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Introduction
The Notch signaling pathway is an evolutionarily conserved,
intracellular signaling mechanism that plays a key role in the
determination of cell fate, differentiation, adult cell self-renewal,
cancer, neurodegenerative disease, wound healing and inflammation
(Bray, 2006; Hurlbut et al., 2007). Upon receipt of extracellular
signals mediated via the binding of specific ligands – Jagged and
Delta – the intracellular domain of Notch (Notch-IC) is released
by proteolytic cleavage (Brou et al., 2000; Lieber et al., 2002;
Mumm et al., 2000). This process triggers the γ-secretase-dependent
proteolytic release of the Notch-IC from the membrane, and induces
the nuclear translocation of Notch-IC, resulting in the formation of
a complex with the CSL family [CBF1/RBP-Jk/KBF2 in mammals,
Su(H) in Drosophila and Xenopus, and Lag2 in Caenorhabditis
elegans] (De Strooper et al., 1999; Gordadze et al., 2001; Iso et al.,
2002; Iso et al., 2001; Kao et al., 1998). In the absence of Notch-
IC, CSL binds to co-repressors such as SKIP, SMRT, CoR and
HDAC, thus inhibiting transcription of target genes. Notch-IC
displaces the co-repressors, recruits co-activator complexes –
including Lag3 and/or Mastermind, p300 and/or CBP, and P/CAF
and/or GCN5 – and activates CSL-dependent transcription (Mumm

and Kopan, 2000). Notch1-IC interacts with RBP-Jk/Su(H)
primarily through the RAM domain, a sequence that is located N-
terminally to the ankyrin repeats, resulting in the activation of target
gene transcription (Tamura et al., 1995). Several downstream
targets of Notch signaling have also been identified, including the
Enhancer of split [E(spl)] complex genes, and the mammalian
homologs of the Hairy and E(spl) genes, Hes1 and Hes5 (de la
Pompa et al., 1997; Jarriault et al., 1995). After the transcriptional
regulation of the target genes, Notch1-IC is degraded in the nucleus
by the ubiquitin-proteasome system, with the aid of Fbw7, an E3
ligase for the ubiquitylation of Notch1-IC (Gupta-Rossi et al., 2001;
Hubbard et al., 1997; Oberg et al., 2001; Wu et al., 2001).

Bacterial LPS is a major constituent of the cell walls of Gram-
negative bacteria. The release of LPS from the bacterial cell walls
into the blood circulation of the host causes the activation of immune
cells, resulting in the production of cytokines such as TNFα and
interleukins, as well as nitric oxide (NO) (Gross et al., 1993; Nakano
et al., 1993). NO is a crucial molecular signal that exerts both
physiological and pathological functions (Benhar et al., 2006; Bredt
and Snyder, 1992; Gaston et al., 2006; Lipton et al., 2007;
Lowenstein and Snyder, 1992; Nakamura et al., 2007; Nakamura

The Notch signaling pathway appears to perform an important
function in inflammation. Here, we present evidence to suggest
that lipopolysaccharide (LPS) suppresses Notch signaling via
the direct modification of Notch by the nitration of tyrosine
residues in macrophages. In the RAW264.7 macrophage cell line
and in rat primary alveolar macrophages, LPS was found to
inhibit Notch1 intracellular domain (Notch1-IC) transcription
activity, which could then be rescued by treatment with N(G)-
nitro-l-arginine, a nitric oxide synthase (NOS) inhibitor. Nitric
oxide (NO), which was produced in cells that stably express
endothelial NOS (eNOS) and brain NOS (bNOS), also induced
the inhibition of Notch1 signaling. The NO-induced inhibition
of Notch1 signaling remained unchanged after treatment with
1H-[1,2,4]oxadiazolo[4,3-alpha]quinoxalin-1-one (ODQ), a
guanylyl-cyclase inhibitor, and was not found to be mimicked
by 8-bromo-cyclic GMP in the primary alveolar macrophages.
With regards to the control of Notch signaling, NO appears to

have a significant negative influence, via the nitration of Notch1-
IC, on the binding that occurs between Notch1-IC and RBP-
Jk, both in vitro and in vivo. By intrinsic fluorescence, we also
determined that nitration could mediate conformational
changes of Notch1-IC. The substitution of phenylalanine for
tyrosine at residue 1905 in Notch1-IC abolished the nitration
of Notch1-IC by LPS. Overall, our data suggest that an
important relationship exists between LPS-mediated
inflammation and the Notch1 signaling pathway, and that this
relationship intimately involves the nitration of Notch1-IC
tyrosine residues.
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and Lipton, 2007; Satoh and Lipton, 2007; Snyder, 1992). One of
the most concentrated recent studies regarding NO was undertaken
in order to identify the functions of nitration of the sulfhydryl
group(s) of cysteine and/or tyrosine residue(s), with regards to the
modulation of protein function (Broillet, 1999; Lane et al., 2001;
Martinez-Ruiz and Lamas, 2004). The evaluation of nitrated
proteins on cysteine revealed a degenerate consensus sequence
x[K/R/H]C[D/E], but the nitration of tyrosine is a phenomenon that
has yet to be fully elucidated (Stamler et al., 1997). The nitration
of tyrosine residues has been identified in several proteins, including
Mn superoxide dismutase (MnSOD), low-density lipoprotein
(LDL), prostacyclin synthase, SERCa2a, succinyl coA:3-oxoacid
CoA transferase, actin, tyrosine hydroxylase and surfactant protein
A (Chantler and Gratzer, 1975; Greis et al., 1996; Ischiropoulos et
al., 1992; Leeuwenburgh et al., 1997; MacMillan-Crow and
Thompson, 1999; Marcondes et al., 2001; Park et al., 2003; Viner
et al., 1996; Zou et al., 1997). A recent report raised the possibility
that the Notch signaling cascade might be regulated by NO via the
nitration of tyrosine residues (Kanski et al., 2005). Despite these
observations, the precise mechanisms underlying the connection
between these two signaling pathways remain to be accurately
delineated.

In our current study, we determined that the activation of Notch1
can be suppressed by LPS via the nitration of tyrosine residues in
rat alveolar macrophages. In particular, the NO-mediated nitration
of Notch1-protein tyrosine residues is linked to conformational
changes. To our knowledge, this is the first study to pinpoint the
relationship that exists between Notch1 and the LPS signaling
pathway in inflammation.

Results
LPS, via NO, suppresses Notch1-IC transcriptional activity in
macrophage cells
In order to characterize the effects of LPS on the activity of Notch1,
we assessed the degree to which the active form of Notch1 (Notch1-
IC) induced transcriptional activity (Saxena et al., 2001). When cells
were treated with LPS, the transcriptional activity of Notch1-IC
was suppressed, and this effect occurred in a dose-dependent manner
(Fig. 1A). The expression of Notch1-IC was discovered to
significantly induce the activation of the 4�CSL-Luc reporter
system in the RAW264.7 macrophage cell line (Fig. 1B). When we
treated cells with 5 μM of LPS, the Notch1-IC-mediated 4�CSL
transcriptional activity was suppressed to a substantial degree (Fig.
1B). The basic helix-loop-helix (bHLH) proteins Hes1 and Hes5,
the genes of which both harbor multiple RBP-Jk-binding DNA
sequences on their promoter, were identified as essential targets of
Notch (Ohtsuka et al., 1999). Therefore, we confirmed the effects
of LPS on the Notch1 signaling pathway using the Hes1 and Hes5
reporter systems, respectively. The expression of Notch1-IC
significantly induced the activation of the Hes1 and Hes5 reporter
systems (Fig. 1C,D). Treatment with LPS was observed to inhibit
Notch1-IC-induced natural Hes1 and Hes5 promoter transcriptional
activity (Fig. 1C,D) and protein expression (Fig. 1E). We also
confirmed the protein expression level with other proteins regulated
by NO. Coinciding with previous reports (Asayama et al., 1985;
Faris et al., 1998; Kasibhatla et al., 1998; Masuda et al., 1988; Shiki
et al., 1987), the protein induction of Mn-SOD and CD95L were
effectively suppressed by NO (Fig. 1E).

In order to determine the actual role in which inducible nitric
oxide synthase (iNOS) is involved in the suppression of Notch1,
RAW264.7 or alveolar macrophage cells were pre-exposed to nitro-

L-arginine (L-NNA; a general inhibitor of NOS) or L-N6-(1-
Iminoethyl)-lysine (L-NIL; a specific inhibitor of iNOS) prior to
LPS treatment, and we then measured the quantity of NO (Fig.
2A-D) and of Notch1-IC-mediated transcriptional activity (Fig. 2E-
H) in those cells.

Both inhibitors completely suppressed increases in NO
production in the RAW264.7 and alveolar macrophage cells
stimulated by LPS (Fig. 2A-D). Upon treatment with the NOS
inhibitor, Notch1-IC transcriptional activity was restored,
suggesting that iNOS is directly involved in the generation of NO
and the inhibition of Notch1 signaling (Fig. 2E,G). Furthermore,
we attempted to determine the role of iNOS in the suppression of
Notch1-IC activity, using primary cultured alveolar macrophages
from rats. We found a similar result, in which NOS-inhibitor
treatment rescued the LPS-induced suppression of Notch1-IC
activity (Fig. 2F,H). In addition, western blot analysis revealed
that Notch1-IC transfection increased the steady-state levels of
Hes1 and Hes5 proteins, which are the products of the genes

Fig. 1. LPS inhibits Notch1 transcriptional activity. (A) RAW264.7 cells were
transfected for 24 hours with the expression vector for 4�CSL-Luc and
Notch1-IC, along with lacZ, and then exposed to the indicated amount of LPS
for 24 hours. (B-D) RAW264.7 cells transfected for 24 hours with the
indicated combinations of expression vector for 4�CSL-Luc (B), Hes1-Luc
(C) or Hes5-Luc (D) and Notch1-IC along with lacZ, and then exposed to
5 μg/ml LPS for 24 hours. The cells were then lysed and assayed for luciferase
activity. The activity of the luciferase reporter in each of the samples was then
normalized according to the β-galactosidase activity measured in the same
sample. (E) The cell lysates were also subjected to immunoblotting analysis
with the anti-Hes1 or anti-Hes5 antibody (top panels). THP-1 cells were
treated with IL-1 (5 ng/ml) for 16 hours (middle panel). Jurkat T cells were
exposed to UV light (60 J/m2) (bottom panel). The cells were then treated with
200 μM SNAP for 8 hours. The cell lysates were subjected to immunoblotting
analysis with the anti-Mn-SOD or anti-CD95L antibody. These results
represent the means ± average deviation of triplicates from one of three
independent experiments. 
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involved in signaling downstream of Notch; however, LPS
attenuated their expression (Fig. 2I,J). Furthermore, NOS-inhibitor
treatment restored the LPS-induced suppression of Hes1 and Hes5
expression (Fig. 2I,J). In order to investigate the possible role of
NO in the suppression of endogenous Notch1 transcription activity,
we conducted a series of formaldehyde-crosslinked chromatin
immunoprecipitation (ChIP) experiments. First, we measured the
presence of endogenous NO in the RAW264.7 and alveolar
macrophage cells. Our data indicated the efficient and selective
formaldehyde crosslinking of Notch1-IC with RBP-Jk and the
Hes1 or Hes5 promoter regions, to activate their gene expression
(Fig. 2K,L). Intriguingly, we observed the dissociation of the
Notch1-IC and RBP-Jk complex from the formaldehyde
crosslinking when in the presence of NO, thereby demonstrating
that NO inhibits the binding of Notch1-IC and RBP-Jk
transcriptional complexes to a specific target chromosomal
sequence, thus affecting the regulation of Notch1-IC–RBP-Jk-
dependent transcription. Next, we investigated the effects of NO
on ectopically expressed Notch1-IC and RBP-Jk in HEK293,
HEK293-neo and HEK293-bNOS cells. Transduction with
Notch1-IC and RBP-Jk significantly increased binding on the Hes1
promoter; however, exogenous and endogenous NO significantly
inhibited their binding (Fig. 2M,N).

Exogenous and endogenous NO prevents Notch1-IC
transcriptional activity
In order to explore the effects of NO on Notch activity in another
cell line, we attempted to characterize Notch1-IC-induced
transcriptional activity in the presence of an exogenous NO donor.
The expression of Notch1-IC significantly induced the activation
of the 4�CSL-Luc, Hes1-Luc and Hes5-Luc reporter systems in
NIH3T3 cells. Coinciding with Fig. 1, the exogenous NO generators
blocked Notch1-IC transcriptional activity, and Hes1 and Hes5
induction (Fig. 3A). Furthermore, NAP had no effect on Notch1-
IC transcriptional activity or Hes1 and Hes5 induction (Fig. 3B),

Fig. 2. LPS suppresses Notch1-IC transcriptional activity through
NO in macrophage cells. (A-H) RAW264.7 (A,C,E,G) or alveolar
macrophage (B,D,F,H) cells were transfected for 24 hours with the
indicated combinations of expression vector for 4�CSL-Luc with
Notch1-IC along with lacZ. (A-J) The cells were pre-treated with
100 μM L-NIL (A,B,E,F) or 2 mM L-NNA (C,D,G,H,I,J) for 30
minutes and then exposed to 5 μg/ml LPS for 24 hours. (A-D) NO
released into the culture medium was then determined by the Griess
method and represents nitrate+nitrite formation per 1�106 cells.
(E-H) Cells were lysed and assayed for luciferase activity. The
activity of the luciferase reporter in each of the samples was then
normalized according to the β-galactosidase activity measured in the
same sample. These results represent the means ± average deviation
of triplicates from one of three independent experiments. (I,J) The
cell lysates were also subjected to immunoblotting analysis with
anti-Hes1 or anti-Hes5 antibody. (K,L) RAW264.7 or alveolar
macrophage cells were pre-treated with 2 mM L-NNA for 30
minutes and then exposed to 5 μg/ml LPS for 24 hours.
(M) HEK293 cells were transfected with expression vector for
Notch1-IC and RBP-Jk. The cells were then treated with 200 μM
SNAP for 8 hours. (N) HEK293-neo or HEK293-bNOS cells were
transfected with expression vector for Notch1-IC and RBP-Jk. The
cells were pre-treated with 2 mM L-NNA for 30 minutes and then
exposed to 20 mM L-Arg for 16 hours. The cells were crosslinked
with formaldehyde and DNA was immunoprecipitated with the
indicated antibodies. The immunoprecipitated DNA was analyzed by
PCR using primers recognizing the Hes1 or Hes5 promoters. As a
negative control, we also tested a sample with vehicle only and pre-
immune IgG, and included an input sample.
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1469Negative regulation of Notch signaling by LPS

thereby suggesting that NO acts as a negative
regulator of the Notch signaling pathway.

The next key issue involved whether
endogenous NO, by eNOS and bNOS, was
sufficient for the suppression of Notch1 activity.
In order to address the effects of endogenous NO
on Notch1, we used three cell lines that stably
express vector: control (HEK293-neo), eNOS
(HEK293-eNOS), and bNOS (HEK293-bNOS)
(Fig. 3C) (Kim et al., 1997). The HEK293-neo
cells did not generate endogenous NO when they
were exposed to N(G)-nitro-l-arginine (L-Arg)
(Fig. 3C) (Kim et al., 1997). The HEK293-eNOS
and HEK293-bNOS cells were also exposed to
L-Arg to induce an elevation in NO production
(~5.5-7 μM/106 cells). The elevated level of NO
in the stable cell line was quite similar to that of
iNOS-induced NO generation in inflammation
(7.5 μM/106 cells) (Fig. 3C) (Kim et al., 1997).

In the vector-only stable cell line, Notch1-IC-
mediated transcriptional activity was not
suppressed as a result of the endogenous NO
induced by L-Arg treatment (Fig. 3D). However,
in HEK293-eNOS and HEK293-bNOS cells, endogenously
generated NO inhibited the Notch1-IC transcription activities of
both cell lines (Fig. 3D). These data strongly indicate that
endogenous NO is crucial in the suppression of Notch1 signaling.
In order to determine the actual manner in which NOS is involved
in the suppression of Notch1, the cells were pre-exposed to L-
NNA (an L-Arg structural analog and specific inhibitor of NOS)
prior to L-Arg treatment, and we then measured the transcriptional
activity in those cells (Fig. 3D). Upon treatment with the NOS
inhibitor, Notch1-IC transcriptional activity was restored,
suggesting that NOS is directly involved in the generation of NO
and the inhibition of Notch1 signaling (Fig. 3D). We also
conducted the processing of the constitutive active form of
Notch1 (ΔEN1) in the presence of endogenous NO. ΔEN1
cleavage and the steady-state level of Notch1-IC protein did not
appear to be influenced by NO, suggesting that endogenously

generated NO does not regulate Notch1 proteolytic processing
(Fig. 3E).

NO-mediated cyclic GMP signaling is not involved in the
suppression of Notch signaling
NO signaling is converted into cyclic guanosine-3�,5�-
monophosphate (cGMP) generation via binding to the soluble form
of guanylyl cyclase (sGC). Guanylyl cyclases are enzymes that
convert guanosine-5�-triphosphate (GTP) to cGMP, which functions
as a second messenger and appears to participate in the regulation
of a variety of signaling cascades (Bellamy and Garthwaite, 2002).
Thus, the next key issue concerned whether or not cGMP was indeed
necessary for the facilitation of Notch signaling suppression by LPS.
The transcriptional activity induced by Notch1-IC is not recovered
as a result of ODQ (a blocker of soluble guanylyl cyclase) (Hussain
et al., 1997) treatment, thereby suggesting that guanylyl cyclase did

Fig. 3. NO modulates Notch transcriptional activity.
(A,B) NIH3T3 cells were transfected for 40 hours with
the indicated combinations of expression vector for
4�CSL-Luc, Hes1-Luc or Hes5-Luc and Notch1-IC along
with lacZ. The cells were then treated with 200 μM
SNAP (A) or 200 μM NAP (B) for 8 hours. The cell
lysates were subjected to immunoblotting analysis with
the anti-Hes1 or anti-Hes5 antibody. (C,D) HEK293-neo,
-eNOS or -bNOS cells were transfected for 32 hours with
4�CSL-Luc and Notch1-IC along with lacZ. The cells
were pre-treated with 2 mM L-NNA for 1 hour and then
exposed to 20 mM L-Arg for 16 hours. (C) NO released
into the culture medium was determined by the Griess
method and represents nitrate+nitrite formation per
1�106 cells. (D) Cells were lysed and assayed for
luciferase activity. The activity of the luciferase reporter
in each of the samples was then normalized according to
the β-galactosidase activity measured in the same sample.
These results represent the means ± average deviation of
triplicates from one of three independent experiments.
(E) HEK293-neo, HEK293-eNOS and HEK293-bNOS
cells were transfected with expression vector for ΔEN1
and then exposed to 20 mM L-Arg for 16 hours. The cell
lysates were subjected to immunoblotting analysis with
the anti-V1744 antibody.
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not play an important role in the suppression of Notch1 signaling
in the alveolar macrophages (Fig. 4A). The alveolar macrophage
cells that expressed Notch1-IC and the luciferase reporter system
were also exposed to 8-Bromo-cGMP. In this case, we determined
that there were no significant differences in the control of Notch1-
IC transcription activity (Fig. 4A). These results indicate that cGMP,
which is generated by guanylyl cyclase, does not play any significant
role in the suppression of Notch1 signaling in macrophages. In
NIH3T3 cells, which are exogenous NO generators, S-nitro-N-
acetyl-penicillamine (SNAP)-induced suppression of Notch activity
was not restored as a result of ODQ treatment. Also, 8-Bromo-
cGMP did not influence Notch activity (Fig. 4B), suggesting that
guanylyl cyclase was not involved in the suppression of Notch
signaling by LPS.

NO has no effect on the subcellular localization of Notch1-IC
and RBP-Jk
We investigated the subcellular location of endogenous Notch1 and
RBP-Jk within the RAW264.7 cells via immunofluorescence. In a
previous report, EDTA treatment facilitated Notch1 processing,
thereby increasing Notch1-IC activity (Rand et al., 2000). As shown
in supplementary material Fig. S1, Notch1-IC immunoreactivity was
localized mainly in the nuclei in the absence of LPS treatment.
However, when the cells were exposed to exogenous LPS and/or
L-NNA, Notch1-IC subcellular localization did not change
substantially, suggesting that NO does not significantly regulate the
Notch signaling pathway via the disruption of the cellular
distribution of Notch1-IC. Similarly, we determined that the cellular
localization of RBP-Jk also remained largely unchanged. This would
appear to suggest that NO has no significant effect on Notch1-IC
and RBP-Jk cellular localization.

NO prevents Notch1-IC–RBP-Jk physical interaction both in
vitro and in vivo
Next, we demonstrated the effects of NO on the binding of Notch1-
IC and RBP-Jk in intact cells. Here, HEK293 cells were transiently
transfected with Myc–Notch1-IC and Flag–RBP-Jk. After 48 hours,
we treated the cells with exogenous NO for 8 hours, and then
assessed the affinity with which these two proteins bound to one
another (Fig. 5A). We evaluated the physical association between
Notch1-IC and RBP-Jk in immunocomplexes that were collected
using anti-Flag antibody. In the presence of exogenous NO, the
association between Notch1-IC and RBP-Jk was severely disrupted
as compared with that observed in the vehicle-treated control,
suggesting that NO might perform a crucial function in Notch1-
IC–RBP-Jk interaction (Fig. 5A). Conversely, under conditions
identical to those depicted in Fig. 5A, we analyzed the
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immunocomplexes that had been precipitated against anti-Flag
antibody. The immunocomplexes from the NO-treated cells had
lower degrees of Notch1-IC–RBP-Jk binding affinity than that
witnessed in the vehicle-treated control (Fig. 5B). Our results
indicate that NO, at least in part, is somehow involved in Notch
signaling, via the disruption of the Notch1-IC–RBP-Jk transcription
complex. In order to further ascertain whether NO plays a negative
role in Notch1-IC–RBP-Jk binding in vitro, we added NO to the
Notch1-IC–RBP-Jk immunocomplexes in vitro. In the presence of
NO, the interaction between Notch1-IC and RBP-Jk was suppressed
as compared with that observed in the absence of NO treatment
(Fig. 5C,D). The interaction between glutathione-S-transferase
(GST)–Notch1-IC and RBP-Jk was confirmed on bead complexes
in the absence of exogenous NO. The formation of the GST–RBP-
Jk and Notch1-IC complex was suppressed substantially as a result
of NO treatment in vitro (Fig. 5E).

We then examined LPS-induced suppression of Notch1-IC–RBP-
Jk interaction in RAW264.7 cells. The functional association
between Notch1-IC and RBP-Jk was suppressed by LPS and
restored by L-NNA treatment (Fig. 5F). Furthermore, we attempted
to determine the in vivo inhibition of complex formation between
Notch1-IC and RBP-Jk using rat alveolar macrophages. When rats
are exposed to LPS through tail vein injection, NO generation is
robustly increased in alveolar macrophages. Thus, we isolated the
alveolar macrophages from LPS-injected rats (Park et al., 2000),
and then performed in vivo coimmunoprecipitation using Notch1-
IC recognition antibody. LPS treatment suppressed the functional
association between Notch1-IC and RBP-Jk (Fig. 5G). Next, we
evaluated the formation of the complex, in order to define more
precisely the role of NO in the negative regulation of Notch1-
IC–RBP-Jk–Mastermind-mediated signaling. Remarkably, the
formation of the Notch1-IC–RBP-Jk–Mastermind complex was
prevented in the presence of NO, suggesting that NO might play a
crucial role with regards to the downregulation of Notch1-IC-
mediated transcription activity, by disrupting the formation of the
active complex (Fig. 5H).

In vivo nitration of Notch1-IC and nitration-induced
conformational change
We then attempted to determine whether NO directly affects the
Notch1–RBP-Jk complex via nitration. Therefore, we introduced
anti-nitrotyrosine- or anti-nitrocystein-specific antibodies, in an
attempt to characterize the modification of Notch1. Interestingly,
nitrated Notch1-IC was detected by western blotting using the anti-
nitrotyrosine antibody (Fig. 6A). Furthermore, to determine the
mechanism of Notch1-IC inhibition by NO, we performed the
titration of reactive thiol group(s) in the cysteine residues of Notch1-

Fig. 4. NO-mediated cyclic GMP signaling is not involved
in the suppression of Notch signaling. (A) NIH3T3 cells
were transfected with the 4�CSL-Luc promoter,
plus/minus Notch1-IC, along with lacZ. The cells were pre-
treated with 100 μM ODQ for 1 hour prior to treatment
with 200 μM SNAP, or were exposed to 100 μM 8-Bromo-
cGMP for 8 hours. (B) Rat primary alveolar macrophage
cells were transfected for 24 hours with the indicated
combinations of expression vector for 4�CSL-Luc and
Notch1-IC along with lacZ. The cells were pre-treated with
100 μM ODQ for 1 hour prior to treatment with exposure
to 5 μg/ml LPS for 24 hours, or were exposed to 100 μM
8-Bromo-cGMP for 24 hours. The cells were lysed and
assayed for luciferase activity. The activity of the luciferase reporter in each of the samples was then normalized according to the β-galactosidase activity measured
in the same sample. These results represent the means ± average deviation of triplicates from one of three independent experiments.
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IC with 55�-dithiobis-(2-nitrobenzoic acid) (DTNB). We observed
that the cysteine residues of Notch1-IC had no reactivity with NO
(Fig. 6B). This provides us with the important fact that the nitration
of Notch1 at the tyrosine residue is of great importance with regards
to the regulation of Notch signaling. However, we could not
determine the nitration of RBP-Jk (data not shown). Thus, we were
able to conclude that the NO-mediated suppression of Notch
signaling is controlled via nitration.

At this point, we attempted to determine the reasons for the
NO-mediated dissociation of Notch1-IC and RBP-Jk, and the
suppression of Notch signaling. We postulated that nitration might
trigger conformational changes, thereby preventing the association
of Notch1-IC and RBP-Jk. In order to test this hypothesis, we
assessed any conformational changes occurring to purified Notch1-
IC as the result of nitration, using intrinsic fluorescence. Purified

Notch1-IC proteins exhibited intrinsic fluorescence following
excitation at a wavelength of 278 nm. Tryptophan fluorescence
tended to be sensitive to the polarity of the surrounding environment,
and typically shifted from a maximum emission of 350 nm in water
to 310-340 nm in non-polar protein regions. The maximum emission
of Notch1-IC protein was 343 nm, indicating that the tryptophan
residues in Notch1-IC were distributed between non-polar and polar
environments (Fig. 6C). When purified Notch1-IC was exposed to
exogenous NO, the emission maximum underwent a blue-shift (5
nm) and the fluorescence intensity was reduced by approximately
50%, as compared with that recorded in conjunction with the native
Notch1-IC in the absence of NO (Fig. 6C).

We then examined LPS-induced nitration of endogenous Notch1-
IC in RAW264.7 cells. Here, we detected the nitrotyrosine
modification of endogenous Notch1-IC in LPS-treated cells, but

Fig. 5. NO prevents the physical interaction
between Notch1-IC and RBP-Jk both in vitro and
in vivo. (A,B) HEK293 cells were transfected with
Myc–Notch1-IC and Flag–RBP-Jk, and then the
cells were exposed to 200 μM SNAP for 8 hours.
After 48 hours, the cells were lysed and
immunoprecipitated against anti-Myc (A) or anti-
Flag (B) monoclonal antibody. The
immunocomplexes were analyzed via SDS-PAGE
and immunoblotting against anti-Flag monoclonal
antibody. (C,D) HEK293 cells were transfected
with Myc–Notch1-IC and Flag-RBP-Jk. The cells
were lysed and immunoprecipitated against anti-
Flag (C) or anti-Myc (D) monoclonal antibody, and
then exposed to 200 μM SNAP for 1 hour on ice.
The immunocomplexes were analyzed via SDS-
PAGE and immunoblotting against anti-Myc
monoclonal antibody. (A-D) The expression of
Notch1-IC or RBP-Jk was analyzed via
immunoblotting using anti-Myc or anti-Flag
monoclonal antibody, respectively.
(E) Recombinant GST and GST–Notch1-IC
proteins, immobilized on glutathione-agarose
beads, were exposed to 200 μM SNAP for 1 hour
on ice, and extensively washed to remove remnant
SNAP. HEK293 cells were transfected with RBP-
Jk, and then the cells were lysed and added to the
immobilized proteins. The beads were extensively
washed, eluted and analyzed using SDS-PAGE
immunoblotting against anti-Flag monoclonal
antibody. Coomassie blue staining represents
immobilized proteins. (F) RAW264.7 cells were
pre-treated with 2 mM L-NNA for 30 minutes and
then exposed to 5 μg/ml LPS for 24 hours. The
cells were lysed and immunoprecipitated against
anti-Notch1-IC antibody. The immunocomplexes
were analyzed via SDS-PAGE and immunoblotting
against anti-RBP-Jk antibody. (G) Primary alveolar
macrophage cells from 5 μg/ml LPS-injected rats
were lysed and immunoprecipitated against anti-
Notch1-IC antibody. The immunocomplexes were
analyzed via SDS-PAGE and immunoblotting
against anti-RBP-Jk antibody. (F,G) The expression
of Notch1-IC or RBP-Jk was analyzed via
immunoblotting using anti-Notch1-IC or anti-RBP-
Jk antibody, respectively. Probing with an antibody
to β-actin was used as a loading control.
(H) HEK293 cells were transfected for 40 hours
with the indicated combinations of expression
vector for Myc–Notch1-IC, Flag–RBP-Jk and HA-
Mastermind, and then the cells were exposed to
200 μM SNAP for 8 hours. After 48 hours, the cells were lysed and immunoprecipitated against anti-Myc monoclonal antibody. The immunocomplexes were
analyzed via SDS-PAGE and immunoblotting against anti-Flag or anti-HA monoclonal antibody. The expression of Notch1-IC, RBP-Jk or Mastermind (Mam) was
analyzed via immunoblotting using anti-Myc, anti-Flag or anti-HA monoclonal antibody, respectively.
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not in L-NNA pre-treated cells (Fig. 6D). Furthermore, we tried to
determine the in vivo modification of Notch1-IC using rat alveolar
macrophages. After the rats were exposed to LPS through tail vein
injection, we isolated the alveolar macrophages from rats injected
with LPS, with or without L-NNA (Park et al., 2000), and then
performed immunoprecipitation and immunoblotting using Notch1-
IC and nitrotyrosine recognition antibodies. Ultimately, we
determined the tyrosine modification of Notch1-IC in the LPS-
treated rats in vivo (Fig. 6E).

Mapping of nitrated tyrosine residues in Notch1-IC
To study the mechanism of nitration of Notch1-IC, we first
determined the domain(s) of Notch1-IC responsible for its nitration.
We constructed a series of Notch1-IC deletion mutants and tested
their effects on nitration by NO. HEK293 cells were transfected
with Notch1-IC, Notch1-IC-N, Notch1-IC-ΔNΔC or Notch1-IC-C,
and were then treated with the NO donor SNAP. We then performed
immunoprecipitation and immunoblotting using anti-Flag and anti-
nitrotyrosine antibodies. We determined the tyrosine nitration of
Notch1-IC and Notch1-IC-N; NO had no effect on the tyrosine
modification of Notch1-IC-ΔNΔC and Notch1-IC-C (Fig. 7A). The
N-terminal of Notch1-IC contains three conserved tyrosine residues:
Y1905, Y1928 and Y2064. To identify the tyrosine residue(s)
targeted by NO, we constructed mutant proteins in which each of
these three residues was replaced with phenylalanine (Y1905/1928F,
Y1928/2064F and Y1905/2064F) in Notch1-IC, and then examined
their sensitivity to NO. The mutation of Y1928/2604F did not
abolish the nitration level of Notch1-IC, whereas the mutations of
either Y1905/1928F or Y1905/2064F significantly reduced it (Fig.
7B), supporting that Y1905 is a possible target site for NO in
Notch1-IC. Next, we examined the effect of NO on the
transcriptional activity of Notch1-IC (Y1905F) in NIH3T3 and
RAW264.7 cells. SNAP or LPS pre-treatment did not prevent
Notch1-IC (Y1905F) activities in NIH3T3 or RAW264.7 cells,
respectively (Fig. 7C). Moreover, we ascertained that Notch1-IC
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(Y1905F) is resistant to the NO-induced suppression of physical
binding with RBP-Jk, which implies that the NO-induced nitration
of Notch1-IC is crucial for the downregulation of Notch1 signaling
(Fig. 7D).

Discussion
To our knowledge, our data provide the first evidence for crosstalk
between Notch1-IC–RBP-Jk and the NO signaling pathway. The
activation of Notch via ligand binding induces the sequential
processing of Notch1, and the intracellular domain of Notch
undergoes nuclear translocation (Gordadze et al., 2001; Kao et al.,
1998). Therefore, Notch1-IC induces the expression of Hes1, Hes5
and other members of the bHLH protein family (de Celis et al.,
1996; Iso et al., 2002; Iso et al., 2001; Jennings et al., 1994; Tapanes-
Castillo and Baylies, 2004). Here, we determined that Notch
signaling is regulated by NO via the nitration of Notch, with
modification occurring at the tyrosine residue.

Previous reports have indicated the possible involvement of
Notch signaling in inflammation. NF-kB signaling performs a
principle function in inflammation by its regulation of a variety of
gene expressions, particularly iNOS induction (Bethea et al., 1998).
However, NF-kB signaling is known to be negatively or positively
regulated by Notch via direct binding with the p50 subunit of the
NF-kB complex (Shin et al., 2006; Wang et al., 2001). Under
inflammatory conditions, levels of endogenous NO increase
significantly and this is thought to be responsible for the differential
expression of a host of genes. A recent report showed that NO
generation is diminished in activated macrophages, and there is
upregulation of Notch1 and Jagged mRNA and protein levels in a
p38 MAPK-dependent manner (Monsalve et al., 2006). In human
liver, Notch1, but not other Notch receptors, was upregulated,
dependent upon iNOS, and iNOS expression also facilitated Notch
signaling by inducing the nuclear translocation of its intracellular
domain and the expression of a transcriptional target, the Hairy and
enhancer of split (Hes)1 (Ishimura et al., 2005). A role of

Fig. 6. Nitration of the Notch tyrosine
residue 1905 mediated a conformational
change. (A) HEK293 cells were transfected
with Myc–Notch1-IC, after which the cells
were exposed to 200 μM SNAP for 8 hours.
The cells were lysed and
immunoprecipitated against anti-Myc
monoclonal antibody. The
immunocomplexes were analyzed via SDS-
PAGE and immunoblotting against anti-
nitrocysteine or anti-nitrotyrosine
antibodies. (B) Various concentrations of
purified Notch1-IC (0, 50, 75, 100, 125,
150 or 200 μM) were pre-treated with 200
μM SNAP for 30 minutes on ice and then
incubated with 0.20 mM DTNB. Maximum
absorbance (Abs) was obtained at 412 nm.
(C) The purified Notch1-IC proteins were
exposed to 200 μM SNAP and dissolved in
50 mM Tris-HCl at a pH of 7.4. The
intrinsic fluorescence spectra were acquired
at an excitation wavelength of 278 nm, and
excitation and emission slits of 5 nm. We
conducted an emission wavelength scan
from 300 nm to 400 nm. (D) RAW264.7
cells were pre-treated with 1 mM L-NNA
for 30 minutes and then exposed to 5 μg/ml LPS for 24 hours. The cells were lysed and immunoprecipitated against anti-Notch1-IC antibody. (E) Primary alveolar
macrophage cells from 1 mM L-NNA- and 5 μg/ml LPS-injected rats were lysed and immunoprecipitated against anti-Notch1-IC antibody. (D,E) The
immunocomplexes were analyzed via SDS-PAGE and immunoblotting against anti-nitrotyrosine antibody. The expression of Notch1-IC or RBP-Jk was analyzed
via immunoblotting using anti-Notch1-IC or anti-RBP-Jk antibody, respectively. Probing with an antibody to β-actin was used as a loading control.
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inflammation in modulating the extent of angiogenesis has been
shown for many organs. A recent study has provided an approach
and baseline data to address the expression of genes, by examining
functionally altered endothelial cells at sites of angiogenesis in
tumors, inflammation or other pathological conditions (Favre et al.,
2003). This report indicates that Notch-related genes are involved
in vascular development and angiogenesis (Favre et al., 2003).
However, the functional correlation between Notch and
inflammatory signaling remains poorly understood. Our results
demonstrate that Notch transcriptional activity was inhibited by the
presence of endogenous NO in intact cells, thereby suggesting that
NO, which was triggered by inflammation signals, might also
involve the suppression of the transcriptional activity of Notch.

Notch1-IC and RBP-Jk exist predominantly in the nucleus. The
subcellular locations of these two proteins can be observed in
the nucleus in both the presence and absence of NO, suggesting
that NO does not influence the subcellular distribution of Notch1-
IC and RBP-Jk to any significant degree. Furthermore, we
determined that the Notch1-IC and RBP-Jk transcription
complexes could be dissociated from the Hes1 promoter region
in intact cells. This result suggests that NO plays a negative role
in the regulation of the formation with the Hes1 promoter in
Notch1-IC and RBP-Jk transcriptional complexes. Our
subsequent experiments demonstrated that Notch1-IC and/or
RBP-Jk appear to be impaired by endogenous NO with regards
to binding activity, both in vivo and in vitro. Furthermore, RBP-
Jk is a DNA-binding transcription factor that regulates the
transcription of Notch target genes by interacting with co-

regulators. Transcriptional activation requires the displacement
of co-repressors from RBP-Jk by Notch1-IC, and the recruitment
of the co-activator protein Mastermind to a groove at the interface
between Notch-IC and RBP-Jk (Jeffries et al., 2002; Kovall, 2007;
Wilson and Kovall, 2006). We determined that there is negative
regulation of Notch1-IC–RBP-Jk–Mastermind complex formation
by NO. Obviously, we are unable to dismiss the possibility of
their direct interaction in processes such as nitration.

Despite an apparently simple diatomic structure, NO has a wide
variety of functions in both physiology and pathology, and within
every major organ system. Two particular modifications have
recently received much attention: S-nitrosylation of cysteine
residues to produce S-nitrosothiol and the nitration of tyrosine
residues to produce nitrotyrosine. NO-mediated post-translational
modification is a well-known essential feature of diverse cellular
signaling, including inflammation, neurodegeneration and aging
(Benhar et al., 2006; Gaston et al., 2006; Lipton et al., 2007;
Nakamura et al., 2007; Nakamura and Lipton, 2007; Satoh and
Lipton, 2007). A recent study determined that Notch protein can
be modified by endogenous NO in aging skeletal muscle (Kanski
et al., 2005); the results of this study also implied that nitration
might play an important role in the regulation of Notch signaling.
Therefore, we can expect that the functional relationship between
Notch and NO signaling is based, to some extent, on nitration. Our
findings might shed some light on the functional roles played by
Notch in the context of inflammation. We determined that the
nitration of Notch1 at the 1905 tyrosine residue exerts regulatory
effects on Notch signaling. This is the first finding suggesting that

Fig. 7. Mapping of nitrated tyrosine residues in Notch1-IC. (A) HEK293 cells were transfected with Flag–Notch1-IC, Flag–Notch1-IC-N, Flag–Notch-IC-ΔNΔC
or Flag–Notch1-IC-C, after which the cells were exposed to 200 μM SNAP for 8 hours. The cells were lysed and immunoprecipitated against anti-Flag antibody
and immunoblotted against anti-nitrotyrosine antibodies. (B) RAW264.7 cells were transfected for 24 hours with the indicated expression vectors for Flag–Notch1-
IC (Y1905/1928F), Flag–Notch1-IC (Y1928/2064F) or Flag–Notch1-IC (Y1905/2064F) and then exposed to 5 μg/ml LPS for 24 hours. The cells were lysed and
immunoprecipitated against anti-Flag antibody. The immunocomplexes were analyzed via SDS-PAGE and immunoblotting against anti-nitrotyrosine or anti-Flag
monoclonal antibody. (C) NIH3T3 and RAW264.7 cells were transfected with the indicated expression vector for 4�CSL-Luc, β-galactosidase and Notch1-IC
(Y1905F), and then exposed to 200 μM SNAP for 8 hours or 5 μg/ml LPS for 24 hours, respectively. The cells were then lysed and assayed for luciferase activity.
The activity of the luciferase reporter in each of the samples was normalized according to the β-galactosidase activity measured in the same sample. These results
represent the means ± average deviation of triplicates from one of three independent experiments. (D) HEK293 cells were transfected with Flag–Notch1-IC
(Y1905F) and Myc–RBP-Jk, after which the cells were exposed to 200 μM SNAP for 8 hours. The cells were lysed and immunoprecipitated against anti-Flag or
anti-Myc antibody and immunoblotting was conducted against anti-Myc or anti-Flag antibody.
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Notch protein modification by nitration might contribute to the
functional regulation of Notch signaling.

In conclusion, the findings of this study amply demonstrate that
endogenous NO, which can be generated under inflammation
conditions, is capable of suppressing Notch signaling via protein
nitration. Our results provide further support for the existence of
signal crosstalk in other contexts, including inflammation and
wound healing, in which both signaling pathways are determined
to play important roles.

Materials and Methods
Cell culture
RAW264.7, NIH3T3, HEK293 and HEK293 cells stably expressing NOS (Kim et
al., 1997) were all separately cultured at 37°C in Dulbecco’s modified Eagle’s medium
(DMEM, Gibco) supplemented with 10% fetal bovine serum and 1% penicillin/
streptomycin in a humidified incubator with an atmosphere containing 5% CO2. Rat
or mouse alveolar macrophages were isolated from the lungs of Sprague-Dawley rats
or BALB/c mice as described elsewhere (Park et al., 2000). The isolated alveolar
macrophages were grown in DMEM without fetal bovine serum for 1hour, and were
then cultivated in the same medium containing 3% fetal bovine serum. All immune
cells were obtained from BALB/c mice. TG-elicited macrophages were obtained as
reported previously (Tannenbaum et al., 1988).

Cell transfection
For transfection, cells were grown in adequate dishes to ~50-60% confluence, and
were transiently transfected with expression vectors using calcium phosphate for the
NIH3T3 and HEK293 cells (Park et al., 2001). The RAW264.7 cells were transfected
with expression vectors by using Fugene 6 reagent (Roche), and the alveolar
macrophage cells were transfected with expression vectors by using Metafectin reagent
(Biontex), following the manufacturer’s recommendations. The amount of transfected
DNA was kept constant by the addition of appropriated amounts of the parental empty
vectors. β-galactosidase or GFP were used as internal controls for transfection
efficiency.

Luciferase reporter assay
The luciferase assay was conducted as described previously (Park et al., 2001). The
luciferase reporter plasmids were under the control of 4�CSL-Luc (a four-time
repeating section of the RBP-Jk target sequence, CGTGGGAA, with the luciferase
gene), Hes1-Luc (–467 to +46 of the Hes1 promoter with the luciferase gene) and
Hes5-Luc (–800 to +32 of the Hes5 promoter with the luciferase gene). In brief,
Myc–Notch1-IC and the Notch transcription reporter system (4�CSL-Luc, Hes1-
Luc or Hes5-Luc) were transfected along with lacZ in either NIH 3T3 cells or 293-
NOS cell lines (12-well plates). After 48 hours of transfection, the cells were treated
with SNAP or L-Arg and L-NNA. Then, the cells were lysed using chemiluminescent
lysis buffer and were analyzed with a Luminometer (Berthold) for the luciferase
assays. The luciferase reporter activity in each sample was normalized according to
the β-galactosidase activity, which had been measured in the same sample.

Determination of nitrate and nitrite
The measurement of nitrate+nitrite concentration was performed using a commercial
nitrate/nitrite assay kit (Cayman) with samples run in triplicate, as described
previously (Park et al., 2000). This assay involves the conversion of nitrate to nitrite
using nitrate reductase. A Greiss reagent is then added to convert the nitrite into a
purple compound, and measurement of the absorbance of this compound indirectly
determines the nitrate+nitrite concentration.

ChIP assay
The cells were washed with PBS and crosslinked with 1% formaldehyde at room
temperature for 10 minutes. After crosslinking, the cells were treated with 0.125 M
glycine, which halted the crosslinking reaction. The cells were then washed twice
with ice-cold PBS and treated with 1:5 diluted trypsin at a concentration of 1 ml/plate
for 10 minutes at 37°C. The cells were then sequentially collected, incubated for 15
minutes at 30°C in 100 mM Tris-HCl (pH 9.4) and centrifuged for 5 minutes at
2000 g. The cells were washed with 1 ml of ice-cold PBS, buffer I [0.25% Triton
X-100, 10 mM EDTA, 0.5 mM EGTA, 10 mM HEPES (pH 6.5)] and buffer II
[200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 10 mM HEPES (pH 6.5)]. Then, the
cells were resuspended in 300 μl (containing cell pellet volumes) of lysis buffer [1%
SDS, 10 mM EDTA, 50 mM Tris-HCl, (pH 8.1)] and protease inhibitor cocktail
(PMSF, aprotinin, leupeptin), and each of the samples was sonicated three times for
10 seconds at a strength setting of 3 (Ultrasonic Processor, GE 600). After sonication,
the lysates were centrifuged for 10 minutes. The supernatants were then collected
and immunoprecipitated with specific antibodies. The immunoprecipitation was
conducted overnight at 4°C, using specific antibodies. Next, 2 μg of salmon sperm
DNA and protein A-agarose (Peptron) were added to the samples, which were then
left to stand for 1 hour at 4°C. After immunoprecipitation, the precipitates were washed
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for 10 minutes each in sequential mixtures of TSE I [0.1% SDS, 1% Triton X-100,
2 mM EDTA, 20 mM Tris-HCl (pH 8.1), 150 mM NaCl], TSE II [0.1% SDS, 1%
Triton X-100, 2 mM EDTA, 20 mM Tris-HCl (pH 8.1), 500 mM NaCl] and buffer
III [0.25 M LiCl, 1% NP-40, 1% deoxycholate, 1 mM EDTA, 10 mM Tris-HCl (pH
8.1)]. The precipitates were then washed three times with TE buffer and extracted
three times with elution buffer (1% SDS, 0.1 M NaHCO3). The elutants were heated
at 65°C overnight in order to reverse the formaldehyde crosslinking. The eluted DNAs
were purified and 50 μl of autoclaved ddH2O was added. For the PCR, 1 μl of each
of the sample DNAs was amplified for 35 cycles and then visualized with agarose
gel.

Co-immunoprecipitation
Cells were washed with ice-cold PBS and lysed with RIPA lysis buffer. The lysates
were then subjected to immunoprecipitation with specific antibodies. The
immunoprecipitation was conducted overnight at 4°C. After the overnight incubation,
protein A-agarose was applied to the samples for 3 hours at 4°C. Then, the precipitates
were washed three times in ice-cold PBS and 5� protein sample buffer was added.
The precipitates were separated by SDS-PAGE and visualized via immunoblotting.

In vitro binding assay
The whole-cell lysates of the HEK 293 cells, which had been transiently transfected
with the indicated expression vectors, were incubated with pre-purified GST or
GST–Notch1-IC immobilized onto GSH-agarose beads, for 10 hours at 4°C. The
GST-fusion proteins were expressed in Escherichia coli, using pGEX-4T (Pharmacia),
and purified with glutathione-agarose (Sigma), as was previously described (Park et
al., 2001). The precipitates were extensively washed three times with PBS and then
analyzed via immunoblotting.

Detection of nitration
Sprague-Dawley rats or BALB/c mice were injected with 5 μg/ml LPS and/or 1 mM
L-NNA into the tail vein. After 24 hours, alveolar macrophage cells were isolated
from the lungs. The cells were then lysed in RIPA lysis buffer [50 mM Tris-HCl (pH
7.5), 150 mM NaCl, 1% Nonident P – 40, 0.5% dexoycholate, 10% SDS]. The lysates
were quantified using Bradford reagent and then the proteins were separated via
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). After SDS-
PAGE, the gels were transferred to PVDF membranes (Millipore). The membranes
were blocked with 5% non-fat milk in PBS-T buffer (PBS buffer containing 0.1%
Tween 20) and then incubated with anti-nitrotyrosine or anti-nitrocysteine antibody
(Calbiochem). The nitrated proteins were visualized using horseradish peroxidase-
conjugated antibody against goat IgG (Amersham Biosciences), with the SuperSignal
Chemiluminescent detection system (PIERCE).

Titration of thiol groups using DTNB
The purified Notch1-IC proteins were pre-incubated with 200 mM SNAP in 100 mM
Tris-HCl (pH 7.0) at 25°C and then treated with 0.20 mM DTNB (in 50 mM HEPES,
pH 7.0) to give a final volume of 1.0 ml. After incubation, the absorbance at 412 nm
was determined against a control buffer and the reagents (Ellman, 1959).

Fluorescence measurements for structural change
Native Notch1-IC proteins were prepared as previously described (Park and Park,
1998). The steady-state fluorescence measurements were conducted on a Shimadzu
RF-5301 PC spectrofluorophotometer, with the sample compartment maintained at
22°C. We used a 150 W xenon source. The slit-width was fixed at 5 nm for both
excitation and emission. Unless otherwise stated, the samples were excited at a
wavelength of 278 nm, and emission was monitored at between 300 and 400 nm.
Each of the recorded spectra was taken as an average of three separate scans and we
corrected for the background fluorescence of the relevant control. The intrinsic
fluorescence of the native Notch1-IC (~3-6 μg of protein/ml) was measured routinely
in 50 mM Tris-HCl at a pH of 7.4.

Immunofluorescence staining
Assays were conducted as previously described with RAW264.7 cells plated at 1�105

cells per well onto cover slips (Fisher). A total of 0.5 μg of appropriate DNA per
well was then transfected using Geneporter2 (Genetherapysystems). The transfected
cells were fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS), and
then permeabilized with 0.1% triton X-100 in PBS. Goat anti-Notch1-IC (Santa Cruz)
and rabbit anti-RBP-Jk (Santa Cruz) antibodies were used as primary antibodies at
a dilution of 1:100. Fluorescein-conjugated anti-goat or Rhodamine Red-conjugated
anti-rabbit secondary antibody (1:100) was added, then stained with 4�,6-diamidino-
2-phenyl-indole dihydrochloride (DAPI). The stained cells were evaluated for
localization via fluorescence microscopy (Leica DM LB2).

We thank R. Kopan (Washington University Medical School, St
Louis, MO) and T. Honjo (Kyoto University, Japan) for providing
Notch- and RBP-Jk-related clones, respectively. This work was
supported by a grant from the Brain Research Center of the 21st Century
Frontier Research Program, funded by the Ministry of Science and

Jo
ur

na
l o

f C
el

l S
ci

en
ce



1475Negative regulation of Notch signaling by LPS

Technology (H.-S.P.) and (R01-2006-000-10487-0) from the Basic
Research Program of the Korea Science & Engineering Foundation
(H.-S.P.), Republic of Korea.

References
Asayama, K., Janco, R. L. and Burr, I. M. (1985). Selective induction of manganous

superoxide dismutase in human monocytes. Am. J. Physiol. 249, C393-C397.
Bellamy, T. C. and Garthwaite, J. (2002). The receptor-like properties of nitric oxide-

activated soluble guanylyl cyclase in intact cells. Mol. Cell. Biochem. 230, 165-176.
Benhar, M., Forrester, M. T. and Stamler, J. S. (2006). Nitrosative stress in the ER: a

new role for S-nitrosylation in neurodegenerative diseases. ACS Chem. Biol. 1, 355-
358.

Bethea, J. R., Castro, M., Keane, R. W., Lee, T. T., Dietrich, W. D. and Yezierski, R.
P. (1998). Traumatic spinal cord injury induces nuclear factor-kappaB activation. J.
Neurosci. 18, 3251-3260.

Bray, S. J. (2006). Notch signalling: a simple pathway becomes complex. Nat. Rev. Mol.
Cell Biol. 7, 678-689.

Bredt, D. S. and Snyder, S. H. (1992). Nitric oxide, a novel neuronal messenger. Neuron
8, 3-11.

Broillet, M. C. (1999). S-nitrosylation of proteins. Cell. Mol. Life Sci. 55, 1036-1042.
Brou, C., Logeat, F., Gupta, N., Bessia, C., LeBail, O., Doedens, J. R., Cumano, A.,

Roux, P., Black, R. A. and Israel, A. (2000). A novel proteolytic cleavage involved in
Notch signaling: the role of the disintegrin-metalloprotease TACE. Mol. Cell 5, 207-
216.

Chantler, P. D. and Gratzer, W. B. (1975). Effects of specific chemical modification of
actin. Eur. J. Biochem. 60, 67-72.

de Celis, J. F., de Celis, J., Ligoxygakis, P., Preiss, A., Delidakis, C. and Bray, S. (1996).
Functional relationships between Notch, Su(H) and the bHLH genes of the E(spl)
complex: the E(spl) genes mediate only a subset of Notch activities during imaginal
development. Development 122, 2719-2728.

de la Pompa, J. L., Wakeham, A., Correia, K. M., Samper, E., Brown, S., Aguilera,
R. J., Nakano, T., Honjo, T., Mak, T. W., Rossant, J. et al. (1997). Conservation of
the Notch signalling pathway in mammalian neurogenesis. Development 124, 1139-1148.

De Strooper, B., Annaert, W., Cupers, P., Saftig, P., Craessaerts, K., Mumm, J. S.,
Schroeter, E. H., Schrijvers, V., Wolfe, M. S., Ray, W. J. et al. (1999). A presenilin-
1-dependent gamma-secretase-like protease mediates release of Notch intracellular
domain. Nature 398, 518-522.

Ellman, G. L. (1959). Tissue sulfhydryl groups. Arch. Biochem. Biophys. 82, 70-77.
Faris, M., Kokot, N., Latinis, K., Kasibhatla, S., Green, D. R., Koretzky, G. A. and Nel,

A. (1998). The c-Jun N-terminal kinase cascade plays a role in stress-induced apoptosis
in Jurkat cells by up-regulating Fas ligand expression. J. Immunol. 160, 134-144.

Favre, C. J., Mancuso, M., Maas, K., McLean, J. W., Baluk, P. and McDonald, D. M.
(2003). Expression of genes involved in vascular development and angiogenesis in
endothelial cells of adult lung. Am. J. Physiol. 285, H1917-H1938.

Gaston, B., Singel, D., Doctor, A. and Stamler, J. S. (2006). S-nitrosothiol signaling in
respiratory biology. Am. J. Respir. Crit. Care Med. 173, 1186-1193.

Gordadze, A. V., Peng, R., Tan, J., Liu, G., Sutton, R., Kempkes, B., Bornkamm, G.
W. and Ling, P. D. (2001). Notch1IC partially replaces EBNA2 function in B cells
immortalized by Epstein-Barr virus. J. Virol. 75, 5899-5912.

Greis, K. D., Zhu, S. and Matalon, S. (1996). Identification of nitration sites on surfactant
protein A by tandem electrospray mass spectrometry. Arch. Biochem. Biophys. 335, 396-
402.

Gross, S. S., Levi, R., Madera, A., Park, K. H., Vane, J. and Hattori, Y. (1993).
Tetrahydrobiopterin synthesis is induced by LPS in vascular smooth muscle and is rate-
limiting for nitric oxide production. Adv. Exp. Med. Biol. 338, 295-300.

Gupta-Rossi, N., Le Bail, O., Gonen, H., Brou, C., Logeat, F., Six, E., Ciechanover, A.
and Israel, A. (2001). Functional interaction between SEL-10, an F-box protein, and
the nuclear form of activated Notch1 receptor. J. Biol. Chem. 276, 34371-34378.

Hubbard, E. J., Wu, G., Kitajewski, J. and Greenwald, I. (1997). sel-10, a negative
regulator of lin-12 activity in Caenorhabditis elegans, encodes a member of the CDC4
family of proteins. Genes Dev. 11, 3182-3193.

Hurlbut, G. D., Kankel, M. W., Lake, R. J. and Artavanis-Tsakonas, S. (2007). Crossing
paths with Notch in the hyper-network. Curr. Opin. Cell Biol. 19, 166-175.

Hussain, A. S., Marks, G. S., Brien, J. F. and Nakatsu, K. (1997). The soluble guanylyl
cyclase inhibitor 1H-[1,2,4]oxadiazolo[4,3-alpha]quinoxalin-1-one (ODQ) inhibits
relaxation of rabbit aortic rings induced by carbon monoxide, nitric oxide, and glyceryl
trinitrate. Can. J. Physiol. Pharmacol. 75, 1034-1037.

Ischiropoulos, H., Zhu, L., Chen, J., Tsai, M., Martin, J. C., Smith, C. D. and Beckman,
J. S. (1992). Peroxynitrite-mediated tyrosine nitration catalyzed by superoxide dismutase.
Arch. Biochem. Biophys. 298, 431-437.

Ishimura, N., Bronk, S. F. and Gores, G. J. (2005). Inducible nitric oxide synthase up-
regulates notch-1 in mouse cholangiocytes: implications for carcinogenesis.
Gastroenterology 128, 1354-1368.

Iso, T., Sartorelli, V., Chung, G., Shichinohe, T., Kedes, L. and Hamamori, Y. (2001).
HERP, a new primary target of Notch regulated by ligand binding. Mol. Cell. Biol. 21,
6071-6079.

Iso, T., Chung, G., Hamamori, Y. and Kedes, L. (2002). HERP1 is a cell type-specific
primary target of Notch. J. Biol. Chem. 277, 6598-6607.

Jarriault, S., Brou, C., Logeat, F., Schroeter, E. H., Kopan, R. and Israel, A. (1995).
Signalling downstream of activated mammalian Notch. Nature 377, 355-358.

Jeffries, S., Robbins, D. J. and Capobianco, A. J. (2002). Characterization of a high-
molecular-weight Notch complex in the nucleus of Notch(ic)-transformed RKE cells
and in a human T-cell leukemia cell line. Mol. Cell. Biol. 22, 3927-3941.

Jennings, B., Preiss, A., Delidakis, C. and Bray, S. (1994). The Notch signalling pathway
is required for Enhancer of split bHLH protein expression during neurogenesis in the
Drosophila embryo. Development 120, 3537-3548.

Kanski, J., Hong, S. J. and Schoneich, C. (2005). Proteomic analysis of protein nitration
in aging skeletal muscle and identification of nitrotyrosine-containing sequences in vivo
by nanoelectrospray ionization tandem mass spectrometry. J. Biol. Chem. 280, 24261-
24266.

Kao, H. Y., Ordentlich, P., Koyano-Nakagawa, N., Tang, Z., Downes, M.,
Kintner, C. R., Evans, R. M. and Kadesch, T. (1998). A histone deacetylase
corepressor complex regulates the Notch signal transduction pathway. Genes Dev.
12, 2269-2277.

Kasibhatla, S., Brunner, T., Genestier, L., Echeverri, F., Mahboubi, A. and Green, D.
R. (1998). DNA damaging agents induce expression of Fas ligand and subsequent
apoptosis in T lymphocytes via the activation of NF-kappa B and AP-1. Mol. Cell 1,
543-551.

Kim, H., Shim, J., Han, P. L. and Choi, E. J. (1997). Nitric oxide modulates the c-Jun
N-terminal kinase/stress-activated protein kinase activity through activating c-Jun N-
terminal kinase kinase. Biochemistry 36, 13677-13681.

Kovall, R. A. (2007). Structures of CSL, Notch and Mastermind proteins: piecing together
an active transcription complex. Curr. Opin. Struct. Biol. 17, 117-127.

Lane, P., Hao, G. and Gross, S. S. (2001). S-nitrosylation is emerging as a specific and
fundamental posttranslational protein modification: head-to-head comparison with O-
phosphorylation. Sci. STKE 2001, RE1.

Leeuwenburgh, C., Hardy, M. M., Hazen, S. L., Wagner, P., Oh-ishi, S., Steinbrecher,
U. P. and Heinecke, J. W. (1997). Reactive nitrogen intermediates promote low
density lipoprotein oxidation in human atherosclerotic intima. J. Biol. Chem. 272,
1433-1436.

Lieber, T., Kidd, S. and Young, M. W. (2002). kuzbanian-mediated cleavage of Drosophila
Notch. Genes Dev. 16, 209-221.

Lipton, S. A., Gu, Z. and Nakamura, T. (2007). Inflammatory mediators leading to protein
misfolding and uncompetitive/fast off-rate drug therapy for neurodegenerative disorders.
Int. Rev. Neurobiol. 82, 1-27.

Lowenstein, C. J. and Snyder, S. H. (1992). Nitric oxide, a novel biologic messenger.
Cell 70, 705-707.

MacMillan-Crow, L. A. and Thompson, J. A. (1999). Tyrosine modifications and
inactivation of active site manganese superoxide dismutase mutant (Y34F) by
peroxynitrite. Arch. Biochem. Biophys. 366, 82-88.

Marcondes, S., Turko, I. V. and Murad, F. (2001). Nitration of succinyl-CoA:3-oxoacid
CoA-transferase in rats after endotoxin administration. Proc. Natl. Acad. Sci. USA 98,
7146-7151.

Martinez-Ruiz, A. and Lamas, S. (2004). S-nitrosylation: a potential new paradigm in
signal transduction. Cardiovasc. Res. 62, 43-52.

Masuda, A., Longo, D. L., Kobayashi, Y., Appella, E., Oppenheim, J. J. and
Matsushima, K. (1988). Induction of mitochondrial manganese superoxide dismutase
by interleukin 1. FASEB J. 2, 3087-3091.

Monsalve, E., Perez, M. A., Rubio, A., Ruiz-Hidalgo, M. J., Baladron, V., Garcia-
Ramirez, J. J., Gomez, J. C., Laborda, J. and Diaz-Guerra, M. J. (2006). Notch-1
up-regulation and signaling following macrophage activation modulates gene expression
patterns known to affect antigen-presenting capacity and cytotoxic activity. J. Immunol.
176, 5362-5373.

Mumm, J. S. and Kopan, R. (2000). Notch signaling: from the outside in. Dev. Biol. 228,
151-165.

Mumm, J. S., Schroeter, E. H., Saxena, M. T., Griesemer, A., Tian, X., Pan, D. J., Ray,
W. J. and Kopan, R. (2000). A ligand-induced extracellular cleavage regulates gamma-
secretase-like proteolytic activation of Notch1. Mol. Cell 5, 197-206.

Nakamura, T. and Lipton, S. A. (2007). S-Nitrosylation and uncompetitive/fast off-rate
(UFO) drug therapy in neurodegenerative disorders of protein misfolding. Cell Death
Differ. 14, 1305-1314.

Nakamura, T., Gu, Z. and Lipton, S. A. (2007). Contribution of glutamatergic signaling
to nitrosative stress-induced protein misfolding in normal brain aging and
neurodegenerative diseases. Aging Cell 6, 351-359.

Nakano, M., Saito, S., Nakano, Y., Yamasu, H., Matsuura, M. and Shinomiya, H. (1993).
Intracellular protein phosphorylation in murine peritoneal macrophages in response to
bacterial lipopolysaccharide (LPS): effects of kinase-inhibitors and LPS-induced
tolerance. Immunobiology 187, 272-282.

Oberg, C., Li, J., Pauley, A., Wolf, E., Gurney, M. and Lendahl, U. (2001). The Notch
intracellular domain is ubiquitinated and negatively regulated by the mammalian Sel-
10 homolog. J. Biol. Chem. 276, 35847-35853.

Ohtsuka, T., Ishibashi, M., Gradwohl, G., Nakanishi, S., Guillemot, F. and Kageyama,
R. (1999). Hes1 and Hes5 as notch effectors in mammalian neuronal differentiation.
EMBO J. 18, 2196-2207.

Park, H. S. and Park, J. W. (1998). Conformational changes of the leukocyte NADPH
oxidase subunit p47(phox) during activation studied through its intrinsic fluorescence.
Biochim. Biophys. Acta 1387, 406-414.

Park, H. S., Huh, S. H., Kim, M. S., Lee, S. H. and Choi, E. J. (2000). Nitric oxide
negatively regulates c-Jun N-terminal kinase/stress-activated protein kinase by means
of S-nitrosylation. Proc. Natl. Acad. Sci. USA 97, 14382-14387.

Park, H. S., Lee, J. S., Huh, S. H., Seo, J. S. and Choi, E. J. (2001). Hsp72
functions as a natural inhibitory protein of c-Jun N-terminal kinase. EMBO J. 20,
446-456.

Park, S., Geddes, T. J., Javitch, J. A. and Kuhn, D. M. (2003). Dopamine prevents
nitration of tyrosine hydroxylase by peroxynitrite and nitrogen dioxide: is nitrotyrosine
formation an early step in dopamine neuronal damage? J. Biol. Chem. 278, 28736-
28742.

Jo
ur

na
l o

f C
el

l S
ci

en
ce



Rand, M. D., Grimm, L. M., Artavanis-Tsakonas, S., Patriub, V., Blacklow, S. C.,
Sklar, J. and Aster, J. C. (2000). Calcium depletion dissociates and activates
heterodimeric notch receptors. Mol. Cell. Biol. 20, 1825-1835.

Satoh, T. and Lipton, S. A. (2007). Redox regulation of neuronal survival mediated by
electrophilic compounds. Trends Neurosci. 30, 37-45.

Saxena, M. T., Schroeter, E. H., Mumm, J. S. and Kopan, R. (2001). Murine notch
homologs (N1-4) undergo presenilin-dependent proteolysis. J. Biol. Chem. 276, 40268-
40273.

Shiki, Y., Meyrick, B. O., Brigham, K. L. and Burr, I. M. (1987). Endotoxin increases
superoxide dismutase in cultured bovine pulmonary endothelial cells. Am. J. Physiol.
252, C436-C440.

Shin, H. M., Minter, L. M., Cho, O. H., Gottipati, S., Fauq, A. H., Golde, T. E.,
Sonenshein, G. E. and Osborne, B. A. (2006). Notch1 augments NF-kappaB activity
by facilitating its nuclear retention. EMBO J. 25, 129-138.

Snyder, S. H. (1992). Nitric oxide: first in a new class of neurotransmitters. Science 257,
494-496.

Stamler, J. S., Toone, E. J., Lipton, S. A. and Sucher, N. J. (1997). (S)NO signals:
translocation, regulation, and a consensus motif. Neuron 18, 691-696.

Tamura, K., Taniguchi, Y., Minoguchi, S., Sakai, T., Tun, T., Furukawa, T. and Honjo,
T. (1995). Physical interaction between a novel domain of the receptor Notch and the
transcription factor RBP-J kappa/Su(H). Curr. Biol. 5, 1416-1423.

Tannenbaum, C. S., Koerner, T. J., Jansen, M. M. and Hamilton, T. A. (1988).
Characterization of lipopolysaccharide-induced macrophage gene expression. J. Immunol.
140, 3640-3645.

Tapanes-Castillo, A. and Baylies, M. K. (2004). Notch signaling patterns Drosophila
mesodermal segments by regulating the bHLH transcription factor twist. Development
131, 2359-2372.

Viner, R. I., Ferrington, D. A., Huhmer, A. F., Bigelow, D. J. and Schoneich, C. (1996).
Accumulation of nitrotyrosine on the SERCA2a isoform of SR Ca-ATPase of rat
skeletal muscle during aging: a peroxynitrite-mediated process? FEBS Lett. 379, 286-
290.

Wang, J., Shelly, L., Miele, L., Boykins, R., Norcross, M. A. and Guan, E. (2001).
Human Notch-1 inhibits NF-kappa B activity in the nucleus through a direct interaction
involving a novel domain. J. Immunol. 167, 289-295.

Wilson, J. J. and Kovall, R. A. (2006). Crystal structure of the CSL-Notch-Mastermind
ternary complex bound to DNA. Cell 124, 985-996.

Wu, G., Lyapina, S., Das, I., Li, J., Gurney, M., Pauley, A., Chui, I., Deshaies, R. J.
and Kitajewski, J. (2001). SEL-10 is an inhibitor of notch signaling that targets notch
for ubiquitin-mediated protein degradation. Mol. Cell. Biol. 21, 7403-7415.

Zou, M., Martin, C. and Ullrich, V. (1997). Tyrosine nitration as a mechanism of
selective inactivation of prostacyclin synthase by peroxynitrite. Biol. Chem. 378, 707-
713.

Journal of Cell Science 121 (9)1476

Jo
ur

na
l o

f C
el

l S
ci

en
ce


