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NF-kappaB repressing factor (NRF) is a nuclear tran-
scription factor that binds to a specific DNA sequence
in NF-kappaB target promoters. Previous reports sug-
gested that NRF interferes with the transcriptional ac-
tivity of NF-kappaB binding sites through a direct
interaction with NF-kappaB subunits. The aim of this
study was to map specific NRF binding domains in the
NF-kappaB proteins, p65 and p50. Our data demon-
strate that NRF is able to interact with the p65 subunit
and inhibit its transcription enhancing activity in re-
porter gene experiments. Using tandem affinity purifi-
cations (TAP), we show that NRF protein significantly
binds to the endogenous p65, subunit but not to the p50
subunit. The selective binding activity of the NRF pro-
tein is consistently mediated by the N-terminal domain
of NRF (Amino acids 1-380). Moreover, the Rel hom-
ology domain (RHD) of p65 is sufficient for binding to
the N-terminal domain of NRF. Using detailed peptide
mapping studies, we finally identify three peptide motifs
in p65 RHD showing distinctive binding specificities for
the NRF protein. According to the predicted structure
of p65, all three peptide motifs align within an exposed
region of p65 and might hint at promising targets for
inhibitors.

Keywords: NF-kappaB/NRF /peptide array/
protein—protein interaction/transcriptional
regulation.

Abbreviations: CBP, calmodulin binding peptide;
CREB, cAMP response element binding protein;
HDACI, histone deacetylase 1; IFN-b, interferon
beta; IL-1, Interleukin-1; IL-8, Interleukin-8; iNOS,
inducible nitric oxide synthase; NRE, negative
regulatory element; NRF, NF-kappaB repressing
factor; PMA, phorbol 12-myristate 13-acetate; PPI,
protein—protein interaction; RHD, Rel homology
domain; TAD, transcription activation domain; TAP,
tandem affinity purification; TEV, tobacco etch virus;
TFIID, transcription factor IID.

The family of NF-kappaB transcription factors re-
sponds to diverse cell stimuli by activating the expres-
sion of stress response genes. Multiple signals,
including cytokines and bacterial and viral products,
induce NF-kappaB transcriptional activity (/). Five
polypeptides, p50, p65, c-Rel, p52 and RelB, constitute
the entire NF-kappaB family, and these proteins share
an N-terminal Rel homology domain (RHD). The
RHD consists of an N-terminal folded domain of
160—210 amino acids, a short flexible linker of ~10
amino acids and a C-terminal folded domain roughly
spanning 100 (2). All NF-kappaB subunits can form
various homo- and hetero-dimer combinations via
their RHDs. Theoretically, the formation of 15
homo- and heterodimers is possible from the five
NF-kappaB subunits (3); however, only 12 could be
identified in vivo (2). The predominant form is the
p65-p50 heterodimer, which assembles with a signifi-
cantly greater stability than either of the respective
p50-p50 or p65-p65 homodimers (4). The positions
Asp-256 and Tyr-269 in p50 symmetrically associate
with positions Asn-200 and Phe-213, respectively, in
p65 and stabilize the heterodimer through hydrogen
bonds at the interface (2). Besides dimerization, the
RHD is responsible for sequence-specific DNA bind-
ing and nuclear localization as well as interaction with
the inhibitors of kappaB proteins (IkappaBs) (5). Only
three NF-kappaB subunits, p65, c-Rel and RelB, con-
tain a transcription activation domain (TAD) border-
ing their RHD domains at the C-terminal end. The
TAD is responsible for the transcriptional activation
of NF-kappaB target genes. Consequently, NF-
kappaB dimers that possess at least one of these sub-
units can act as transcriptional activators (6).
NF-kappaB repressing factor (NRF) is a nuclear
transcription factor that is constitutively expressed in
variable amounts in all human tissues (7). Using an
inducible NRF antisense expression approach in
human epithelial cells, NRF was implicated in the
basal silencing of NF-kappaB target genes, including
interferon beta (IFN-b) and inducible nitric oxide syn-
thase (iNOS) (7). Additional studies on HIV-1 long
terminal repeat (LTR) and Interleukin-8 (IL-8) pro-
moters revealed that NRF is also required for transcrip-
tional activation upon specific stimulation with phorbol
12-myristate 13-acetate (PMA) or Interleukin-1 (IL-1)
(8, 9). It was therefore suggested that endogenous
NREF plays a dual role in gene transcription in concert
with other accessory co-factors. Detailed characteriza-
tion of NRF revealed that the N-terminal domain of
NRF, spanning amino acids 1-296, inhibits the tran-
scriptional activity of NF-kappaB binding sites in
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reporter gene experiments (7). Recently, down-
regulation of NRF was associated with elevated NF-
kappaB activity in cystic fibrosis and pancreatic cancer
(10, 11). Here, we report that NRF exclusively inter-
acts with the NF-kappaB subunit p65. Additionally,
we define three NRF-binding peptide sequences in
p65 RHD close to the p50 interaction domain.

Material and Methods

Plasmid constructions

p65 and pLexA expression plasmids were described
earlier (7). The Ndel/BamHI fragment of the p65 ex-
pression plasmid was removed to create the (p65RHD)
expression plasmid. The vector pLexA-p65 was con-
structed by transferring a HindIII/EcoRI fragment
encoding LexA from pLexA into the p65 plasmid.
The reporter plasmid pL6NLuc was derived from
pL6 (7). After the insertion of the NRF binding site
(NRE) next to the LexA site in this vector, the CAT
reporter gene was replaced by firefly luciferase from
pTA-Luc (Clontech) using the Pvul/EcoRI sites.
NRF-TAP expression plasmids were described previ-
ously (72). Expression plasmids pNRF(1-380) and
pNRF(1—-690) carrying NRF and linker sequences were
obtained by inserting stop codons in the corresponding
TAP vectors. The control vector pRL-Tk was obtained
from Promega. The NRF-Strep expression plasmid
(pEXPR-NRF-Strep) was created by the insertion of
a Pvul/blunted BamHI fragment encoding full length
NRF from NRF(1-690)TAP into pEXPR-IBA103
(IBA). For additional controls of the peptide mapping
experiments, the vectors pEXPR-IBA105 (IBA) and
pEXPR-JKTBP1 (/3) were used to express the strep
tag and Strep-JKTBPI1 in vitro, respectively.

In vitro expression of proteins
The NRF-Strep expression plasmid (pEXPR-NRF-
Strep) as well as the control vectors pEXPR-IBA105
and pEXPR-JKTBPI1 were added to the in vitro ex-
pression kit TNT obtained from Promega to express
NRF-Strep and control proteins. The reactions were
performed according to manufacturer’s instructions.
The pNRF(1—690)TAP and p65 expression plasmids
were added to the in vitro expression kit TNT obtained
from Promega together with [*>SJmethionine to express
radioactive proteins. The reactions and the determin-
ation of protein concentration were performed accord-
ing to manufacturer’s instructions. The radioactive
labelled proteins served as standards for protein con-
centration in TAP experiments.

Peptide mapping

The p65 RHD peptide arrays were generated by the
SPOT-synthesis technique, as described earlier (/4).
Briefly, peptides were synthesized on an amino-
functionalized cellulose membrane using Fmoc/
tert-butyl chemistry. The spots consist of ~5nmol of
each peptide (/5). For the binding assays, the peptide
arrays were blocked overnight at room temperature
with blocking buffer consisting of 2x blocking buffer
concentrate (Sigma-Genosys Inc., #B6429) and 5%
(w/v) sucrose in TBS-T [0.02M sodium phosphate
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buffer with 0.15M sodium chloride (pH 7), 0.05%
Tween 20]. Approximately 1 pg of NRF-Strep protein
in blocking buffer was added to p65 RHD peptide
arrays for 4h at room temperature. Next, the arrays
were washed with a 10-fold volume of TBS-T three
times and then incubated with AP-conjugated strepta-
vidin (Calbiochem, #189732). Finally, a chemilumines-
cence reaction (Biorad, #170-5018) was performed to
detect the bound fraction of NRF-Strep protein.

Cell lines and transfection

HeLa (CCL-2, LGC Promochem) cells were main-
tained in DMEM with 5% FCS. For reporter assays,
the cells were transfected by calcium phosphate copreci-
pitation (/6). A total of 6 g of reporter and expression
plasmids together with 0.5ug of a Renilla expression
plasmid were transfected per 7.5x10% cells. After
48 h, the cells were harvested and pooled for reporter
gene assays. Firefly and Renilla luciferase activities
were determined using the Dual-Luciferase reporter
system (Promega Corporation) as described in the
manufacturer’s protocol. Luciferase activity was mea-
sured in a Lumat LB 9501 luminometer (Berthold).
For TAP-purification, HelLa cells were transfected
with indicated NRFTAP expression plasmids by cal-
cium phosphate precipitation.

TAP purification

The TAP purification was performed as described (/7)
with the following modifications. Hela cells were
transfected with either TAP or NRF—TAP fusion pro-
tein- encoding plasmids. Forty-eight hours later, the
cells were stimulated with IL-1 (10ng/ml) for 3h
were indicated. Approximately 10°® cells were lysed in
buffer A [10 mM HEPES/KOH (pH 7.9), 10 mM KCl,
1.5mM MgCl,, SmM DTT, 0.1% Nonidet P-40,
0.3mM Na3VO;, 20mM glycerol-2-phosphate, 10 uM
protease inhibitor E64, 2.5pg/ml leupeptin, 0.3 mM
PMSF, 1puM pepstatin, 400uM okadaic acid
(pH 7.9)]. Equal aliquots of cellular extracts were
used for Western blot analysis using o-p65 antibody
or a-p50 antibody (sc8008, sc8414, Santa Cruz Bio-
technology) and peroxidase antiperoxidase soluble
complex antibody produced in rabbit (PAP, Sigma-
Aldrich) to confirm equal expression of TAP fusion
proteins. Equal amounts of cellular extracts were incu-
bated with IgG-agarose (Sigma-Aldrich Inc., Munich,
Germany) in salt-adjusted buffer A (150 mM NacCl) at
4°C overnight to bind TAP-tagged proteins. Following
three washing steps with wash buffer [I0mM Tris
(pH 8.0), 150mM NacCl and 0.1% Nonidet P-40], the
binding of TAP fusion proteins to equal aliquots of
IgG-agarose (10%) was examined by western blot ana-
lysis using peroxidase anti-peroxidase soluble complex
antibody produced in rabbit (PAP, Sigma-Aldrich).
Complexes were released from IgG-agarose by
TEV-protease (30 U; Invitrogen Life Technologies) in
TEV buffer [10mM Tris—HCI (pH 8.0); 150 mM
NaCl, 0.1% Nonidet P-40, 1mM DTT, 0.5mM
EDTA, 1 uM protease inhibitor E64]. Complexes con-
taining calmodulin binding peptide (CBP)-tagged pro-
teins were immobilized on a calmodulin affinity resin
(Stratagene) for 4h at 4°C. Complexes were washed
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five times with CBP buffer [S0 mM Tris—HCI (pH 8.0);
150mM NaCl, I mM Mg-acetate, 1 mM imidazole,
10 mM 2-ME, 2mM CacCl,]. Finally, 20 ul of gel load-
ing buffer (9) was added to the bound protein com-
plexes and incubated for 10 min at 65°C. The samples
were subjected to SDS gel electrophoresis together
with protein concentration standards (9). Western
blot analysis was performed using a mouse monoclo-
nal antibody against p65 (sc8008) or p50 (sc8414) and
secondary goat anti-mouse antibody (sc2005) from
Santa Cruz Biotechnology. The dissociation constant
K4 for NRF and p65 in TAP experiments was esti-
mated according to the equation described for immo-
bilized proteins earlier (/8). The concentrations of
NRF-TAP and p65 in input and bound fractions
were estimated using densitometric analysis of protein
standards and detected signals.

Western blot analysis

Western blots were performed as described earlier (9).
TAP fusion proteins were detected using peroxidase
anti-peroxidase soluble complex antibody produced
in rabbit (PAP, Sigma-Aldrich). Antibodies against
p65 (sc8008) and pS5S0 (sc8414) were obtained from
Santa Cruz Biotechnology.

Results

Reporter gene analysis demonstrates the functional
interaction of p65 and NRF

We have previously shown that NRF represses the
transcriptional activity of NF-kappaB binding sites
(7), which can theoretically bind the 12 known differ-
ent sets of NF-kappaB dimers. Here, we first at-
tempted to characterize the functional interaction of
p65 and NRF in Hela cells. Therefore, we used the
reporter plasmid pL6NLuc, comprising firefly lucifer-
ase coding sequences under the control of a DNA-
binding element for the Escherichia coli LexA protein
(LexA) and the NRF binding sequence from the
human IL-8 promoter [negative regulatory element
(NRE)]. This reporter was transfected into HelLa
cells together with a constitutively active Renilla luci-
ferase expression vector as an internal transfection
control. Additionally, the pLexA-p65 vector encoding
a fusion protein of the N-terminal LexA DNA binding
domain and the C-terminal full-length p65 protein was
transfected. As shown in Fig. 1, the LexA-p65 fusion
protein leads to transcriptional activation of the re-
porter and significantly high expression of firefly luci-
ferase. Additional expression of two different NRF
proteins spanning amino acids 1-380 [pNRF(1-380)]
or amino acids 1—690 [pNRF(1—-690)] clearly decreases
the firefly luciferase reporter gene expression. We
observed slight differences in inhibition between
NRF(1-380) and NRF(1-690). This might be based
on the previously reported partial nucleolar localiza-
tion of overexpressed NRF(1—690) (/9), which might
constrain its mobility and transcriptional activity.
Nevertheless, full-length NRF and its N-terminal
domain are both able to inhibit the transcriptional
enhancing activity of the LexA-p65 protein.

NRF binding motifs within NF-kappaB p65
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Fig. 1 NREF inhibits the transcriptional activity of p65 protein. A
schematic diagram of the transfected vectors is shown at the top of
diagram. pLexA-p65 contains an MPSV promoter (MPSV) as well
as the coding sequences of the LexA DNA binding domain and the
p65 full length protein. pL6NLuc encodes firefly luciferase as a re-
porter gene. Its expression is controlled by a LexA site, containing
six LexA binding motifs, and a NRF binding site (NRE).
Additionally, NRF-encoding plasmids pNRF(1-380) and
pNRF(1-690) were transfected. pRL-Tk served as an internal con-
trol comprising a thymidine kinase promoter (Tk) and the Renilla
luciferase gene (Renilla Luc). HeLa cells were transfected with the
vectors pLexA-p65, pL6NLuc, internal control vector pRL-Tk and
pNRF(1-380) or pNRF(1—690), where indicated. Two days after
transfection, the cells were harvested and the luciferase activities
were determined. Firefly luciferase activities were compared to the
corresponding Renilla luciferase activities to calculate the relative
firefly luciferase activity, shown here as the mean + SD of three
transfection experiments. The relative firefly luciferase activity of
cells transfected with pL6NLuc and pLexA-p65 was set to 1.

NRF does not bind p50 in vivo

To study the specificity of NRF and p65 interaction in
cells, we used NRF—tandem affinity purification
(TAP) fusion proteins (Fig. 2A). This TAP tag involves
two affinity tags, CBP and IgG binding domains of
protein A, separated by a specific tobacco etch virus
(TEV) protease cleavage site. The two consecutive af-
finity purification steps provide a more stringent puri-
fication of interacting proteins compared to a single
step procedure (/7). Three different NRF-TAP
fusion proteins as well as the TAP tag alone were tran-
siently expressed in HeLa cells. NRF(1—690)TAP is com-
posed of the NRF full-length protein and the C-terminal
TAP tag. Fusion proteins NRF(1-380)TAP and
NRF(1-149)TAP contain NRF amino acids 1-380
and 1-149, respectively. These mutants were initially
constructed based on an isolated partial cDNA coding
for amino acids 1—380 or by using a single restriction
site (EcoRI) present in the NRF coding sequence
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Fig. 2 NRF binds to endogenous p65 but not to p50. (A) HeLa cells
were transfected with equal amounts of expression plasmids encod-
ing NRF1-690TAP, NRF1-380TAP, NRF1—-149TAP or TAP tag
alone. Two days after transfection, the cells were stimulated with
IL-1 (10 ng/ml) for 3 h where indicated. Cellular extracts were pre-
pared, and the amount of p65 and p50 was detected by Western blot
(Supplementary Fig. S1). Next, equal aliquots of the cellular extracts
were incubated with IgG-agarose. After several washing steps, 10%
of the bound fraction of the TAP fusion proteins was monitored by
western blot (Supplementary Fig. S1). Following TEV digestion and
the subsequent second purification step, the amounts of p65 and p50
were monitored by western blotting and marked as bound p65 and
p50. (B) HeLa cells were transfected with equal amounts of expres-
sion plasmids encoding NRF1-380TAP, with either p65 or p65
RHD. TAP analysis and detection were performed as described in
section (A). Western Blot analysis of total NRFTAP, total p65
proteins and bound p65 proteins is shown and proteins are indicated
by arrows.

(amino acids 1—149). Thus, NRF(1—149)TAP contains
a nuclear localization signal (NLS) but lacks the DNA
binding domain that is present in NRF(1-380)TAP
(7). Finally, cellular extracts were first tested for equal
amounts of p65 or p50 as a control (Supplementary
Fig. S1, total p65 or p50) and subjected to TAP
analysis later. Cellular lysates were incubated with
IgG-agarose for the first step of purification.
Following several wash steps, the samples were tested
for an equal level of bound TAP fusion protein by
western blot analysis (Supplementary Fig. S1, total
TAP fusion proteins). IgG-agarose was then incubated
with TEV to split off the bound protein A domains.
For the second purification step, the supernatants were
added to calmodulin beads. Finally, the amounts of
the transcription factors p65 and p50 were detected
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in each bound protein fraction by western blot analysis
(Fig. 2A). The data show that NRFI1-690TAP and
NRF1-380TAP are able to interact with the endogen-
ous p65 protein (Fig. 2A, p65 bound). The amount of
NRF1-690TAP and p65 proteins in input and bound
fractions was estimated using radioactive labelled
NRF1-690TAP and p65 protein standards. Based on
the estimated concentrations, we calculate a dissoci-
ation constant of 107® M for NRF1-690TAP and
p65 proteins (data not shown). In comparison,
NRF1-149TAP and the TAP tag fail to bind to p65.
Strikingly, p50 barely binds to either NRF1-690TAP
or NRF1-380TAP fusion proteins. NRF and p65 were
previously found to be involved in the transcriptional
activation of the IL-8 promoter upon IL-1 stimulation
(8). Therefore, we analysed whether IL-1 treatment
might affect the interaction of p65 or p50 with NRF.
Importantly, upon IL-1 treatment of cells (Fig. 2A,
+IL-1), the endogenous p65 shows a lower binding
affinity to NRF. However, p50 fails to bind to NRF
either before or during IL-1 stimulation. Thus, inde-
pendent of IL-1 stimulation, NRF seems to specifically
interact with the p65 but not the p50 subunit in vivo.

NRF (1—-380) interacts with p65 RHD in vivo

To assess the binding of p65 RHD to the N-terminal
domain of NRF, we cotransfected the NRF1-380TAP
expression vector and the full-length p65 or truncated
p65 RHD expression vectors into HeLa cells (Fig. 2B).
The equal expression of NRF1-380TAP fusion protein
was tested by western blot analysis. The p65 antibody
is a mouse monoclonal antibody raised against amino
acids 1—286 of human p65 that detects the endogenous
and overexpressed p65 as well as the p65 RHD in cel-
lular lysates (Fig. 2B; total). TAP experiments reveal
that overexpressed p65, endogenous p65 and the trun-
cated p65 RHD bind to amino acids 1-380 of NRF
(Fig. 2B; bound). This is in agreement with the previ-
ous observation that a short central domain of NRF
(amino acids 204—308) binds to p65 RHD (/2). The
presence of p65 RHD in cellular extracts leads to ap-
parent decrease of p65 binding to NRF (Fig. 2B,
bound). This might be due to a preferential formation
of p65 to p65 RHD heterodimers with a possible lower
affinity to NRF. On the other hand, the signal inten-
sities of p65 and p65 RHD strongly depend on the
antibody binding affinity and the blotting characteris-
tics of each single protein as well. Therefore, it is rather
difficult to estimate and compare the NRF binding
affinities of p65 and p65 RHD in these experiments.

NRF-Strep binds to three short domains in p65 RHD

We used the previously described SPOT technique (20)
to identify the p65 RHD amino acid sequences binding
to NRF. In this approach, 15-mer peptides derived
from the p65 RHD sequence were chemically synthe-
sized by the SPOT method (27) and immobilized on a
cellulose membrane. As shown in Fig. 3A, adjacent
peptides share a common sequence of 12 amino acids
but differ by 3 amino acids at the C- or N-terminal
ends. Rabbit reticulocyte lysates (RRL) were used to
rapidly express a relatively high concentration
(120nM) of the NRF-Strep fusion protein compared
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A spot peptide sequence
1 IMDELFPLIFPAEPAQ'S
2 ‘LFPLIFPAEPAQASG!®
3 "LIFPAEPAQASGPYV?!
4 PAEPAQASGPYVEII?*
B
Spots Control
1 @
26
51
76 M
RRL
1 &
26
51
76 &
NRF-Strep
199
Spots
1 -
26
51
76

246

274

Fig. 3 Mapping of NRF binding sequence in p65 RHD. (A) The design of the array of 15-mer peptides corresponding to the p65 RHD protein
sequences is shown. The superscripted numbers in the amino acid sequences correspond to p65 amino acids. (B) NRF-Strep fusion protein was
expressed in rabbit reticulocyte lysates (RRL) and was incubated with the peptide array. The membrane was washed three times, and the binding
of NRF-Strep protein was detected by streptavidin and subsequent chemiluminescence reaction (NRF-Strep). The first spot of each lane is
indicated at the left. As controls, the peptide array after incubation with streptavidin alone (control) and after incubation with RRL lacking
NRF-Strep and streptavidin (RRL) is presented. Three peptide motifs were identified after incubation with NRF-Strep and are indicated by the
frames. The amino acid boundaries of each motif corresponding to the amino acids of the p65 RHD protein sequence are indicated at the top

and bottom of the array.

to cell culture expression systems. Fusion of a
C-terminal Strep tag to the NRF coding sequence
allows specific detection of NRF protein bound to
15-mer peptides by streptavidin. Figure 3B shows
that NRF-Strep fusion protein binds to three distinct
peptide motifs (Fig. 3B, NRF-Strep). As a control,
incubation with streptavidin without (Fig. 3B, control)
or with RRL lacking NRF-Strep protein (Fig. 3B,
RRL) revealed barely detectable background signals.
We performed additional control experiments using
the strep tag or Strep-JKTBP1 (/3), and they showed
no significant affinity to the p65 peptide spots
(Supplementary Fig. S2). Together, this indicates that
the NRF-Strep protein binds predominantly to 3
amino acid motifs corresponding to p65 amino acids
85—114 (motif 1), 199—246 (motif 2) and 274—309
(motif 3) respectively. Motifs 1 and 3 represent short
protein domains spanning 30 and 35 amino acids,

respectively. Motif 2 with 47 amino acidsresidues
reaches over a relatively large central part of p65.

Further analysis of p65 RHD amino acidsmotifs

We performed additional peptide array experiments to
further refine the mapping of the NRF binding domain
in p65. The results in Fig. 3 indicate that motif 1 has a
lower binding affinity to NRF protein compared to
motifs 2 and 3. For Motif 1, we used a sizing approach
that allows for the successive downsizing of binding
sequences. As shown in Fig. 4A, 8- to 15-mer peptides
corresponding to motif 1 were immobilized on a cellu-
lose membrane. The stepwise single amino acids exten-
sion of the peptide length from 8§ to 15 amino
acids allows the precise mapping of a minimal binding
motif. Adjacent peptides share an expanding common
sequence from 7 to 14 amino acids but differ by a
single amino acid at the C- or N-terminal ends.
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A 81 PPHRPHPHELVGKDCRDGFYEAELCPDRCIHSFQ 114

spot peptide sequence

peptide length

1 88HELVGKDC®® 8 aa
2 89ELVGKDCR®® 8 aa
3 90,VGKDCRD®’ 8 aa
21 87PHELVGKDC?®S 9 aa
22 88HELVGKDCR®® 9 aa
23 89ELVGKDCRD®? 9 aa
42 8SHPHELVGKDC®S 10 aa
43 87PHELVGKDCR®® 10 aa
44 88HELVGKDCRD®? 10 aa
B
spots NRF-Strep peptide length
1 8-9 aa
26 9-10 aa
51 10-11 aa
76 11-12 aa
101 12-13 aa
126 13-14 aa
151 14-15 aa
176 15 aa

Fig. 4 Analysis of peptide motif 1 by a sizing approach. (A) The design of the array composed of peptides with varying sequence length is
presented. The peptides are derived from p65 RHD amino acids 81—114. The superscripted numbers in amino acid sequences correspond to p65
RHD amino acids. (B) NRF-Strep protein was incubated with the peptide array and detected as described in the legend of Fig. 3B. Different
peptide lengths are indicated by arrows on the membrane and on the right. Additionally, the first spot of each lane is indicated on the left.

The binding procedure was performed as described
above. The control shows no affinity to streptavidin
(Supplementary Fig. S3A). Following densitometric
analysis, the signal intensities were classified into four
groups: background, weak, strong and very strong
signals (Supplementary Fig. S4). Accordingly, we se-
arched for peptide sequences that predominantly occur
in spots showing strong and very strong signals. The
amino acid motif YEAELCPD (amino acids 100—107)
was present in 36 spots of the peptides, mainly showing
strong and very strong signals (72%). Moreover, a
higher number of positive spots contained the core se-
quence AELC. For instance, motifs AELCPD lacking
the first or YEAELC lacking the last two amino acids
were found in 68 spots (Supplementary Fig. S4). Thus,
we believe that the YEAELCPD motif might be
involved in the NRF-p65 interaction.

For Motif 2, we used another approach to isolate a
possible binding motif for NRF. Based on the length
of Motif 2, we expected two separated binding motifs.
In this case, the length of the immobilized peptides was
kept constant. As depicted in Fig. 5A, adjacent pep-
tides share a common sequence of 14 amino acids but
differ by a single amino acid at C- and N-terminal
ends. The binding procedure was performed as de-
scribed above. Again, no positive signals were obtained
with streptavidin (Supplementary Fig. S3B). Strikingly,
NRF-Strep binds to all immobilized peptides but re-
veals a significantly higher signal intensity with
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peptides containing the C-terminal end of motif 2
(Fig. 5B). Therefore, we suggest that amino acids
224—-246 might be involved in the binding of p65 to
NRF-Strep protein.

In Fig. 3, motif 3 (amino acids 274—309) shows the
strongest affinity to NRF-Strep. For further isolation
of interacting amino acids, we used an alanine scan
approach. Therefore, 15-mer peptides corresponding
to motif 3 were synthesized and immobilized on a
single array. As shown in Fig. 6A, adjacent peptides
differ by a single amino acid substitution by alanine.
The first 16 peptides correspond to amino acids
274—288 of p65. Following a blank spot, the next 16
peptides correspond to amino acidsa 277291 of p65,
and each carry a single alanine substitution. Following
the binding procedure, all peptides are able to bind to
NREF-Strep (Fig. 6B). Note that blank spots contain no
peptides as an additional control, and the control spots
show negligibly low background binding of streptavi-
din (Supplementary Fig. S3C). We performed a densi-
tometric analysis of the detected signals (summarized
in Supplementary Figure S5). Although none of the
amino acid exchanges to alanine cause a complete loss
of NRF-Strep binding, several exchanges significantly
decrease the signal intensity. The most prominent re-
duction was detected after substitution of glutamic acid
279 with alanine (E279A). Glutamic acid is negatively
charged and located at an exposed position within a
loop structure in p65 RHD (Fig. 7B). Therefore, it is
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A 199 VNRNSGSCLGGDEIFLLCDKVQKEDIEVYFTGPGWEARGSFSQADVHR 246
spot peptide sequence

1 199YNRNSGSCLGGDEIF?13
2 200NRNSGSCLGGDEIFL2
3 201RNSGSCLGGDEIFLL2S

B

Spots NRF-Strep

1 EBRe el Pe0eeNe
26 »

Fig. 5 Peptide scan of motif 2. (A) The setup of the array of 15-mer peptides corresponding to p65 RHD amino acids 199—246 is shown. The
superscripted numbers in amino acid sequences correspond to p65 RHD amino acids. (B) NRF-Strep protein was incubated with the peptide
array and detected as described in the legend of Fig. 3B. The first spot of each lane is indicated on the left.

A 274 RPSDRELSEPMEFQYLPDTDDRHRIEEKRKRTY 306
spot peptide sequence
1 274RPSDRELSEPMEFQY?8®
2 274pAPSDRELSEPMEFQY288
3 274RASDRELSEPMEFQY?8®
4 274RPADRELSEPMEFQY?8®

18 277DRELSEPMEFQYLPD?°*
19 277 ARELSEPMEFQYLPD?%*
20 277 DAELSEPMEFQYLPD?%!
21 277DRALSEPMEFQYLPD?%t
B NRF-Strep
spots

Fig. 6 Alanine scan of motif 3. (A) The design of the 15-mer peptide
array corresponding to p65 RHD amino acids 274—306 is shown.
The superscripted numbers in the amino acid sequences correspond
to p65 amino acids. (B) NRF-Strep protein was incubated with the
peptide array and detected as described in the legend of Fig. 3B. The
first spot of each lane is indicated at the left.

conceivable that the substitution of glutamic acid with
the neutral amino acid alanine can affect the binding of
NRF-Strep to this motif.

Taken together, we have identified three peptide se-
quences in p65 RHD with distinctive binding affinities
for NRF protein. Thus, these peptides might represent
the anticipated sites of NRF-p65 interaction and can
possibly be used as small interfering peptides.

Discussion

Protein—protein interactions (PPIs) are the fundamen-
tal basis for many crucial regulatory networks, and
mapping PPIs at every scale is the key to identifying
new targets for therapeutic strategies. We have previ-
ously reported that NRF directly interacts with

NF-kappaB p65 protein to regulate the IL-8 gene in
human epithelial cells (8, 72). Recently, NRF was
implicated in aberrant NF-kappaB activity in cystic
fibrosis and pancreatic cancer, the latter being one of
the most lethal and treatment-resistant forms of cancer
(10, 11). Thus, mapping NRF and NF-kappaB inter-
actions may lead to new strategies for therapeutic
intervention against these diseases.

In general, different sets of NF-kappaB homo- and
heterodimers are able to bind to the NF-kappaB DNA
binding consensus sequence (GGGRNNYYCC) (22).
X-ray structure analysis of the NF-kappaB consen-
sus sequence in complex with NF-kappaB homo- and
hetero-dimers revealed that two subunits are required
to encircle the target DNA (p50/p65 heterodimer,
Fig. 7B) (23). The LexA reporter assay in our study
monitors LexA-p65 transcription activity independ-
ent of its binding to the NF-kappaB consensus se-
quence. The assembly of LexA-p65 proteins led to a
significant increase 1in reporter gene expression.
According to previous reports, this is based on the
p65 TAD (24). Full-length NRF or the N-terminal
domain of NRF (1-380) interferes with the transcrip-
tional activity of LexA-p65 TAD. This is in agreement
with our previous reports showing that NRF in-
hibits the transcription-enhancing activity of adjacent
NF-kappaB binding elements (8, /2). Furthermore,
the TAP co-purification experiments in Fig. 2 confirm
a selective interaction between NRF—TAP and p65
in cellular extracts that contain both p65 and p50 sub-
units in excess (Supplementary Fig. S1). A negli-
gible amount of p50 was rarely detected in the bound
fraction, which might be due to a partial co-
purification of p50 by binding to p65. Nevertheless, a
direct interaction between p50 and NRF seems very
unlikely.

Previously, NRF was shown to differentially act on
the activation of the IL-8 gene by NF-kappaB upon
IL-1 stimulation in human epithelial cells (8, 10, 11).
Our data indicate that the binding of p65 to NRF is
attenuated upon IL-1 stimulation. Therefore, we
suggest that the differential regulation of the IL-8 pro-
moter in IL-1 stimulated cells might be at least par-
tially due to the disparate mode of NRF and p65
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l\ p65 16 ASGPYVEIIE QPKQRGMRFR YKCEGRSAGS IPGRRSTDTT KTHPTIKING YTGPGTVRIS
p50 40 ADGPYLQILE QPKQRGFRFR YVCEGPSHGG LPGASSEKNK KSYPQVKICN YVGPAKVIVQ
* kkk  k * * kkk k Kk kkk  * * ok Kk * kk ok

Khkkkkk *kk

Motif 1

p65 76 LVTKDPPHRP HPHELVGKDC RDGFYEAELC PDRCIHSFQN LGIQCVKKRD LEQAISQRIQ
p50 100 LVTNGKNIHL HAHSLVGKHC EDGICTVTAG PKDMVVGFAN LGILHVTKKK VFETLEARMT
* kK * k kkkk Kk k¥ * * ok kkk Kk ok *

P65 136 T----NNNP- ---------- ——---

———————————— FQV PIEEQRGDYD LNAVRLCFQV

p50 160 EACIRGYNPG LLVHPDLAYL QAEGGGDRQL GDREKELIRQ AALQQTKEMD LSVVRLMFTA
*k * * ok

*kk *

p65 164 TVRDPSGR-P LRLPPVLSHP IFDNRAPNTA ELKICRVNRN SGSCLGGDEI FLLCDKVQKE
p50 220 FLPDSTGSFT RRLEPVVSDA IYDSKAPNAS NLKIVRMDRT AGCVTGGEEI YLLCDKVQKD
*  * *k Kk ok * ok kkk CE T *h Kk REKKKKKK

Motif 2

p65 223 DIEVYF---- -TGPGWEARG SFSQADVHRQ VAIVFRTPPY ADPSLQAPVR VSMQLRRPSD
p50 280 DIQIRFYEEE ENGGVWEGFG DFSPTDVHRQ FAIVFKTPKY KDINITKPAS VFVQLRRKSD
*k * *  kk ok * *kkk K * * *  kkkk k*

Motif 3

kkkk hk *

p65 278 RELSEPMEFQ YLPDTDDRHR IEEKRKRTYE TF 309
p50 340 LETSEPKPFL YYPEIKDKEE VQRKRQKLMP NF 369
*k

* kkk * * * *

motif 2

p65 RHD

motif 1

p50 RHD

Fig. 7 NRF interacting motifs in p65 RHD sequence and structure. (A) The comparison of the p65 RHD (NP_068810.3) and p5S0 RHD
(NP_003989.2) sequences is shown. The alignment was performed using the blastp tool at http://www.ncbi.nlm.nih.gov/. Homologous amino
acids are indicated with an asterisk. NRF binding motifs are highlighted in grey. Amino acid E279 is indicated by an arrow at the bottom.
(B) The protein structure of the p65 RHD-pS0 RHD complex bound to DNA (PDB ID: 2I9T) is presented using PyMol software (32).

The three NRF binding motifs in p65 RHD are depicted and indicated by arrows. Amino acid E279 is highlighted in purple and indicated

by an arrow. The N- and C-terminus of each protein is indicated as well.

interaction or to IL-1 mediated phosphorylation of
p65 as reported earlier (25).

Further characterization of the NRF binding domain
reveals that p65 RHD is able to bind to the N-terminal
domain of NRF. In addition, we utilized a set of dif-
ferent antibodies including histone deacetylase 1
(HDACT) (23), cAMP response element binding pro-
tein (CREB) binding protein (26) and transcription
factor IID (TFIID) (27) to examine the binding of a
variety of p65 binding co-factors to NRF. However,
none of these cellular co-factors were able to bind to
the NRF—TAP fusion protein (data not shown). Thus,
p65 remains the only known transcription factor that
binds to NRF so far.

Previous studies have shown that p65 and p50 pro-
teins interact via their RHDs sharing 41% sequence
homology (Fig. 7A). Together with the data presented
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here, we suggest that p65 RHD is able to bind to both
NRF and p50. Notably, NRF and p50 reveal no sig-
nificant sequence homology. Thus, it is tempting to
speculate that both p50 and NRF bind to different se-
quence motifs in p65 RHD. In fact, the slight co-
purification of p50 together with p65 bound to NRF
(in Fig. 2A) might hint at a potential common complex
of p50, p65 and NRF, the existence of which remains
to be proven experimentally.

The further isolation of NRF binding domains in
p65 protein reveals three distinct peptide motifs
within the RHD. Motif 1 is exclusively found in p65
RHD and not in p50 RHD; it seems to be highly spe-
cific for NRF binding. The 72% of peptides containing
this motif strongly bind NRF. Importantly, the 51 pep-
tides that were missing the entire or part of motif 1 in
this experiment failed to bind NRF protein. In
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comparison, motif 2 spans 23 amino acids, and its
C-terminal domain (amino acids 224—246) has an es-
pecially strong binding affinity for NRF protein.
Although we cannot explore a core sequence in motif
2, we find an exceptional gap of 5 amino acid residues
in this motif by comparison of p50 and p65 RHDs.
Thus, these additional residues might be responsible
for the selective binding of NRF. Motif 3 shows the
highest binding activity for NRF and seems to interact
with NRF over its entire length. Only a single muta-
tion, E279A, could significantly reduce the binding of
NRF, down to 30% (Supplementary Fig. S5).

X-ray structures of individual NF-kappaB dimers
revealed a new mode of DNA recognition wherein a
dimer composed of RHDs intimately contacts the
major groove of the NF-kappaB target DNA sequence
(28, 29). We aligned the three identified NRF binding
motifs in the predicted structure for the p65 RHD/p50
RHD dimer (23). Most importantly, we find the entire
length of all three motifs on the surface of the p65
protein in complex with p50 RHD and DNA
(Fig. 7B and Supplementary Fig. S6). Interestingly,
the N-terminal region of motif 2 contains amino acid
residues 200 and 213, which approach p50 RHD to
form a p50/p65 heterodimer. Although NRF shows
an average binding to the N-terminal tail of motif 2,
we believe that the binding of NRF to p65 might at
least affect the formation of p50/p65 heterodimers.
However, extensive studies will be required to confirm
this hypothesis. Given that elevated p65 activity has a
causative function in inflammation and transformation
(30, 31), the identified motifs might be valuable targets
for new therapeutics.

Supplementary Data

Supplementary Data are available at JB Online.
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