Nitric oxide metabolism of Neisseria meningitidis prevents host cell S-nitrosothiol
formation: a novel mechanism of meningococcal pathogenesis
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Nitric Oxide and
S-nitrosothiol

Modelling SNO depletion

•Nitric Oxide (NO) is a ubiquitous signalling molecule and
free radical, synthesised by the Nitric Oxide Synthase
family of enzymes from L-Arginine. It has a number of
diverse effects on host cell and systemic physiology.
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•We infected stimulated J774.2 macrophage cells with
either wild type, serogroup B Nm, strain MC58 or
metabolic mutant derivatives thereof, unable to express
components of the partial denitrification pathway.
Following infection, cells were lysed in SNO-stabilising
buffer and SNO concentrations were measured using
ozone-based chemiluminescence (see below).
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•The NO output from murine macrophages greatly exceeds
that of human macrophages. We created a SNO-rich cell
model using J774.2 murine macrophage cells.
Upon
exposure to lipopolysaccharide (LPS) and interferon-γ
(IFNγ), we demonstrated a sustained, significant
enrichment of endogenously-formed, intracellular SNO
(Figure 2).
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Figure 2A Macrophage activation causes
increased SNO formation.
LPS and IFNγ exposure for 18 h elicits
Inducible Nitric Oxide Synthase (iNOS)
expression, which significantly increases
cellular SNO concentration. Inhibition of
iNOS activity by 1400W abrogates this
effect.
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•S-nitrosylation is a form of post-translational protein
modification akin to phosphorylation. In the presence of a
strongly oxidising cofactor, NO can covalently bind to
reactive cysteine thiol to form an S-nitrosothiol (SNO).
•S-nitrosylation is a specific and reversible process. Not all
cysteine thiol is S-nitrosylated on exposure to NO; SNO
formation requires the thiol to exist within a defined
“consensus motif”1. SNO formation is counterbalanced by
the denitrosylating activities of enzymes such as Snitrosogluathione
reductase
(GSNOR)
and
the
thioredoxin/thioredoxin reductase system2.
•S-nitrosylation has been implicated in a number of
physiological processes, including but not limited to:
apoptosis, immunomodulation, intracellular signalling
cascades and gene expression.

Figure 2B Stable SNO signal provides
4h window for infection with Nm.
Following removal of LPS and IFNγ, SNO
concentrations in J774.2 cells remain
significantly elevated for at least 4 h.

Results

•Aberrant or dysregulated S-nitrosylation has been
implicated in a number of chronic conditions, including
Parkinson’s disease and Amyotrophic Lateral Sclerosis
(ALS)3.
•Homeostatic control of S-nitrosylation is
extremely important for normal cell physiology.

Figure 3 Infection with wild type MC58 significantly depletes host cell SNO.
Activated macrophages infected with wild type MC58 for (A) 2 h or (B) 4 h contain
significantly less SNO than Uninfected cells. Incomplete depletion of SNO suggests
some protein-SNO is not effected by this phenomenon, which is indirect evidence of a
purported “stable” subset of protein-SNO. Time taken for cells to be reduced to
basal level of SNO is influenced by size of bacterial inoculum. MOI: Multiplicity of
Infection.
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Data are presented as SNO concentration (pmol SNO/mg protein). Bars denote mean
+ SE
*P < 0.05, ***P < 0.001; ANOVA with Tukey’s multiple comparisons test.

Neisseria meningitidis
•Neisseria meningitidis (Nm) is the causative agent of
human meningococcal disease.
•In its biological niche as a nasopharyngeal commensal and
as a pathogen, Nm is exposed to nitrosative stress.
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Figure 4 Survival of ΔnorB mutant strain is attenuated during nitrosative stress.
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•The genome of Nm includes a partial denitrification
pathway, which the bacterium uses to supplement its
growth under microaerobic conditions4.

Activated macrophages were infected with one of: wild type MC58 (wt), heat killed
wild type MC58 (hkwt), metabolic mutant derivatives unable to express either NorB
(ΔnorB) or the nitric oxide-sensitive repressor protein (ΔnsrR) or left Uninfected
for 4 h. J774.2 SNO concentrations were then measured using tri-iodide (I3-)
dependent, ozone-based chemiluminescence (A). Data are percentages of SNO
concentration measured in Uninfected cells (100 % = 139.7 + 52.2 pmol/mg). Bars
denote mean + SE
*P < 0.05, ***P < 0.001; ANOVA with Tukey’s multiple comparisons test.
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•The pathway consists of two genes: aniA, coding for a
nitrite reductase and norB, coding for a nitric oxide
reductase. Both aniA and norB are part of the Nm NsrR
regulon5.
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•Expression of NorB increases the intracellular survival of
Nm in human monocyte-derived macrophages (MDM) and
nasopharyngeal tissue explants6.
NorB has also been
implicated in the inhibition of apoptosis of MDM7; and has
been shown to affect the cytokine output from these cells
following Nm infection8.
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Figure 5 NorB expression is required to deplete SNO.
To overcome the attenuation of the ΔnorB strain, activated macrophages were pretreated with the potent inhibitor of f-actin polymerisation, cytochalasin D (5 µg/ml)
30 min prior to infection. Pre-treated macrophages were then infected with one of:
wild type MC58 (wt), heat killed wild type MC58 (hkwt), metabolic mutant derivatives
unable to express either NorB (ΔnorB) or the nitric oxide-sensitive repressor protein
(ΔnsrR) or left Uninfected for 4 h. A maintenance dose of cytochalasin D (2 µg/ml)
was present throughout the infection. J774.2 SNO concentrations were then
measured using tri-iodide (I3-) dependent, ozone-based chemiluminescence (A). Data
are percentages of SNO concentration measured in Uninfected cells (100 % = 106.8
pmol/mg). Bars denote mean + SE
*P < 0.05, ***P < 0.001; ANOVA with Tukey’s multiple comparisons test.

cfu cell -1

1500

•NorB activity was demonstrated to significantly
accelerate the rate of decomposition of small molecular
weight SNO in vitro (Figure 1).
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SNO depletion could represent either an acceleration in the
decomposition of existing SNO; or prevention of the formation of
new SNO, which coupled to the denitrosylating mechanisms of the
cell would result in an overall reduced abundance of SNO.
To elucidate a potential mechanism for SNO depletion, activated
macrophages were pre-treated and infected as in Figure 4, but also
including the iNOS inhibitor 1400W (100 µM). If NorB activity
accelerated the breakdown of existing SNO, then a pattern similar
to that in Figures 3 & 4 would be observed. This proved not to be the
case, with no significant differences between the samples. We
therefore postulate that meningococcal NO detoxification prevents
the formation of new SNO by efficient removal of S-nitrosylating
substrate.

Figure 1 Metabolism of exogenous SNO by Neisseria
meningitidis in vitro.
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Inhibition of f-actin polymerisation prevented the phagocytosis of Nm by the J774.2
cells and eliminated the difference in bacterial burdens measured previously (B).
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Figure 5 Meningococcal NO detoxification prevents the de novo
synthesis of SNO.

Dulbeccos Modified Eagles Medium (DMEM) supplemented
with 100 µM S-nitrosoglutathione (GSNO) (circles, ●; solid
line) was infected with either wild type Nm (squares, ■;
dotted line) or the ΔnorB mutant derivative (triangles, ▲;
broken line) and incubated for 4 h at 37 oC. n > 3

However, in keeping with previous findings, the ΔnorB strain demonstrated impaired
survival in this NO rich model compared to the other strains (B). This confounded the
finding that NorB expression is required to deplete SNO. Data are number of
bacteria per J774.2 cell following 4 h infection. Bars denote median.
**P <0.01; ANOVA with Tukey’s multiple comparisons test.

Data are percentages of the SNO concentration in Uninfected cells
(100% = 32.5 + 10.1 pmol/mg). Bars denote mean + SE
*P < 0.05, ***P < 0.001; ANOVA with Tukey’s multiple comparisons
test.
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Conclusions:

of
activated
•Infection
macrophage cells with NorBexpressing Neisseria meningitidis
results in significantly reduced
abundance of host cell SNO.
•SNO depletion does not require
phagocytosis of bacteria.
•Meningococcal NO detoxification
prevents de novo synthesis of
SNO by effective removal of
SNO-forming substrate.
SNO
depletion
•Incomplete
suggests a subset of “stable”
SNO-proteins.
•Implies a novel role for NO
detoxification in meningococcal
pathogenesis,
representing
a
hitherto unrecognized mechanism
of meningococcal disease.

