) in a
humidified atmosphere containing 5% CO,. Tumor necrosis
factor (TNF; Invitrogen) was used at a final concentration of 10
ng/ml. Stable shRNA cell pools and p65 transfectants were
selected in the presence of 1.5 ug/ml puromycin (Sigma) and
250 pg/ml hygromycin B (InvivoGen), respectively.

Plasmid Constructs—Sequence and cloning of murine p65
and luciferase shRNAs in pSiren-RetroX (Clontech) were
described elsewhere (30). The bicistronic retroviral vector
pLXIH was obtained by exchanging the neomycin resistance
cassette of pLXIN (Clontech) with the hygromycin resistance
gene. Insertion of human p65 WT, S205A, S276A, S281A, and
S311A into pLXIH was carried out by standard cloning
procedures.

Gene Knockdown and Stable Transfectants—Endogenous
p65 expression was suppressed in bEND.3 by retrovirally deliv-
ered shRNA. The resulting bEND.3 p65 knockdown cells as
well as 3T3 p65 '/~ cells were retrovirally reconstituted with
p65 WT or p65 phosphorylation-deficient mutants. Retroviral
production, cellular infection with retrovirus-containing
supernatants, and selection for positive cell pools was per-
formed as described (22).

Immunoblotting and Immunofluorescence—For immuno-
blotting, cells were lysed in RIPA buffer (50 mm Tris-HCI, pH 8,
150 mM sodium chloride, 1 mm EDTA, 1% Igepal CA-630, 0.5%
sodium deoxycholate, 0.1% SDS, 1X protease inhibitors (Roche
Applied Sciences)), and equal volumes were mixed with SDS
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sample buffer, boiled, and analyzed on 10% SDS-polyacryl-
amide gels. Proteins were transferred to PVDF membranes
(Millipore), blocked with 5% milk in TBS, 0.1% Tween 20
(TBST), and incubated with polyclonal anti-p65 (C-20; Santa
Cruz Biotechnology) or monoclonal anti-B-actin antibody
(AC-74; Sigma). Membranes were washed in TBST and incu-
bated with donkey anti-rabbit or goat anti-mouse secondary
antibodies conjugated to horseradish peroxidase (Santa Cruz
Biotechnology), and protein bands were visualized with Chemi-
luminescence Reagent (Santa Cruz Biotechnology) on a Kodak
Image Station 2000R. For immunofluorescence, cells were
stimulated with TNF for 0, 30, and 60 min and processed as
described previously (19). The ratio of cytoplasmic to nuclear
p65 localization was determined as described elsewhere (31).
Gene Expression Analysis—Transcriptional profiles of
NE-kB-dependent genes were determined by quantitative real
time PCR under untreated conditions and after 3 h of TNF
stimulation. Genes were compiled after ranking induction lev-
els in seven datasets derived from short term cytokine-induced
endothelial cells deposited in the Gene Expression Omnibus
database (www.ncbi.nlm.nih.gov). The following datasets were
used: GSE973, GSE973, GSE2639, GSE2638, GSE5883,
GSEB166, and GSE9647. The first 200 ranked genes were tested
for inclusion in two curated gene lists for NF-«B-regulated
genes (Dr. T. Gilmore laboratory, Boston University and Bonsai
Bioinformatics Software Server, Lille University of Science and
Technology, France). Only genes listed in at least one of the
databases were considered to be NF-«B-dependent. Hence,
mRNA expression levels of 70 potentially NF-«B-regulated
genes and two housekeeping genes used for normalization were
analyzed by quantitative RT-PCR using SYBR Green chemistry
(Fermentas) on a Chromo4 continuous fluorescence monitor-
ing thermocycler (M] Research) as described previously (22). A
complete list of tested genes as well as primer sequences can be
found in the supplemental Table 1. Three independent experi-
ments were performed. In the final analysis, only genes were
included that were called in all TNF-induced datasets and
showed at least 2-fold induction of mRNA levels in p65 WT-
reconstituted cells over the untreated or TNF-stimulated
empty vector control. A total of 37 genes fulfilled all criteria (see
Fig. 2). In 3T3 cells, eight genes were tested for induction of
mRNA expression (see supplemental Fig. 1).
Fluorescence-activated Cell Sorting (FACS) Analysis—Cells
were collected in 1X citric saline (135 mM potassium chloride,
15 muM sodium citrate), spun down, and incubated with Alexa
Fluor 647 anti-mouse CD54 (ICAM-1), PerCP/Cy5.5 anti-
mouse CD106 (VCAM-1), and FITC anti-mouse H-2K¢ anti-
bodies (all Biolegend) for 20 min on ice. Antibodies were
titrated using mouse splenocytes or bone marrow cells to
achieve optimal signal-to-noise ratio. Fluorochrome-matched
isotype controls were used to validate detection specificity.
Analysis was performed on a six-channel (Accuri C6, BD Bio-
sciences) cytometer. Cells were gated according to their for-
ward and side scatters to eliminate debris and dead cells. Gates
were validated by TOPRO-3 and fluorescein-diacetate labeling
to identify dead and live cells, respectively. Analysis of median
fluorescent intensity was performed on 20,000 live cells.
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FIGURE 1. Generation and characterization of wild type and phosphorylation-deficient p65-expressing bEND.3 cells. A, Western blot analysis of p65
expression in bEND.3 cells transduced with luciferase (luc) control and p65-targeting shRNAs (+). c-Myc-tagged human p65 wild type (wt) and amino acids 205,
276,281,311 serine to alanine (SA) mutants were stably introduced into successful p65 knockdown cells. The fusion of p65 with N-terminal c-Myc leads to a shift
in molecular weight of 10 amino acids reflected by slower migration of human c-Myc-p65 in SDS-PAGE. /B, immunoblot. B, subcellular localization of p65
variants in bEND.3 in the absence or presence of 10 ng/ml TNF for 30 and 60 min. DAPI staining is included as nuclear reference. Bar, 20 um. C, semi-automated
quantification of cytosolic and nuclear p65 immunofluorescence (n = 128-248 cells, derived from three experiments). Nuclear/cytosolic values of >1 indicate

predominantly nuclear p65.

Chromatin Immunoprecipitation (ChIP)—ChIP analysis was
carried out as described (30) with the following variations.
bEND.3 cells required 16 cycles of 15-s sonication pulses at 20%
amplitude to yield 0.3—-1.5-kb DNA fragments. For immuno-
precipitation, 2 ug of anti-p65 (C-20; Santa Cruz Biotechnol-
ogy) and 0.8 ug of anti-p-RNAP II (CTD4HS; Upstate) antibod-
ies were used. Monoclonal anti-p-RNAP II antibody was
coupled to 2 ug of rabbit anti-mouse IgG (Jackson Immuno-
Research) before capturing with protein A-Sepharose. A list of
primer sequences and targeting kB sites can be found in sup-
plemental Table 2.

RESULTS

Inhibition of p65 Phosphorylation on Different Serines in the
RHD Targets NF-kB-dependent Transcription to Distinctive
Gene Subsets—The important conclusion that inhibition of p65
phosphorylation at serines 205, 276, 281, and 311 leads to
impaired NF-«B activation after TNF stimulation is derived
from the expression analysis of a limited number of genes (10,
19, 23). Here, we investigate the dependence of NF-«B-driven
gene expression on these p65 phosphorylation sites on a
broader level by constitutively knocking down endogenous WT
p65 in the murine endothelial cell line bEND.3 and reconstitut-
ing the resulting cell pool with a control vector, human p65 WT
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or S205A, S276A, S281A, and S311A. p65 knockdown as well as
equal protein expression of the introduced p65 forms was ver-
ified by Western blotting (Fig. 14). Reconstituted p65 WT fol-
lowed the characteristic wave of nuclear import and export
after TNF stimulation (Fig. 1B), indicating its successful func-
tional integration into the NF-kB pathway. p65 phospho-mu-
tant nuclear translocation after 30 min of TNF stimulation was
similar to p65 WT; however, as also seen in fibroblasts (19),
basal nuclear p65 levels were higher in S205A-, S276A-, and
S281A-expressing cells, and after 60 min of TNF stimulation,
p65 S205A, S276A, and S281A were still nuclear, whereas p65
WT and the S311A mutant relocated to the cytoplasm (Fig. 1, B
and C). To examine global NF-«B activity in these cells, RNA
was prepared, and expression of 37 NF-kB-dependent genes,
meeting our selection criteria (see “Experimental Procedures”),
was analyzed in resting and 3-h TNF-treated cells. As a general
finding, the transcriptional activity of p65 205, 276, and 281
serine to alanine mutants was impaired, whereas p65 S311A
was inducing gene expression to equal levels as p65 WT on
almost all genes tested (Fig. 2). Depending on whether their
expression was or was not affected by p65 phosphorylation
deficiency, we subdivided the tested genes into three regulatory
groups. The first group includes 11 genes, which failed to be
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FIGURE 2. Comparison of expression profiles of 37 genes in p65 WT, S205A-, S276A-, S281A-, and S311A-expressing bEND.3 cells after 3 h of TNF

stimulation. Stably transduced p65 WT and mutant bEND.3 cells were either left
induction of NF-kB-dependent genes was tested by quantitative RT-PCR. Depen

untreated or stimulated with 10 ng/ml TNF for 3 h; RNA was isolated, and the
ding on the mRNA expression patterns obtained in p65 WT and mutant cells,

the tested genes were subdivided into three groups as outlined in the main text. Arrows indicate the allowable range of variation for a given mRNA/p65 variant
combination to assign the gene to the respective groups. Double arrowheads signal that the variation is permitted beyond the indicated levels. Asterisk, either
p65 S276A- or S281A-derived mRNA expression levels remain below half of p65 WT mRNA levels. Data are represented as mean = S.E. (n = 3). All datasets were

calculated relative to the mean of unstimulated, pooled controls.

induced by all p65 Ser-205, Ser-276, and Ser-281 mutants. All
but one (Cxcl5) of these genes were equally induced by p65 WT
and S311A. Group II consists of 13 genes that were efficiently
induced by p65 WT, S311A and S205A mutants. Thirteen
group III genes were equally induced by all p65 variants. Sup-
porting these results, we found that protein expression of
selected NF-«B-dependent genes matched the mRNA levels in
p65 WT and mutant cells (Fig. 3). p65 knockdown resulted in
substantial but not complete repression of endogenous p65
protein (Fig. 14). To minimize the probability that any of our
observed effects were caused by residual endogenous p65 levels,
we compared mRNA expression of representative genes for
each regulatory group with those from p65 /' fibroblasts
reconstituted with p65 WT and mutants. As shown in supple-
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mental Fig. 1, expression profiles of all genes tested were similar
in bEND.3 and 3T3 cells, except for minor variations for Cxcl10
and H2-k1, which could be cell type-specific.

Using isolated kB consensus sites to drive reporter gene
expression, we have previously established that p65 phosphor-
ylation-deficient forms are driving transcription in a cis-acting
element-specific context (22). Here, we investigated whether
the kB site preference of hypo-phosphorylated p65 mutants
was also reflected in binding to endogenous gene promoters.
Because the location and DNA sequence of functional «B sites
has not been established for the majority of genes analyzed in
this study, we restricted our analysis to selected genes of each
induction group whose kB sites were functionally characterized
and compared their annotated DNA sequences (Fig. 4).
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FIGURE 3. Protein expression levels of three selected genes as observed
by FACS analysis after 3 h of TNF treatment. Untreated or 3-h TNF-treated
retrovirally transduced p65 WT and mutant bEND.3 cells were processed for
FACS analysis as described under “Experimental Procedures.” Data represent
mean = S.E. (n = 3), calculated relative to the mean of unstimulated, pooled
controls.
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FIGURE 4. Relation of mRNA expression of two selected genes from each
group to their promoter kB consensus sequences. The sequences of deca-
meric kB sites for the tested genes (Cc/20 (38), Icam1 (39), Selp (40), Cxcl2 (41),
Vcam1 (42), Cxcl10 (43), H2-k1 (44), and Nfkbie (45)) and their position relative
to the translational start site are listed. Sequences for each group were sub-
jected to a sequence conservation analysis using the tool WebLogo (46),
where the relative height of letters corresponds to the relative frequency of
bases at each position.

We found that the group affiliation of genes was largely dic-
tated by the composition of the 5" half-sites of the kB consensus
sequence. The more guanines located in the N terminus of the
KB site, the less the expression of the tested gene was suscepti-
ble to p65 Ser-to-Ala mutations. Whereas kB-binding sites in
group I had preference for thymidine or maximal two guanines
atthe 5’ end, group I and III consensus sites were characterized
by three or more guanine residues. The highest conservation
was observed in group III with all but one B site featuring four
to five guanine residues at the 5’ end. In addition, all 5" half-sites
of group III genes were entirely composed of purines, a feature
not as prevalent in kB sites of group I and II genes. The 3’
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half-site showed higher homology spanning all groups with
sites featuring two cytosines at the 3’ end preceded by two
pyrimidines. In general, group I kB elements were found to be
more diverse, whereas group II sites were similar, differing only
in maximal two-base substitutions. Group III showed the high-
esthomology with Cxcl10site 2 and H2-k1, as well as H2-kI and
Nfkbie kB elements being identical except for a one-base shift.

In summary, we confirm that differential p65 phosphoryla-
tion directs NF-kB activity to particular subsets of genes. The
transcriptional specificity of NF-«B p65 phospho-mutants is
thereby, as suggested previously (22), dictated by the structure
of the kB element in the promoter of respective genes.

Impaired p65 Phosphorylation Mutant Gene Expression Is
Caused by Defective p65 and p-RNAP II Promoter Recruitment—
Next, we investigated whether differential DNA-binding prop-
erties could account for differential transcriptional activities of
p65 mutants by performing ChIP with a p65-specific antibody
from resting, 0.5, and 3 h TNF-stimulated p65 knockdown,
WT, or mutant-expressing bEND.3 cells. Maximal p65 binding
was achieved after 0.5 h TNF stimulation for all p65 variants
regardless of the expression profile of the corresponding gene
(Fig. 5, left panel). p65 binding to gene promoters in group I was
apparent for p65 WT but was markedly reduced for all p65
mutants (Fig. 5, left panel). This is in concordance with the
observed gene expression patterns for p65 Ser-205, Ser-276,
and Ser-281 mutants but is surprising for p65 S311A, which
showed transcriptional activity comparable with the WT pro-
tein. Within group II, p65 S205A, S276A, and S311A were sim-
ilarly recruited to the promoter as p65 WT, whereas p65 S281A
DNA binding was impaired (Fig. 5, left panel). This suggests
that reduced expression of group II genes in p65 S276A cells is
not solely mediated by reduced p65 DNA binding, while the
inability of the S281A mutant to be efficiently recruited to the
promoter correlated well with its reduced transcriptional activ-
ity. In group III, promoter binding profiles of all p65 proteins
were equal (Fig. 5, left panel), reflecting the observed mRNA
expression patterns of genes belonging to this group.

Because mRNA expression patterns of some genes could not
be explained by p65 DNA binding properties alone, we next
examined the levels of promoter-bound p-RNAP II, thought to
be indicative for transcriptionally active genes (Fig. 5, right
panel) (32). Similarly to p65, p-RNAP II reached maximum
binding at 0.5 h after TNF addition on most promoters, but
recruitment was sustained at Vcam 1, Cxcl10, H2-k1, and Nfkbie
promoters. We found that the p65 Ser-311 mutant was more
efficiently recruiting p-RNAP II to promoters of genes in group
I than the other mutants, which could account for the high
mRNA induction levels despite lower p65 binding. Other than
that, p-RNAP II binding profiles matched the ones for p65 in
groups I and III; however, in group II this was not the case.
Binding of p-RNAP II to group II promoters was especially
impaired with p65 Ser-276 mutants despite the presence of p65,
providing a possible explanation for the deficit in transcription
of group II genes in S276A cells. In summary, we find that inhi-
bition of p65 phosphorylation influences NF-kB-dependent
gene expression by altering p65 and in some cases also p-RNAP
II promoter recruitment.
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FIGURE 5. NF-«B p65 and p-RNAP Il promoter binding. ChIP analysis was
carried out by RT-PCR in p65 WT and mutant-expressing bEND.3 cells left
untreated or treated with 10 ng/ml TNF for 0.5 and 3 h. Chromatin was iso-
lated, and DNA was immunoprecipitated with p65 and p-RNAP Il antibodies.
Data are represented as mean = S.E. (n = 3).

p65 Mutant-dependent Impairment of Groups I and Il Gene
Expression Is Caused by Different p65 and p-RNAP II Promoter
Binding Dynamics—W e calculated the ratio of promoter bound
p-RNAP II to bound p65 WT and mutants for each regulatory
group. Thereby we found that in groups I and III relative
p-RNAP II to p65 ratios were equal for all p65 proteins (Fig. 6),
indicating that p65 completely dictates the binding of p-RNAP
II to cognate DNA sequences in these groups. Therefore, the
reduced expression of genes in group I is a result of low p65
DNA binding capability of Ser to Ala mutants, which subse-
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FIGURE 6. p-RNAP Il promoter binding expressed as ratio to p65 pro-
moter binding. ChIP data obtained from Cc/20, Icam]1, Selp, Cxcl2, Vcam1,
Cxcl10, H2-k1, and Nfkbie promoter sites were used to determine the ratio of
promoter-bound p-RNAP Il to p65 in the three regulatory groups. Higher y
values signify relatively more bound p-RNAP Il than p65.

quently leads to less recruitment of p-RNAP II. Similarly, all
p65 mutants are tethered to group I1I promoters as efficiently as
WT p65 leading to efficient p-RNAP II recruitment and gene
transcription. In contrast, in group II, ratios of bound p-RNAP
II compared with p65 were different for p65 WT and mutants
(Fig. 6). In more detail, p-RNAP II to p65 binding ratios were
highest for p65 WT, followed by p65 S311A, S205A, S276A, and
S281A. This suggests that whereas p65 mutants are able to bind
to gene promoters of this group, they fail to efficiently recruit
p-RNAP II. As reflected by the higher p-RNAP II to p65 ratios,
more p-RNAP II is required to initiate transcription in this
group in comparison to the others. In conclusion, p65 mutant
transcriptional impairment is dependent on the regulatory
group either caused by deficient p65 promoter binding alone or
by a combination of reduced p65 and p-RNAP II DNA binding.

DISCUSSION

Inducible phosphorylation of the NF-kB p65 subunit plays an
important role in shaping the potential of nuclear NF-«B to
drive transcription. However, it has not been clearly deter-
mined what gene subsets are regulated by different phosphor-
ylation events. Thus, in this study we examined the conse-
quences of impaired p65 phosphorylation at previously
identified phosphorylated serines 205, 276, 281, and 311 on the
expression of a larger group of NF-kB-dependent genes.

We found that inhibition of p65 phosphorylation at Ser-205,
Ser-276, and Ser-281 severely impaired the transcription of
many tested genes after TNF stimulation (Fig. 2), establishing
the importance of these functional sites for enabling pro-in-
flammatory responses. Our finding is in line with earlier obser-
vations where fibroblasts isolated from p65 S276A knock-in
mice displayed a significant reduction of NF-«B-dependent
transcription after TNF addition (23). At the same time, we
showed previously that mutation of p65 at Ser-205, Ser-276,
and Ser-281 phospho-acceptor sites impairs gene expression
after LPS/IFNy stimulation (22). In contrast to the clearly
reduced transcriptional activity of p65 mutants carrying ala-
nine substitutions at positions 205, 276, and 281, inhibition of
p65 phosphorylation at position 311 only led to a minor reduc-
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tion of mRNA levels of some NF-«B target genes. In support of
our data, Ser-311 phosphorylation was not essential for p65
transcriptional activity in an NF-«B-dependent reporter assay
(22), and so far decreased mRNA expression as a result of p65
S311A mutation was only reported for the I/-6 gene (10). Taken
together with data from this study, where solely Cxc/5 mRNA
expression was decreased by more than 50% in p65 S311A cells,
it seems possible that Ser-311 phosphorylation is only needed
for transcription of a minority of NF-«kB-dependent genes.

NF-«B transcriptional activity is regulated at multiple levels,
and phosphorylation of the NF-«B dimer may influence every
stage of the activation cascade. First, stimulus-induced degra-
dation of IkB proteins leads to nuclear import of active NF-«B
dimers. In Drosophila, it has been shown that this step is sup-
ported by phosphorylation of the p65-homolog Dorsal involv-
ing Ser-317 (corresponding to mammalian p65 Ser-281) (18);
however, we could not detect such a function in mammalian
cells. Despite the tendencies of cells expressing S205A, S276A,
and S281A to have higher basal nuclear p65 levels, nuclear
translocation after 30 min of TNF exposure was not different
from p65 WT and S311A-expressing cell pools. Whereas p65
WT and S311A followed the classical wave of nuclear import
and export after TNF stimulation, p65 S205A, S276A, and
S281A were retained in the nucleus (Fig. 1, Band C). This defect
was attributed earlier to lower IkBa levels in these cells due to
insufficient Nfkbia synthesis (19). In contrast to Nfkbia, we
show here that Nfkbie expression is not dependent on p65 phos-
phorylation status, providing a possible explanation why TNF
inducibility is maintained in phosphoserine mutant cells
despite the lack of IkBa. The nuclear persistence of p65
mutants did not result in transcriptional activation of the
majority of target genes (Fig. 2), further confirming that NF-«B
nuclear localization alone is insufficient to initiate the tran-
scriptional program.

Second, dimer composition can dictate the preference of a
homo- or heterodimer to bind certain cis-elements (33).
Although not addressed in this study, we have previously shown
that the composition of NF-«kB complexes was not influenced
by the absence of RHD phospho-acceptor sites when p65 was
expressed in fibroblasts (22). It is therefore unlikely that differ-
ences in NF-«kB dimer formation could account for the
observed changes in gene transcription.

Third, NF-«B DNA binding itself and the associated recruit-
ment of components of the basal transcriptional machinery as
well as of co-activators to gene promoters are prerequisites for
efficient target gene expression. As suggested by earlier studies,
we found that irrespective of the location of the phospho-site,
the effects of phosphorylation deficiency on NF-«B-controlled
transcription are gene-dependent. This implies that p65 serine
phosphorylation in the RHD exerts its effect on gene regulation
downstream of IkBa degradation and nuclear import, poten-
tially by directly interfering with promoter-associated tran-
scriptional events. This is also supported by the fact that LPS/
IFNy and TNF stimulation result in the same regulatory
pattern of gene expression (22, 23). Indeed, we found that the
altered transcriptional potential of p65 phospho-mutants is a
consequence of impaired p65 and p-RNAP II promoter binding
to specific gene promoter regions, dictated by the nature of the
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kB enhancer element (Figs. 4 and 5). It has been shown earlier
that phosphorylation of p65 is favorable for its DNA binding, as
treatment with phosphatases strongly reduced TNF-induced
NE-«B DNA binding activity, whereas addition of protein
kinase A (PKA) enhanced its promoter association (34). In con-
trast, inhibition of p65 phosphorylation by dominant negative
protein kinase C resulted in loss of NF-«B transcriptional activ-
ity without interfering with its DNA binding (35). Conflicting
observations have also been reported for specific phospho-ac-
ceptor sites. Although inhibition of PKA-induced recombinant
p65 phosphorylation at Ser-276 decreased NF-«B DNA binding
affinity in vitro (11), kinase inhibition affecting Ser-276 phos-
phorylation did not alter NF-kB DNA binding as tested by
EMSA in another study (36). Comparably, p65 isolated from
TNE- or LPS-stimulated S276A knock-in cells had a similar
DNA binding profile as p65 WT (23). While p65 S205A and
S311A exhibited unchanged DNA binding capacity when com-
pared with p65 WT, blockage of p65 Ser-281 phosphorylation
did have a negative impact on NF-kB DNA complex formation
in nuclear extracts obtained from fibroblasts (10, 22). There-
fore, it seems dependent on the phospho-acceptor site and the
gene studied whether p65 phosphorylation contributes to its
DNA binding. Indeed, dependent on the gene induction group,
we found differences in the p65 mutant DNA binding activity.
Whereas p65 mutants were unable to bind kB consensus sites of
group I genes, they were readily tethered to promoters of group
II genes (Fig. 5), indicating that the transcriptional deficit in
group II was caused by an inability of bound p65 to efficiently
recruit phosphorylated RNAP II, rather than by p65 mutant
DNA-binding deficiency. Also, we show that the expression of
approximately one-third of all genes tested is unaffected by dif-
ferential p65 phosphorylation (Fig. 2, group III), again suggest-
ing that phosphorylation of p65 is not necessary for NF-«B
DNA binding to all gene promoters.

The molecular mechanism for the promoter-specific NF-«B
activity of differentially phosphorylated p65 remains elusive.
Recently, we found that p65 S205A, S276A, and S281A phos-
pho-mutants are, in contrast to p65 WT and S311A, highly
ubiquitinated and that nuclear localization of these mutantsis a
prerequisite for ubiquitination (31). Importantly, ubiquitin per-
manently attached to the N-terminal end of p65 down-regu-
lated NF-kB transcriptional activity in a gene-specific fashion
similar to p65 hypo-phosphorylation (31). Although the indica-
tion is only correlative, this may suggest that ubiquitination is
involved in the processes leading to p65 phospho-mutant tran-
scriptional deficiency. We have shown earlier that the gene-
specific effects of p65 mutants also apply to linear isolated kB
sequences (22), which do not resemble the complex nature of
endogenous gene promoters; hence, it is unlikely that histone-
related promoter remodeling or interaction with other tran-
scription factor-binding sites is involved. Indeed, from our data
shown here, it seems certain that p65 hypo-phosphorylation
results in NF-«B transcriptional impairment by altering DNA
binding or p-RNAP II recruitment depending on the DNA
sequence of the binding site. The findings are supportive of the
important role of the kB DNA consensus sequence not only in
recruiting NF-kB but also in the build up of a productive tran-
scriptional initiation complex as shown previously (37).

JOURNAL OF BIOLOGICAL CHEMISTRY 291



p65 Phosphorylation and NF-kB Transcriptional Specificity

Taken together, our study underlines the importance of site-

specific p65 phosphorylation in the RHD for regulation of pro-
inflammatory gene expression. Unlike its association with IkB
proteins, which equally affects the expression of all NF-kB-de-
pendent genes, differential p65 phosphorylation exerts its
effects in a gene-specific manner, by having profound effects on
the ability of NF-«B to bind to some kB enhancer elements but
not to others.
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