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SUMMARY

Nuclear factor kB (NF-kB) is an antiapoptotic tran-
scription factor. We show that the antiapoptotic
actions of NF-kB are mediated by hydrogen sulfide
(H2S) synthesized by cystathionine gamma-lyase
(CSE). TNF-a treatment triples H,S generation by
stimulating binding of SP1 to the CSE promoter.
H,S generated by CSE stimulates DNA binding and
gene activation of NF-kB, processes that are abol-
ished in CSE-deleted mice. As CSE deletion leads
to decreased glutathione levels, resultant oxidative
stress may contribute to alterations in CSE mutant
mice. H,S acts by sulfhydrating the p65 subunit of
NF-kB at cysteine-38, which promotes its binding
to the coactivator ribosomal protein S3 (RPS3).
Sulfhydration of p65 predominates early after TNF-«
treatment, then declines and is succeeded by arecip-
rocal enhancement of p65 nitrosylation. In CSE
mutant mice, antiapoptotic influences of NF-kB are
markedly diminished. Thus, sulfhydration of NF-xB
appears to be a physiologic determinant of its antia-
poptotic transcriptional activity.

INTRODUCTION

The Nuclear factor kB (NF-«kB) family of transcription factors is
stimulated by diverse agents, including the multifunctional proin-
flammatory cytokine tumor necrosis factor alpha (TNF-«), which
activates the IkB kinase (IKK) complex that phosphorylates kB
proteins, leading to IkB degradation and NF-«kB translocation
to the nucleus (Delhase et al., 1999; Karin and Ben-Neriah,
2000). Nuclear functions of NF-kB are regulated by numerous
substances, including the ribosomal protein S3 (RPS3) (Wan
et al., 2007).

Mice lacking the p65 subunit of NF-kB die at embryonic day 15
as a result of extensive liver apoptosis (Beg et al., 1995). Mouse
embryonic fibroblasts (MEFs) lacking p65 are more sensitive to

TNF-a-mediated cell death (Beg and Baltimore, 1996), indicating
that NF-kB physiologically suppresses TNF-a mediated cell
death. NF-kB induces the expression of several antiapoptotic
genes encoding substances such as cellular inhibitor of apo-
ptosis (c-IAP), caspase-8—c-FLIP (FLICE inhibitory protein), A1
(also known as Bfl1), TNFR-associated factor 1 (TRAF1), and
TRAF2 (Thuret et al., 1996).

Hydrogen sulfide (H»S) is a physiologic messenger molecule
involved in inflammation, suggesting a relationship to NF-«kB.
H,S is generated in the periphery by cystathionine y-lyase (cys-
tathionase; CSE), while in the brain its biosynthesis may involve
cystathionine B-synthase (CBS) (Kimura, 2010; Szabd, 2007). In
mice with targeted deletion with CSE, H,S formation is abolished
in peripheral tissues. CSE knockout (CSE~'") mice display
hypertension and a major decrease in endothelial-derived re-
laxed factor activity, establishing H.S as an important vasorelax-
ant (Szabd, 2007; Yang et al., 2008).

H>S appears to signal predominantly by sulfhydrating cyste-
ines of its target proteins, such as GAPDH and actin, which
leads to augmentation of GAPDH catalytic activity and actin
polymerization (Mustafa et al., 2009a, 2009b), thereby altering
functions of a wide range of cellular proteins and enzymes
(Li et al., 2011).

In the present study, we show that TNF-o stimulates the tran-
scription of CSE and the generated H,S sulfhydrates cysteine-38
of p65, enhancing its binding to the coactivator RPS3, thereby
augmenting binding to the promoters of several antiapoptotic
genes. CSE-deficient mice cannot sulfhydrate p65, resulting in
decreased NF-kB target gene activity and hypersensitivity to
TNF-a-induced cell death. Thus, sulfhydration of NF-kB appears
to be a posttranslational modification of p65, which is required
for its transcriptional influences on antiapoptotic genes.

RESULTS

TNF-o Induces Formation of H,S by Augmenting Binding
of SP1 to CSE Promoter; Relationship to CSE Influences
on Cell Death

To characterize the influence of CSE on TNF-o mediated cell
death, we examined apoptosis in wild-type and CSE-deleted
tissues. Cell death, monitored by TUNEL assay (Figure 1A) and
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Figure 1. CSE™~Mice Are More Susceptible to TNF-a-Induced Cell Death; TNF-o Stimulates Hydrogen Sulfide Production by Stimulating CSE
Transcription via SP1

(A) Treatment with TNF-g, elicits more TUNEL-positive cells in liver of CSE™~ than wild-type mice.

(B) Caspase 3 activation is increased in CSE ™~ mice liver following TNF-o treatment. *p < 0.01, n = 5, one-way ANOVA, mean + SEM.

(C) DNA fragmentation induced by TNF-o.in macrophages isolated from CSE '~ mice is decreased by pretreatment with GYY-4137 in a concentration-dependent
manner. *p < 0.01, n = 5, one-way ANOVA, mean + SEM. **p < 0.001, n = 5, one-way ANOVA, mean + SEM.

(D) TNF-« stimulation of hepatic H,S formation is abolished in CSE ™/~ mice. Wild-type and CSE '~ mice were injected with TNF-o and H,S formation assayed in
liver lysates. **p < 0.001, n = 5, one-way ANOVA, mean + SEM.

(E) TNF-o stimulation of H,S formation in peritoneal macrophages is diminished in CSE ™/~ preparations. *p < 0.01, n = 3, one-way ANOVA, mean + SEM.
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caspase 3 activity (Figure 1B), is markedly augmented in livers of
CSE-deleted mice treated with TNF-a. In peritoneal macro-
phages, DNA fragmentation (Figure S1A available online) and
caspase 3 activity (Figure S1B) elicited by TNF-a are also
substantially increased in CSE knockouts. Treatment of CSE-
deleted macrophages with the HoS donor, GYY-4137 (Li et al.,
2009; Li et al, 2008), prevents TNF-a-induced cell death
(Figure 1C).

We examined TNF-o effects upon H,S formation and
observed a tripling, which is prevented in CSE-deleted mice (Fig-
ure 1D). In peritoneal macrophages treated with TNF-a, we also
observed a marked time-dependent increase in H,S formation,
which is greatly reduced in preparations from CSE knockouts
(Figure 1E).

We explored whether augmented H.,S levels reflect alterations
in its biosynthetic enzyme. In mice treated with TNF-a, CSE
protein levels are increased 4- to 5-fold (Figure 1F) The stimula-
tion of CSE protein levels in peritoneal macrophages is rapid,
with increases evident 60 min after TNF-a treatment and
maximal at 90-120 min (Figure 1G). To ascertain whether tran-
scriptional activation of CSE is involved, we monitored CSE
messenger RNA (mRNA) levels by RT-PCR (Figure 1H). In perito-
neal macrophages, TNF-« elicits a pronounced time-dependent
increase in CSE mRNA that is maximal at 90-120 min. Kimura
and associates (Ishii et al., 2004) observed a strong SP1 binding
site in the promoter region of CSE, though no binding site for p65
was identified. We measured the binding of SP1 to the promoter
of CSE in peritoneal macrophages by chromatin immunoprecip-
itation (ChIP) assay. Binding of SP1 to the CSE promoter is stim-
ulated by TNF-a. (Figure 11 and Figure S1C). Depletion of SP1 by
RNA interference (RNAi) markedly reduces TNF-a-mediated
augmentation of CSE’'s mRNA level (Figure 1J) and prevents
the stimulation by TNF-a of HoS production in peritoneal macro-
phages (Figure 1K). By contrast, depletion of p65 or IKK does not
affect CSE level (Figure S1D). These findings suggest that
increased occupancy by SP1 of the CSE promoter mediates
the enhanced H,S formation.

CSE Regulates the DNA Binding Activity of NF-xB

To ascertain whether augmented levels of H,S participate in the
transcriptional activity of NF-kB, we monitored DNA binding of
NF-kB in livers of WT and CSE~'~ mice. TNF-o. administration
markedly enhanced NF-«kB binding to its DNA targets in the liver,
with the binding reduced by about 75% in CSE knockout liver
(Figure 2A and Figure S2A). In peritoneal macrophages, DNA
binding of NF-«B, stimulated by TNF-a, is time-dependent,
with major reductions in CSE knockout mice (Figure 2B). DNA
binding of NF-kB, upon stimulation with TNF-a, was further
confirmed by cold-competitor assay (Figure S2B) and antibody
supershift assay for p65 (Figure S2C).

We examined the influence of CSE deletion on the activation of
NF-kB targets after TNF-a treatment. One of NF-kB’s most
prominent activities is inhibition of apoptosis upon treatment
with TNF-a. (Van Antwerp et al., 1996). TNF-a. stimulated expres-
sion of mRNA (Figure 2C) for antiapoptotic gene targets of
NF-kB, such as TRAF, clAP2, Bcl-XL, A20, and XIAP (Karin
and Lin, 2002; Wang et al., 1998), and protein levels of clAP2
and Bcl-XL (Figure S2D) is substantially decreased in CSE
knockout liver. TNF-a-induced mRNA (Figure S2E) and protein
(Figure S2F) levels of other p65 cytokine targets, such as
CXCL2, CCL2, IL6, and IL8, are also markedly diminished in
CSE knockout liver lysate. We explored the influences of
TNF-a. upon binding of p65 to the promoters of antiapoptotic
genes by ChIP assay (Figure 2D), as p65 is the subunit of
NF-kB that is largely responsible for its antiapoptotic action
(Beg et al., 1995). Binding of p65 to promoters of the antiapop-
totic gene targets TRAF, clAP-2, Bcl-XL, and XIAP is stimulated
by TNF-o in a time-dependent fashion with the time course
varying for the different target genes. Binding of p65 to all of
these promoters is virtually abolished in macrophages from
CSE knockouts.

We wondered whether diminished cysteine levels at selected
intracellular microenvironments in CSE-deleted cells might be
responsible for decreased DNA binding of p65 in CSE ™'~ macro-
phages. Supplementation with cysteine does not reverse the
deficiencies associated with CSE deletion (Figure S2G). How-
ever, overexpression of catalytically active CSE in CSE™'~ mac-
rophages rescues these deficiencies, whereas overexpression
of a non-PLP (pyridoxal 5-phosphate)-binding, catalytically
inactive mutant CSE (CSE CD) is ineffective (Figure 2E). Treat-
ment with the H,S donor, GYY-4137 rescues DNA binding activ-
ities of NF-kB in TNF-a-treated CSE ™/~ macrophages (Figure 2F).
This indicates that catalytic activity of CSE mediates the
enhanced transcriptional activity of NF-«kB.

Hydrogen Sulfide Generated by CSE Sulfhydrates

the p65 Subunit of NF-kB at Cysteine-38

We wondered whether H,S, formed by CSE, mediates influences
of TNF-a on NF-kB by sulfhydrating its subunit proteins. Sulfhy-
dration (SHY) is a physiological process wherein H,S attaches an
additional sulfur to the thiol (-SH) groups of cysteines yielding
a hydropersulfide (-SSH) (Li et al., 2011; Mustafa et al., 2009a,
2009b).

We monitored sulfhydration of p65 in liver lysates of TNF-
a-treated mice by the modified biotin switch assay (Mustafa
et al., 2009a). In this assay, free thiols are blocked by MMTS
(methyl methanethiosulfonate) and, to avoid interference by
nitrosylated species, we omit ascorbate treatment, which
cleaves NO groups from cysteine. Biotin-HPDP is then added
to bind free sulfhydryl groups permitting their isolation with

(F) TNF-a. treatment increases hepatic CSE protein level (n = 4).

(G) TNF-a causes an increase in CSE protein level in peritoneal macrophages in time-dependent manner. Densitometric analysis of CSE protein level in TNF-a

treated macrophages. *p < 0.01, n = 5, one-way ANOVA, mean + SEM.

(H) TNF-o causes an increase in peritoneal macrophage CSE mRNA levels in time dependent manner.

(I) TNF-a-elicited enhancement of SP1 binding to the CSE promoter.

(J) SP1 RNAI treatment prevents TNF-o stimulation of CSE mRNA in peritoneal macrophages.
(K) Treatment with SP1 RNAi reduces TNF-a-elicited H,S formation in peritoneal macrophages. **p < 0.001, n = 5, one-way ANOVA, mean + SEM.

See also Figure S1.
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Figure 2. Transcriptional Activity of p65 Is Reduced in CSE™~ Mice

(A) DNA binding of NF-kB is reduced in CSE~'~ mice. Wild-type and CSE ™~ mice were injected with TNF-a, and liver lysates subjected to electrophoretic mobility
shift assay (EMSA).

(B) In peritoneal macrophages TNF-o stimulates DNA binding of NF-kB in a time-dependent manner, effects abolished in CSE™'~ mice.

(C) Antiapoptotic gene expression is reduced in CSE~~ mice. Wild-type and CSE ™'~ mice were injected with TNF-o, and mRNA levels of antiapoptotic genes
measured by real-time RT-PCR. *p < 0.01, n = 5, one-way ANOVA, mean + SEM.

(D) Reduced binding of p65 to promoters of antiapoptotic genes in CSE ™'~ mice treated with TNF-c.

(E) Overexpression of wild-type CSE in CSE ™/~ macrophages can rescue binding of p65 to promoters of antiapoptotic genes. Overexpressed catalytically dead
CSE mutant (CSE CD) in CSE ™/~ macrophages fails to rescue binding of p65 to promoters of anti-apoptotic genes.

(F) DNA binding of NF-kB is rescued in TNF-a-treated CSE '~ macrophages after treatment with GYY-4137 (200 uM). *p < 0.01, n = 5, one-way ANOVA,
mean + SEM.

See also Figure S2.
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streptavidin. As expected, TNF-a-elicited sulfhydration of p65
(SHY-p65) in the liver (Figure S3A) and in peritoneal macro-
phages (Figure S3B) is abolished in CSE knockouts. Sulfhy-
dration of p65 is time dependent, being evident in peritoneal
macrophages 60 min after TNF-a treatment with a marked
increase at 90-120 min (Figure S3C). The process is concentra-
tion dependent, with as little as 5 ng/ml of TNF-a-producing
detectable sulthydration (Figure S3D). We also observed sulthy-
dration of p65 in HEK293 cells overexpressing CSE in the
presence of L-cysteine (Figure S3E). The importance of CSE’s
catalytic activity is apparent in experiments with HEK293
cells overexpressing WT CSE or a non-PLP (pyridoxal 5'-phos-
phate)-binding catalytically inactive mutant CSE (CSE CD). Sulf-
hydration of p65 is abolished with overexpression of CSE CD
(Figure S3F). Depletion of CSE by RNA interference in peritoneal
macrophages also abolishes TNF-a-associated sulfhydration of
p65 (Figure S3G). The p50 subunit of NF-«B is not sulfhydrated in
our experimental conditions. Failure of p50 to be sulfhydrated,
despite its reactive C59, appears to reflect disulfide formation
with C119, whose mutation to alanine leads to C59 sulfhydration
(Figure S4A). However, binding between p65 and p50 (Fig-
ure S4B), as well as DNA binding activity of p50 (Figure S4C),
are not altered in CSE-deficient macrophages compared to
wild-type macrophages.

In the modified biotin switch assay for sulfhydration, free SH
groups are blocked by MMTS. Failure to completely block
such groups might give rise to overestimates of sulfhydration.
To further substantiate sulfhydration of p65 and to quantify its
levels, we developed an alternative sulfhydration assay employ-
ing Alexa Fluor 680-conjugated C2 maleimide (red maleimide).
We used maleimide, because it interacts selectively with sulfhy-
dryl groups of cysteines, labeling both sulfhydrated as well as
unsulfhydrated cysteines. An advantage of this method is that
nitrosylated or oxidized cysteines do not react with maleimide.
The samples are treated with dithiothreitol (DTT), which selec-
tively cleaves disulfide bonds and so will detach the red signal
from sulfhydrated but not unsulfhydrated protein, resulting
in decreased fluorescence. We employed the red maleimide
detection of overall protein sulfhydration in liver lysates of mice
treated with TNF-o (Figure S5A). In WT mice, we detect a large
number of red bands, representing proteins with SH as well as
SSH substituents, with a 50% reduction after DTT treatment.
No reduction is evident with CSE-deficient liver lysates, estab-
lishing that the putative sulfhydration reflects H,S derived from
CSE activity.

Levels of sulfhydration of p65 can be calculated as the residual
red fluorescence intensity after DTT treatment divided by the
total level of p65 (Figure 3A). In liver lysates of untreated wild-
type mice, DTT does not affect levels of “red” p65, indicating
the absence of sulfhydration. TNF-a treatment abolishes the
red signal in the presence of DTT, indicating sulfhydration of
the majority of liver p65 (Figure 3B). This depletion of the red
signal reflects the generation of H,S by CSE, as there is no
depletion in the livers of CSE-deleted mice. Conceivably DTT
might affect the integrity of the p65 antibodies. Accordingly, in
some experiments, we washed out the DTT prior to adding the
antibodies and have obtained essentially the same results (Fig-
ure S4D). Consistent with our findings, DTT treatment under

our conditions does not affect the physical integrity and function
of IgG antibodies (Okuno and Kondelis, 1978). Treatment with
the H,S donor GYY4137 restores sulfhydration in TNF-o treated
HEK?293 cells overexpressing an inactive CSE enzyme (CSE CD),
monitored by the modified biotin switch technique (Figure S4E).
The H.S donor, GYY-4137 rescues sulfhydration of p65 in
CSE~’~ macrophages (Figure S4F).

In experiments with the red maleimide technique, as with the
modified biotin switch technique, the effects of TNF-a are time
and concentration dependent. Substantial sulfhydration is evi-
dent at 60 min and increases to maximal levels at 2 hr, when
about 75% of total p65 is sulfhydrated (Figure 3C). As little as
5 ng/ml TNF-a elicits p65 sulfhydration, with increasing levels
of sulfhydration at 10 and 20 ng/ml (Figure 3D).

To ensure that alterations in H,S dynamics are not restricted to
TNF-a, we examined the effect of lipopolysaccharide (LPS).
Increases in CSE protein levels (Figure S4G) and sulfhydration
of p65 (Figure S4H) are also evident in peritoneal macrophages
isolated from wild-type mice 6 hr after administration of LPS.

We employed mass spectrometric analysis to identify the
cysteine residue responsible for sulfhydration of p65 in mouse
liver after treatment of the animals with TNF-« (Figure 3E and Fig-
ure S5B). Alexa Fluor 350-conjugated C2 maleimide was added
to TNF-a-treated and untreated samples. Addition of maleimide
to modified p65 elicits a mass increase of 610.21 Da (sulfur =
31.97 and alexa-conjugated maleimide = 578.24) compared to
untreated proteins in which the increase is 578.24 Da, which is
indicated in MS spectrum (Figure S5B). Mass spectrometry
reveals a single site of sulfhydration at C38. The maleimide assay
confirms that sulfhydration occurs exclusively at C38, as it is
abolished in p65-C38S mutants (Figure 3F). It is notable that,
though p65 contains eight cysteines, red staining is abolished
with mutation of a single cysteine, C38, whose sulfhydrated state
renders it more accessible to reagents than nonsulfhydrated
cysteines. This implies that the other seven cysteines do not
have access to maleimide under our experimental conditions.
We employed 0.3% Triton X-100 which may not suffice to
expose cysteines that are not sulfhydrated. The red maleimide
signal increases with greater concentrations of Triton X-100 or
Tween 20 (Figure S5C), indicating that more cysteines have
interacted with the maleimide. This is consistent with reports
that binding between protein and maleimide depends on deter-
gent concentration (Riederer et al., 2008). In our sulfhydration
assay, the failure of C38 mutation to reduce the maleimide signal
under our conditions (1.2% Triton X-100) presumably reflects its
dilution by signal from the other seven cysteines (Figure S5D).
This conclusion is further supported by mass spectrometric
analysis wherein seven cysteines are able to bind with maleimide
(Figure S5E). Thus, with 0.3% Triton X-100, we detect sulfhy-
dration of C38, while with 1.2% Triton X-100, we also observe
maleimide modification of the other seven cysteines along with
sulfhydration of C38.

S-Nitrosylation of p65 Is Followed by Sulfhydration

Proteins are typically sulfhydrated at reactive cysteines, which
are also the sites of physiologic S-nitrosylation (Hess et al.,
2005; Jaffrey et al., 2001). Stamler and associates (Kelleher
et al., 2007) reported S-nitrosylation of p65 at cysteine-38.
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Figure 3. Sulfhydration of p65-C38, Detected by Maleimide Assay, Enhances Its Binding to Canonical NF-xkB DNA Sequences

(A) Schematic diagram for detection of p65 sulfhydration with red maleimide.

(B) Depletion of red fluorescence intensity in TNF-a. treated mice after DTT treatment establishes sulfhydration of p65. Data are presented as mean + SEM.
(C) Time dependent decrease in red fluorescence intensity of p65 protein in TNF-a-treated macrophages associated with sulfhydration of p65. Data are presented

as mean + SEM.

(D) Concentration dependent decrease in red fluorescence intensity of p65 protein in TNF-o-

presented as mean + SEM.
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We explored the relationship of sulfhydration and nitrosylation,
as both processes involve C38. Pronounced sulfhydration is
evident at 1-2 hr after TNF-a treatment when CSE is induced,
whereas iNOS induction is not observed until 5 hr after treatment
and increases at 8 hr (Figure 4A).

To discriminate between sulfhydration and nitrosylation in the
same samples, we developed a procedure utilizing a combina-
tion of red and green maleimide (Alexa Fluor 488-conjugated
C5 maleimide). In this procedure, after treatment with TNF-«,
red maleimide is added to label sulfhydrated cysteines as well
as unmodified cysteines, followed by treatment with ascorbate
to remove NO from nitrosylated samples, exposing sulfhydryl
groups that can be labeled with green maleimide (Figure 4B).
As the green maleimide specifically labels the nitrosylated
species, green fluorescence in TNF-a-treated samples directly
correlates with nitrosylation.

In primary macrophage cultures at 2 hr after TNF-o treatment,
we detect prominent sulfthydration of p65 but no nitrosylation
(Figure 4C). At 5 and 8 hr, both nitrosylation and sulfhydration
are evident. About 80% of total p65 is sulfhydrated at 2 hr,
decreasing to about 48% and about 18% at 5 hr and 8 hr respec-
tively, while nitrosylation levels are about 25% at 5 hr, increasing
to 70% at 8 hr (Figure 4D). These levels of sulfhydration and nitro-
sylation are higher than those reported under basal conditions,
(Kelleher et al., 2007; Mustafa et al., 2009a), which presumably
reflects the pronounced stimulatory actions of TNF-a upon
macrophages. To optimally quantify the extent of sulfhydration
and nitrosylation, we treated some samples with maximally
effective concentrations of GYY-4137 and GSNO, respectively,
calculating the effect of TNF-a compared to actions of the H,S
and NO donors. The delayed appearance of nitrosylation in
wild-type and CSE™~ macrophages (Figure 4E) corresponds
to the time-course of INOS activation (Figure 4A).

As sulfhydration and nitrosylation of p65 respectively stimulate
and inhibit (Kelleher et al., 2007) its transcriptional activity, we
measured DNA binding affinity of p65 by ChlIP assay (Figure S6A).
TNF-a enhances binding of p65 to promoters of the antiapoptotic
gene targets c/AP-2 and Bcl-XL at 2 hr with a decrease at 5 and
8 hr, corresponding to the respective time courses of sulfhydra-
tion and nitrosylation. mMRNA level of antiapoptotic genes are
augmented at 1-2 hr and greatly reduced at 5 hr and 8 hr after
TNF-a treatment. Addition of GYY-4137 to TNF-o-treated
CSE~’~ macrophages rescues the induction of mRNA level of
antiapoptotic genes (Figure S6B). To ascertain whether sulfhy-
drated p65 can be nitrosylated, we treated p65 with GSNO
with or without prior application of GYY4137 (Figure S6C). We
observe robust nitrosylation of sulfhydrated p65 (SSNO-p65),
almost as great as for the nonsulfhydrated p65, in vitro.

If sulfhydration at C38 is critical for transcriptional activity of
p65, then activation of NF-kB target genes should be influenced
by its mutation. In peritoneal macrophages, TNF-a-mediated
activation of antiapoptotic proteins (Figure S6D) and protein level
of cytokines (Figure S6E) are markedly reduced in preparations

overexpressing p65-C38S, although nuclear translocation of
p65-C38S remains unaltered compared to WT p65 (Figure S6F).
Overexpression of CSE in HEK293 cells augments promoter
activity of these genes, especially in the presence of added
L-cysteine, with stimulation reduced substantially for catalyti-
cally inactive CSE (CSE CD) or p65-C38S (Figure 3G).

Sulfhydration of p65 Mediates Its Binding to Ribosomal
Protein S3 to Stimulate Transcriptional Activity

How does sulfhydration of p65 at C38 augment its transcriptional
activity? Lenardo and associates (Wan et al., 2007) discovered
that ribosomal protein S3 (RPS3) binds to the N-terminal portion
of p65 and, as a coactivator, mediates p65 transcriptional activity
in the nucleus. To ascertain whether RPS3 plays a role in actions
of HoS on p65, we monitored p65-RPS3 binding in liver lysates
(Figure 5A). Under basal conditions, the two proteins do not
bind, whereas TNF-a treatment of the mice elicits robust binding,
which is abolished in CSE ~/~ animals. The HoS donor GYY-4137
rescues binding between p65 and RPS3 in TNF-a CSE™~
macrophages (Figure S7A). Conversely, overexpression of
wild-type CSE in TNF-a-treated HEK293 cells augments binding,
but catalytically inactive CSE does not (Figure S7B). To deter-
mine the importance of p65-C38 for RPS3 binding, we overex-
pressed p65-C38S and WT type p65 in RAW 264.7 cells. P65-
C38S fails to bind RPS3 upon treatment with TNF-o (Figure 5B).

Because C38 is the common target residue for both H,S and
NO, we explored their relationship in regulating p65-RPS3 inter-
actions. Sulfhydration of p65 peaks at 2 hr after TNF-o. treatment
and declines at 5 and 8 hr, when it is replaced by nitrosylation
(Figures 4A and 4C). Binding of p65 to RPS3 displays a time
course similar to that of p65 sulfhydration with maximal levels
at 2 hr and a decline at 5 and 8 hr in peritoneal macrophages iso-
lated from WT type mice (Figure 5C). In CSE~~ macrophages no
binding was observed (data not shown). This suggests that the
replacement of sulfhydration at p65-C38 by nitrosylation dimin-
ishes p65-RPS3 binding. We directly examined this possibility
by monitoring influences of the H,S donor GYY-4137 and the
NO donor GSNO upon p65-RPS3 binding in TNF-o-treated
HEK293 cells (Figure 5D). Treatment with GYY-4137 augments
p65-RPS3 binding while GSNO abolishes binding. C38S-p65
binds much less than WT p65 to RPS3 upon treatment with
GYY-4137, confirming the importance of C38 sulfhydration for
p65’s binding to RPS3 (Figure S7C).

To assess the role of p65 sulfhydration in RPS3-mediated
transcriptional activity, we conducted a ChIP assay for Bcl-XL,
a promoter target of p65, utilizing immunoprecipitation with an
antibody to RPS3 (Figure 5E). TNF-a treatment of RAW 264.7
cells elicits binding of RPS3 to the p65-Bcl-XL promoter, with
peak binding evident at 2 hr and a marked diminution at 5 and
8 hr, corresponding to the time course for sulfhydration of p65
(Figure 5E). To substantiate the notion that H.S augments
promoter interactions while NO blocks them, we treated
HEK293 cells with GYY-4137 and GSNO along with TNF-o

(E) LC-MS/MS analysis of endogenous full-length p65 protein treated with TNF-a (10 png/kg) for 4 hr reveals sulfhydration of Cys38.
(F) Abolition of red fluorescence intensity in C38S mutant of p65 indicates that C38 is the site for sulfhydration. Data are presented as mean + SEM.
(G) Luciferase activity of p65 but not p65-C38S is enhanced by transfection of CSE. *p < 0.01, n = 4, one-way ANOVA, mean + SEM.

See also Figures S3-S5.
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Figure 4. Detection of Nitrosylation and Sulfhydration of p65 by Maleimide Assay

(A) Levels of CSE and iINOS in TNF-a treated macrophages upon treatment with TNF-a for 8 hr. Densitometric analysis of CSE protein level in macrophages after
treatment with TNF-a. for 8 hr. *p < 0.001, n = 3, one-way ANOVA, mean + SEM.

(B) Schematic diagram for detection of sulfhydration and nitrosylation of p65 with red and green maleimide.

(C) Time-dependent changes in sulfhydration and nitrosylation of p65 in TNF-a.-treated macrophages. As a positive control, we have measured sulfhydration and
nitrosylation of p65 upon treatment with GYY-4137 (800 pM) or GSNO (500 uM) for O, 2, 5, and 8 hr.

(D) Assessment of sulfhydration and nitrosylation of p65 at various times in TNF-a-treated cells. Data are presented as mean + SEM.

(E) Levels of nitrosylation of p65 in TNF-« treated CSE ~/~ macrophages.

See also Figures S5 and S6.
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(Figure S7D). GYY-4137 activates the binding of RPS3 to p65-
Bcl-XL promoter, while GSNO does not. Promoter occupancy
is mediated by sulfhydration of p65 at C38, because stimulation
of both Bcl-XL and clAP promoters is abolished with P65-C38S
mutation of p65 (Figure 5F). Binding of p65 to the promoter of the
antiapoptotic genes clAP2, TRAF, A20, and Bcl-XL requires
RPS3, as its depletion by RNA interference prevents activation
of Bcl-XL (Figure 5G). This suggests that binding of sulfhydrated
p65 to RPS3 is important for DNA binding activity of NF-«kB. In
CSE-deficient cells, DTT does not affect the binding of p65 to
RPS3, presumably because p65 cannot be sulthydrated (Fig-
ure S7E). In cell lysates at 2 hr after TNF-o. treatment, when sulf-
hydration of p65 predominates (Figure S8A), DTT decreases
p65-RPS3 binding, presumably by decreasing p65 sulfhydration
(Figure S8C). By contrast, at 5 and 8 hr, when p65-nitrosylation is
dominant, DTT enhances the binding, evidently by removing the
NO group and freeing up the cysteine sulfhydryl that mediates
RPS3 binding. CHIP analysis of Bcl-XL promoter binding by
p65 reveals similar effects of DTT (Figure S8E). At 2 hr after

nitrosylation (Paige et al., 2008). Direct

modification of RPS3 itself by the gaso-

transmitters does not participate in gene
activation, as we have been unable to detect any sulfhydration
or nitrosylation of RPS3 protein (data not shown).

We wondered whether association between sulfhydrated p65
and RPS3 impacts cell death. In RAW 264.7 cells, DNA fragmen-
tation elicited by TNFa is substantially increased in cells overex-
pressing p65-C38S compared to WT p65 (Figure 5H), indicating
that C38 sulfhydration of p65 is important for its antiapoptotic
function. To ascertain whether these actions of p65 require its
binding to RPS3, we depleted RPS3 by RNA interference. DNA
fragmentation is markedly increased in RPS3-depleted cells.
Overexpression of WT p65 or P65-C38S fails to rescue TNF-
a-mediated cell death in RPS3-depleted cells, confirming the
importance of p65’s binding to RPS3 for activation of antiapop-
totic genes.

DISCUSSION

In the present study we have identified a signaling cascade that
mediates the antiapoptotic actions of NF-«B in response to
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TNFa activation (Figure S9I). TNF-a. stimulates transcription of
the H,S generating enzyme CSE, whose promoter region has
a recognition motif for SP1, a transcription factor activated by
TNFa. The synthesized H.S sulfhydrates the p65 subunit of
NF-kB at cysteine-38, which augments its ability to bind its coac-
tivator RPS3. The activator/coactivator complex then stimulates
transcription of antiapoptotic genes.

We have measured sulfhydration of p65 both by the modified
biotin switch assay and the maleimide assay. maleimides do not
react with methionine, histidine, or tyrosine, instead specifically
targeting thiol groups of cysteine residues. In proteins with
multiple cysteine residues, the reactivity of an individual cysteine
is dependent both on its local environment and the hydropho-
bicity of the reactive dye (Brustad et al., 2008; Kim et al., 2008;
Tyagarajan et al., 2003). Moreover, the polarity of Alexa Fluor
conjugated maleimides permits the sensitive detection of ex-
posed or accessible thiols (Gelderman et al., 2006; Sahaf
et al., 2003). This may explain the fact that in our assay system
Alexa conjugated C2 or C5 maleimide interacts selectively with
cysteine-38 of p65. The similarity of results with the maleimide
and modified biotin switch methods supports the reliability of
the two techniques as assays for sulfhydration. The exact molec-
ular mechanism, whereby the modified biotin switch assay
differentiates sulfhydrated and unmodified cysteine is not alto-
gether clear. We presume that MMTS can react with both but
that biotin selectively links to the more chemically reactive sulf-
hydryl moiety.

Lenardo and associates (Wan et al., 2007) established that
RPS3 mediates interactions of p65 with its gene promoter
targets. Heretofore, specific cellular functions of RPS3 have
not been delineated. Our findings establish an important role
for RPS3 in mediating the antiapoptotic influences of p65. Sulf-
hydration of p65 enables it to bind to RPS3 whose coactivator
effects are required for transcriptional activation. Earlier studies
have shown that oxidizing and reducing agents, such as DTT,
respectively decrease and increase p65 binding to DNA (Gius
et al., 1999). In our study, DTT (up to around 2 mM) treatment
of intact cells also enhances p65 binding to DNA due to
increases in p65 sulfhydration and binding to RPS3, findings
that may account for the earlier observations. Higher concentra-
tions of DTT (2.5 mM and above), abolish sulfhydration of p65,
which in turn decreases its binding to RPS3 and its DNA binding
to promoters of antiapoptotic genes leading to cell death.
Interestingly, C38 of p65 lies in the DNA binding domain, and
its sulfhydration enhances binding to RPS3 leading to increased
transcriptional activation by p65. Exactly how p65, RPS3, and
the target DNA promoters interface is unclear and presumably
awaits structural studies.

Sulfhydration and nitrosylation both appear to regulate p65
and do so reciprocally. After TNF-a treatment, sulfhydration of
p65 occurs first, leading to an early activation of its promoter
targets. Subsequently, NO generated by iNOS nitrosylates
p65, which reverses the sulfhydration-elicited activation. Con-
ceivably, reciprocal influences of sulfhydration and nitrosylation
represent a mode for determining NF-kB physiology and,
perhaps, actions of other signaling proteins.

NF-kB mediates inflammatory effects of TNF-a with ramifica-
tions for diseases such as arthritis, diabetes, sepsis and osteo-
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porosis (Ghosh and Karin, 2002). NF-kB physiologically
suppresses the pro-apoptotic effects of TNF-a, leading to dimin-
ished apoptosis. Our findings indicate that the antiapoptotic
actions of NF-kB are dependent on the generation of H,S which
sulfhydrates p65. Decreasing p65 sulfhydration and thereby
augmenting apoptosis may be beneficial in the therapy of
diseases that involve excessive cell growth and division, such
as cancer.

EXPERIMENTAL PROCEDURES

Maleimide Assay

To monitor linkage of maleimide and p65, cells were homogenized with lysis
buffer using various concentrations of Triton X-100 (0%-1.5%) or Tween 20
(0%-2% v/v) and immunoprecipitated with anti-p65 antibody. After washing
of the beads with the same buffer, they were incubated with Alexa Fluor 680
conjugated C2 maleimide (red maleimide) (2 uM, final concentration) and
kept for 2 hr at 4°C with occasional gentle mixing. Beads were pelleted,
washed and suspended in 2x SDS-PAGE buffer for gel electrophoresis.
Gels were transferred to PVDF membranes, which were scanned with the
Li-COR Odyssey system. The intensity of red fluorescence of p65 was quan-
tified with software attached to the Odyssey system. These membranes
were also employed for western blotting with anti-p65 antibody.

This assay was designed based on the principles described before
(Aracena-Parks et al., 2006; Wright et al., 2006). Liver tissues or cells treated
with or without TNF-o. were homogenized in lysis buffer (150 mM NaCl,
0.5% v/v Tween 20, 50 mM Tris 7.5, and 1 mM EDTA) and immunoprecipitated
with anti-p65 antibody. After washing beads with the same buffer, beads were
incubated with Alexa Fluor 680 conjugated C2 maleimide (red maleimide)
(2 uM, final concentration) and kept for 2 hr at 4°C with occasional gentle mix-
ing. The beads were pelleted and washed with the same buffer, then treated
with or without DTT (1 mM, final concentration) for 1 hr at 4°C. Beads were
pelleted, washed and suspended in 2x SDS-PAGE buffer for gel electropho-
resis. Gels were transferred to PVDF membranes, which were scanned with
the Li-COR Odyssey system. The intensity of red fluorescence of p65 was
quantified using software attached to the Odyssey system. These membranes
were also employed for western blotting with anti-p65 antibody.

To distinguish between nitrosylation and sulfhydration of p65, liver tissues
or cells with or without TNF-o exposure were homogenized in lysis buffer
(150 mM NaCl, 0.5% v/v Tween 20, 50 mM Tris 7.5, and 1 mM EDTA) and
immunoprecipitated with anti-p65 antibody. After washing beads with the
same buffer, beads were incubated with Alexa Fluor 680 conjugated C2
maleimide (red maleimide) (2 uM, final concentration) and kept for 2 hr at
4°C with occasional gentle mixing. The beads were pelleted and washed
with the same buffer. At this point, ascorbic acid was added and preparations
kept at 4°C for 1 hr with occasional mixing. Beads were pelleted and mixed
either with Alexa Fluor 488 conjugated C5 maleimide or IRDye 800CW (green
maleimide) (2 uM) and maintained for 2 hr at 4°C with occasional gentle mixing.
The beads were pelleted and washed with same buffer. The beads were
treated with or without DTT (1 mM) for 1 hr at 4°C, pelleted, washed and sus-
pended in 2x SDS-PAGE buffer followed by electrophoresis. Gels were
scanned with the Li-COR Odyssey system. The intensity of red and green fluo-
rescence of p65 was quantified using software attached to the Odyssey
system.

To measure nitrosylation of sulfhydrated p65 protein, it was treated with
GYY-4137 (200 pM) for 30 min and passed through a desalting column to re-
move excess GYY-4137. Part of this sample was treated with GSNO (200 uM)
for 30 min and again passed through a desalting column to remove excess
GSNO. Modified proteins were treated with ascorbate followed by Alexa Fluor
488-conjugated C5 maleimide (green maleimide) (2 pM) and maintained for
1 hr at 4°C with occasional gentle mixing. Then samples were treated with
DTT (1 mM) for 1 hr at 4°C and suspended in 2x SDS-PAGE buffer followed
by electrophoresis. Gels were scanned with the Li-COR Odyssey system.

To determine whether DTT influences the p65 antibody used forimmunopre-
cipitation assays, we incubated p65 antibody with or without 1 mM of DTT for
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45 min prior to immumoprecipation experiments with RAW264.7 cell lysates.
Secondary antibody-conjugated beads were added, pelleted, washed, and
suspended in 2x SDS-PAGE buffer followed by electrophoresis. The intensity
of protein bands was measured by Image J software.

Mass Spectrometric Analysis

Wild-type mice were treated with TNF-a (10 ng/kg) for 4 hr, sacrificed, and
perfused, and livers were isolated. Livers were lysed in RIPA-A (0.3% or 1.2%
Triton X-100, 50 mM Tris [pH 7.4], and 1 mM EDTA) with rotation at 4°C for
30 min. Liver lysates were centrifuged at 14,000 g for 10 min followed by p65
immunoprecipitation with anti-p65 antibody. After washing with the same
buffer, beads were incubated with Alexa Fluor 350-conjugated C5 maleimide
(2 uM, final concentration) and kept for 2 hr at 4°C with occasional gentle mixing.
The beads were pelleted and washed with same buffer. Beads were suspended
in 2x SDS-PAGE buffer and visualized by colloidal Coomassie staining. Gel-
purified p65 was chymotryptic-digested and analyzed by LC-MS/MS.

CSE Activity Assays

CSE activity was assessed by measuring H,S production as described previ-
ously (Mustafa et al., 2009a). In brief, the assay was carried out in a 250 pl reac-
tion mixture containing 10 mM potassium phosphate buffer saline (pH 7.4),
10 mM L-cysteine, 15 uM PLP, and 10% (w/v) homogenate. High-performance
liquid chromatography (HPLC) injection vials (2 ml) containing the reaction
mixtures were flushed with N, before being sealed. Reactions were initiated
by transferring the vials from ice to a 37°C shaking water bath. After incubating
at 37°C for 60 min, the reaction was terminated by injecting a mixture of 125 pl
1% zinc acetate and 2.5 pl 10 N NaOH trapping solution. The vials were hori-
zontally shaken for another 60 min to ensure complete trapping of H,S
released from the mixture. Then, 0.5 ml water was added to each vial followed
by 0.1 ml 20 mM N,N-dimethyl-p-phenylenediamine sulfate in 7.2 M HCI,
immediately followed by addition of 0.1 ml 30 mM FeCl;-6H20 in 1.2 M HCI.
Absorbance of the resulting solution at 670 nm was measured 20 min later
with a spectrophotometer. H,S content was calculated using a calibration
curve of standard H,S solutions prepared with NaHS.

Modified Biotin Switch Assay for Sulfhydration

The assay was carried out as described previously (Mustafa et al., 2009a) with
modifications. In brief, liver tissues or cells treated with or without TNF-a. were
homogenized in HEN buffer (250 mM HEPES-NaOH [pH 7.7], 1 mM EDTA, and
0.1 mM neocuproine) supplemented with 100 M deferoxamine and centri-
fuged at 13,000 x g for 30 min at 4°C. Cell lysates (240 ng) were added to
blocking buffer (HEN buffer adjusted to 2.5% SDS and 20 mM MMTS) at
50°C for 20 min with frequent vortexing. The MMTS was then removed by
acetone and proteins precipitated at —20°C for 20 min. After acetone removal,
the proteins were resuspended in HENS buffer (HEN buffer adjusted to
1% SDS). To the suspension, 4 mM biotin-HPDP was added without ascorbic
acid. After incubation for 3 hr at 25°C, biotinylated proteins were precipitated
by streptavidin-agarose beads, which were then washed with HENS buffer.
The biotinylated proteins were eluted by SDS-polyacrylamide gel electropho-
resis (SDS-PAGE) sample buffer and subjected to western blot analysis. For
quantitation of protein sulfhydration, samples were run on blots alongside total
lysates (“loads”) and subjected to immunoblotting with antibodies specific to
each protein.

Gene Expression Analysis

For real-time PCR, total RNA was isolated using RNeasy kits (QIAGEN) primed
with random hexamer oligonucleotides and reverse transcribed with an Invitro-
gen First-Strand cDNA synthesis kit. PCR was performed with a SYBR green
master mix, and all data were normalized to 18 s ribosomal RNA. For protein
microarray, liver lysates or culture supernatants were tested using the Raybio-
tech cytokine antibody microarray (Raybiotech, Norcross, GA) as described
previously (Chaisson et al., 2002). The strengths of the signals were deter-
mined by densitometry.

Chromatin Immunoprecipitation
Chromatin immunoprecipitation was performed with the ChIP assay kit from
Upstate Biotech according to the manufacturer’s instructions. Antibodies

used included anti-p65 (C-20) (Santa Cruz Biotech), anti-RPS3 (Cell Signaling),
and anti-SP1 (Santa Cruz Biotech). Anti-rabbit IgG fron Santa Cruz Biotech-
nology (Santa Cruz, CA) was used as a control. We have used —391 to —221 bp
region of CSE promoter as a control of irrelevant region of DNA.

Electrophoretic Mobility Shift Assay and Luciferase Assay

NF-kB consensus double stranded oligonucleotides (5'-AGTTGAGGGGA
CTTTCCCAGG-3') were purchased from Santa Cruz Biotechnology. They
were first end labeled with [y*2P]JATP (Amersham Biosciences, Piscataway,
NJ) with the T4 polynucleotide kinase (Promega, Madison, WI). Binding reac-
tions were prepared using 1 to 5 pg total cellular extract or liver extracts with
50,000 cpm of oligonucleotides in a 25 ul reaction volume containing 10 mM
HEPES/KOH [pH 7.9]), 50 mM KCl, 2.5 mM MgCI2, 10% glycerol, 1 ng DNase
free bovine serum albumin, and 2.5 ug poly[d(I-C)] at room temperature for
30 min. Binding reactions were resolved on a 4% nondenaturing polyacryl-
amide gel at 22 mA for 3 hr at 4°C in 1x TBE. Gels were subsequently dried,
exposed to a phosphor screen and visualized on a phosphoimager (Amersham
Biosciences). Densitometry was conducted with ImageQuant 5.2 software
(Amersham Biosciences). For competition assays, a 1-, 5-, 10-, and 15-fold
molar excess of unlabelled probe was added as a competitor 30 min before
the addition of the labeled probe. For characterization of kB binding proteins,
the reactions were supplemented with affinity purified rabbit polyclonal anti-
bodies against mouse p65 antibody (Santa Cruz Biotechnology, Santa Cruz,
CA), 30 min before electrophoresis, as described previously (Lenardo and
Baltimore, 1989).

For luciferase reporter assays, firefly luciferase constructs driven by NF-kB
binding sequences and Renilla luciferase pRL-TK (Int-) plasmid were used
(Promega). Lysates were analyzed with the Dual-Luciferase Kit (Promega),
with firefly fluorescence units normalized to Renilla luciferase fluorescence units.

RT-PCR Analysis

Total RNA was extracted from liver tissue or cells with Trizol reagent (Invitro-
gen) according to the manufacturer’s instructions. Reverse transcription as
well as PCR procedures used Superscript One Step RT-PCR with Platinum
Tag (Invitrogen).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures
and eight figures and can be found with this article online at doi:10.1016/
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