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Abstract
Polymorphonuclear neutrophil leukocytes (PMNs) are a critical part of innate immune defence
against bacterial pathogens, and only a limited subset of microbes can escape killing by these
phagocytic cells. Here we show that Neisseria meningitidis, a leading cause of septicaemia and
meningitis, can avoid killing by PMNs and this is dependent on the ability of the bacterium to
acquire L-glutamate through its GltT uptake system. We demonstrate that the uptake of available
L-glutamate promotes N. meningitidis evasion of PMN reactive oxygen species produced by the
oxidative burst. In the meningococcus, L-glutamate is converted to glutathione, a key molecule for
maintaining intracellular redox potential, which protects the bacterium from reactive oxygen
species such as hydrogen peroxide. We show that this mechanism contributes to the ability of N.
meningitidis to cause bacteraemia, a critical step in the disease process during infections caused by
this important human pathogen.
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Introduction
Neisseria meningitidis is an obligate human pathogen that is an important cause of
septicaemia and meningitis (van Deuren et al., 2000). The bacterium is a component of the
normal flora of the human upper respiratory tract, and is present in the nasopharynx of
between 5-40% of the healthy adult population (Stephens et al., 2007; Yazdankhah and
Caugant, 2004). From this site, N. meningitidis can enter the endovascular compartment,
where it evades immune killing and acquires nutrients enabling it to replicate to high levels
(Exley et al., 2005; Vogel and Frosch, 1999). This is critical to the outcome of
meningococcal sepsis as mortality from this condition is directly related to levels of
bacteraemia (Brandtzaeg et al., 1995; Ovstebo et al., 2004).
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Complement is a critical aspect of immunity against the meningococcus (Schneider et al.,
2007; Vogel and Frosch, 1999). Individuals with genetic polymorphisms in, or deficiencies
of complement factors are highly susceptible to disseminated meningococcal disease
(Figueroa and Densen, 1991). The polysialic capsule and lipopolysaccharide (LPS)
expressed by N. meningitidis are essential for avoidance of the complement system
(Geoffroy et al., 2003; Hammerschmidt et al., 1994); both are influenced by the carbon
energy sources available to the bacterium (Exley et al., 2005, and unpublished).
Furthermore, the bacterium recruits factor H, a negative complement regulator, to its surface
which impairs complement activation (Haralambous et al., 2006; Madico et al., 2006;
Schneider et al., 2006, Schneider et al., 2009).

Much less is known about the contribution to protection against meningococcal disease of
other aspects of the immune system, such as polymorphonuclear neutrophil leukocytes
(PMNs). These phagocytic cells elaborate multiple mechanisms that are highly effective at
killing microbes, including the production of anti-microbial peptides, degradative enzymes
(such as lysosyme), and reactive oxygen species (ROS) through the oxidative burst (Urban
et al., 2006). The related pathogen Neisseria gonorrhoeae is phagocytosed by PMNs, but
survives within this hostile environment (Simons et al., 2005) and 2006; Veale et al., 1979).
Uptake of the gonococcus is dependent on the interaction between bacterial Opa and CD66,
a member of the carcinoembryonic (CEACAM) antigen family (McCaw et al., 2003).
However little is known about the survival of N. meningitidis in PMNs even though the
bacterium is phagocytosed by these cells (Estabrook et al., 1998; Fijen et al., 2000; McNeil
and Virji, 1997), and is found within PMNs in the systemic circulation of patients with
bacteraemia and in the cerebrospinal fluid (CSF) during meningitis (Guarner et al., 2004).
Indeed, the meningococcus was originally named Diplococcus intracellularis meningitidis
because of its characteristic association with PMNs in the CSF (Weichselbaum, 1887).

Here we show that the acquisition of L-glutamate by N. meningitidis via the GltT ABC
transporter (Monaco et al., 2006) contributes to its ability to cause bacteraemic disease,
consistent with previous findings (Echenique-Rivera et al., 2011). We demonstrate that
uptake of L-glutamate does not enhance the expression of capsule, LPS sialylation, or
resistance against complement. Instead, available L-glutamate contributes to the glutathione
pool within the meningococcus, protecting it against ROS produced by PMNs, and this
mechanism promotes the survival of N. meningitidis in vivo.

Results
The GltT L-glutamate transporter but not the GltS system is required for survival in vivo

The meningococcus possesses two L-glutamate uptake systems (Monaco et al., 2006), the
GltT ABC-type transporter, and the GltS Na+-dependent symporter. The GltT transporter
has been shown previously to be required for bacterial survival within epithelial cells
(Monaco et al., 2006), and survival in human whole blood, and in a murine model (Li et al.,
2009). Therefore, strains lacking essential components of these two transport systems were
analysed for their ability to cause bacteraemia in the infant rat model (Sun et al., 2000),
which does not require use of co-factors such as additional iron. Animals were challenged
with a 1:1 ratio of the the wild-type serogroup B N. meningitidis strain, H44/76 and an gltT
or gltS mutant, and the competitive index (C.I.) of the mutants was calculated by comparing
the proportion of the strains in the bloodstream at later time points. The mutant lacking gltT
was significantly attenuated in vivo with a C.I. of 0.08 at 20 hrs post-challenge (n = 11
infant rats, P < 0.01, Student’s t-test) and was restored in the complemented strain
H44/76ΩgltT+ (C.I. 0.79, n=10), indicating that this transport system plays an important role
during meningococcal bacteraemia. In contrast, the gltS mutant was not attenuated (C.I.,
0.96, n = 12).

Talà et al. Page 2

Mol Microbiol. Author manuscript; available in PMC 2013 August 28.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



LPS sialylation and capsule expression are unaffected by L-glutamate uptake
Further experiments were performed to understand the mechanisms underlying the
attenuation of the gltT mutant as these have not been defined previously (Li et al., 2009).
Available carbon energy sources, such as lactate, influence the extent of LPS sialylation and
encapsulation of N. meningitidis (Exley et al., 2005, and unpublished data); these structures
promote the virulence of the meningococcus and are required for the avoidance of
complement-mediated lysis. Therefore, we examined the impact of L-glutamate, an
important carbon and nitrogen source for the meningococus (Hill, 1971; Mallavia and
Weiss, 1970), on LPS sialylation by Western blot and FACS analysis with mAb 3F11,
which recognises unsialylated LPS (Mandrell et al., 1992), and an α-L,3,7,9 LPS
immunotype mAb (Figures 1A). No significant difference was observed in the degree of
sialylation of H44/76, H44/76ΩgltT, and H44/76ΩgltS. The extent of sialylation was also
assessed by FACS analysis using mAb 3F11 (Figure 1B, C, D and E); a mutant lacking the
LPS-specific sialyl transferase (Δlst) was included as a control. The results confirmed that
there was no detectable change in LPS sialylation between the wild-type strain and those
defective for glutamate acquisition, H44/76ΩgltT or H44/76ΩgltS.

Next, mutants lacking gltS or gltT were compared with the wild-type strain H44/76 for
capsule expression. Again, there was no significant alteration in capsule expression by the
mutants and the wild-type strain by FACS (Figure 1F and Figure S1), while there was no
detectable capsule on the surface of the siaD mutant which lacks the polysialyl transferase of
serogroup B N. meningitidis.

GltT is not required for complement-mediated killing but is necessary for resistance
against oxidative stress through its contribution to intracellular glutathione levels

Next we examined the sensitivity of strains to complement-mediated lysis in serum assays.
All the strains with defects in glutamate uptake had wild-type levels of survival in the
presence of 40% normal human serum; after a 1 hr incubation there was no significant
difference between the recovery of H44/76 and H44/76ΩgltT or H44/76ΩgltS
(approximately 20% for each strain, not shown), demonstrating that enhanced sensitivity to
complement is not the basis of the attenuation of the gltT mutant.

To further understand the basis of the attenuation of the gltT mutant, we examined the
predicted fate of L-glutamate in the meningococcus after uptake from the environment
(Figure 2A, http://www.genome.jp/kegg/). L-glutamate can contribute to the TCA cycle
(following conversion to 2-oxo-glutarate), and the biosynthesis of arginine, proline,
glutamine, and glutathione. Glutathione is a key molecule in the control of the redox state in
all living cells (Carmel-Harel and Storz, 2000), and provides a potential connection between
L-glutamate acquisition and resistance against oxidative stress. In N. meningitidis, L-
glutamate is predicted to be converted to L-α-glutamyl cysteine through the action of
glutamate-cysteine lyase, GshA (encoded by NMB1037 (Tettelin et al., 2000), and thence to
glutathione by glutathione synthase, GshB (encoded by NMB1559).

Therefore we assessed the resistance of strains lacking the glutamate uptake systems against
exposure to hydrogen peroxide (H2O2), a membrane permeable ROS that generates
oxidative stress in the bacterial cytoplasm (Seib et al., 2004). Strikingly we found that the
mutant lacking GltT, but not the strain lacking GltS, was significantly more sensitive to
exposure to H2O2 than H44/76. The strain H44/76ΩgltT was recovered at less than 10% of
the levels of the wild-type after incubation in a range of concentrations of H2O2 (0.05-0.8
mM, Figure 2B and C, P <0.01, one tailed T test). The increased sensitivity of H44/76ΩgltT
was more evident when the strains were grown under low sodium conditions (Figure 2C) in
which the Na+-dependent GltS symporter is expected to be non-functional (Figure 2B and
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C); the survival of the complemented strain H44/76ΩgltT+ in the presence of H2O2 reverted
towards wild-type levels. In contrast, the GltS symporter was dispensable for resistance to
exogenous H2O2 in a medium or low sodium environment (Figure 2D and E, respectively),
consistent with the lack of attenuation during bacteraemic disease of the mutant lacking
GltS.

Next we constructed strains lacking the predicted meningococcal glutathione synthase,
GshB (NMB1559), with or without the GltT glutamate uptake system, and analysed their
sensitivity to oxidative stress. The survival of H44/76ΩgshB was dramatically impaired in
the presence of H2O2 compared with the wild-type parent H44/76 (Figure 2B and C).
Furthermore we analysed a mutant lacking both glutamate transport systems; survival of the
gltT/gltS mutant exhibited similar levels of survival as the gshB mutant in the face of
oxidative stress (Figure 2D and E). Of note, loss of GltT had no impact on resistance against
H2O2 in a gshB-negative background, indicating that lack of L-glutamate uptake via GltT is
linked to avoidance of oxidative stress through its contribution to glutathione synthesis,
rather than through an independent pathway. This hypothesis was further examined by
measuring the total intracellular pool of glutathione in strains (Figure 3). The dramatic
reduction in intracellular glutathione in H44/76ΩgshB (<5% of levels in the wild-type strain)
confirmed that GshB is involved in the synthesis of this thiol. Additionally, the gltT
deficient mutant had less than 10 and 25 % of wild-type glutathione levels in low and
medium sodium conditions respectively, consistent with reduced function of the Na+

dependent GltS system in the low salt environment. Complementation of the mutation in
H44/76ΩgltT+ restored the glutathione pool towards wild-type levels (Figure 3A and B),
while loss of GltS did not affect intracellular glutathione to the same extent as GltT; as
expected the gltT/gltS double mutant had lower intracellular levels of glutathione than either
of the single mutants. Of note, introduction of the gltT mutation into the ΩgshB strain did
not result in a further decline in intracellular glutathione levels, indicating that low
glutathione levels in the GltT mutant result from impaired glutathione synthesis from L-
glutamate.

GltT contributes to survival of N. meningitidis against ROS produced by human PMNs
Production of ROS is a potent bactericidal mechanism employed by PMNs (Nathan, 2006;
Urban et al., 2006). As the GltT-deficient mutant was sensitive to oxidative stress, we
investigated interactions between N. meningitidis and PMNs. First, we confirmed that we
had successfully isolated primary PMNs from healthy volunteers by examining cells for
expression of the PMN markers CD45 (common leukocyte antigen), CR3 (a heterodimer of
CD11b and CD18), and neutrophil elastase (Figure S2A and B). Non-opsonic association of
N. meningitidis with PMNs is mediated at least in part by the CD66 receptor (Virji et al.,
1996); therefore, we confirmed that the purified primary PMNs express CD66 by FACS
(Figure S2C). Furthermore we demonstrated by FACS analysis that the serogroup B N.
meningitidis capsule inhibits association of bacteria with primary PMNs as demonstrated
previously (McNeil and Virji, 1997); the siaD mutant which does not express a polysialic
acid capsule associated approximately four times more with cells than the wild-type strain (P
< 0.01, Figure S3).

Next we determined the outcome of challenge of PMNs with wild-type N. meningitidis
H44/76, and compared results obtained with Escherichia coli and Shigella flexneri. Primary
human PMNs were challenged at an MOI of 2, and bacteria recovered after initial
association (around 10 minutes) and 1 hr later. Exposure to PMNs led to significant amounts
of bacterial killing for all three species without opsonisation (Figure 4). However similar to
findings with the gonococcus (Criss and Seifert, 2008), N. meningitidis survived at
significantly higher levels at the early stages of the infection compared with E. coli and S.
flexneri (35% and 27% of meningococcal survival, P < 0.004 and P < 0.0017, respectively);
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at the later time points (T1) there was some further killing of bacteria though not to a great
extent (not shown).

Strikingly, the survival of H44/76ΩgltT was impaired in association with primary PMNs
compared with the wild-type strain with the mutant recovered on average 37% (S.D. ± 23)
of the level of the wild-type strain H44/76 (P < 0.013), while the complemented mutant
H44/76ΩgltT+ was recovered at the level of the wild-type (Figure 5A). This attenuation was
abolished by treatment of cells with either cytochalasin D, which prevents actin
polymerisation, or resveratrol, which blocks the PMN oxidative burst (Jang et al., 1999)
(Figure 5B); other inhibitors of the respiratory burst proved to be toxic to N. meningitidis
(not shown). Therefore GltT contributes to the survival of the meningococcus in PMNs
through avoidance of the oxidative burst.

The GltT transporter contributes in the protection of N. meningitidis from the PMN
oxidative burst in vivo

The attenuation of the H44/76ΩgltT mutant during bacteraemic infection could either be
caused by a growth defect resulting from a lack of glutamate, or increased susceptibility to
ROS generated by PMNs. To differentiate between these potential explanations we used the
murine model of meningococcal sepsis to take advantage of available animals with specific
genetic lesions, and determined the virulence of the gltT− mutant (H44/76ΩgltT) in C57BL/
6 p47phox−/− mice which fail to generate an oxidative burst through absence of a component
of the NADPH oxidase (Fang, 2004), and in congenic, wild-type mice. Mice were
challenged with a 1:1 ratio of H44/76 and the gltT mutant and the ratio of the strains in the
bloodstream determined at subsequent time points. The results (Figure 6) demonstrate that
the virulence of the ΩgltT mutant is restored towards wild-type levels in vivo by the absence
of the respiratory burst. The C.I. at 6 hrs post-challenge was 0.25 and 0.79 in p47phox+/+ and
p47phox−/− mice, respectively (P <0.02); by 24 hrs post-challenge, the C.I. was 0.14 and 0.5
in animals with or without the NADPH-oxidase, respectively (p <0.01). Thus, within the
systemic circulation GltT promotes the virulence of N. meningitidis through its effect in
counteracting killing by the PMN oxidative burst.

Discussion
PMNs are critical for innate immune defence against bacterial infection. They can express
multiple potent anti-microbial activities, many of which are activated upon recognition of
pathogen-associated molecular patterns (PAMPs) or following phagocytosis (DeLeo et al.,
1999; Hampton et al., 1998). Only a limited subset of pathogens can survive in the
intracellular compartment of PMNs, including Neisseria gonorrhoeae, Streptococcus
pyogenes and Helicobacter pylori (Andersen et al., 1993; Kobayashi et al., 2003; Veale et
al., 1979). Here we show that L-glutamate acquisition by the meningococcus via GltT
promotes survival of bacteria in association with PMNs and contributes to the ability of the
meningococcus to cause bloodstream disease. L-glutamate is converted by N. meningitidis
to glutathione, which has a key role in regulating the redox potential of the invading
pathogen and indeed host cells. The involvement of L-glutamate in maintaining the
intracellular glutathione pool protects the pathogen from ROS generated by PMNs, and
contributes to the ability of the bacterium to cause systemic infection.

A characteristic feature of meningococcal infection is its rapid onset and progression to
severe disseminated disease (van Deuren et al., 2000). Part of this dramatic clinical picture is
a consequence of the high levels of bacteraemia and LPS in meningococcal sepsis, which are
directly correlated with a poor prognosis (Brandtzaeg et al., 1995, Darton et al., 2009). It is
known that carbon energy sources, in particular lactate, at specific sites during colonisation
and disease contribute to the survival of N. meningitidis in the host through resistance
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against complement-mediated killing (Exley et al., 2005). However, we demonstrate here
that the role of L-glutamate and the GltT uptake system during systemic disease is distinct
from the involvement of lactate.

We considered the possibility that L-glutamate, as an important nitrogen and carbon source,
could contribute to the production of phospho-enol pyruvate via the citrate cycle and thence
to sialic acid biosynthesis. However the absence of any change in capsule expression, LPS
sialylation or sensitivity to complement-mediated killing of strains affected in L-glutamate
uptake indicates that a lack of this amino acid is likely to be compensated for by more
immediate carbon sources.

Although the metabolism of L-glutamate is known to contribute to the virulence of
Streptococcus pneumoniae and Helicobacter pylori (Hendriksen et al., 2008; Shibayama et
al., 2007), the uptake of glutamate has not been implicated in bacterial pathogenesis aside
from during meningococcal infection (Li et al., 2009). A possible explanation is that the
widespread pairing of GltT and GltS homologues in bacteria that could result in functional
redundancy. However a more likely explanation is that L-glutamate is not an essential amino
acid for most other pathogens which can synthesise L-glutamate via glutamine synthase
(Reitzer, 2003). However, the meningococcus lacks this enzyme (Parkhill et al., 2000;
Tettelin et al., 2000), and so must rely on exogenous sources of L-glutamate in extra-cellular
environments in vivo, where the concentration is between 30 to 90 μM (Divino Filho et al.,
1998), and within cells. Although levels of L-glutamate within PMNs are unknown, these
cells secrete significant amounts of this amino acid (up to 400 μM) upon activation (Collard
et al., 2002).

We successfully isolated primary human PMNs (demonstrated by their expression of surface
markers including CD68, CD11b, CD18 and CEACAMs, and neutrophil elastase), and
showed the anti-phagocytic effect of the polysaccharide capsule of N. meningitidis as
demonstrated previously (Read et al., 1996; Unkmeir et al., 2002). Interestingly our assays
showed that, compared with E. coli and S. flexneri, wild-type N. meningitidis exhibits
enhanced survival when in association with PMNs as does N. gonorrhoeae (Veale et al.,
1979). A number of meningococcal enzymes have been characterised that contribute to
resistance against oxidative stress and which may promote survival in PMNs. These include
enzymes that reduce the toxic effects of ROS on the bacterium, including superoxide
dismutases, glutathione peroxidase and catalase (Dunn et al., 2003; Moore and Sparling,
1996; Soler-Garcia and Jerse, 2004), or those that are responsible for DNA repair following
damage through oxidative stress (Carpenter et al., 2007; Colicchio et al., 2006; Tala et al.,
2008). However the role of these enzymes to meningococcal survival in association with
PMNs is still to be defined.

The function of the GltS uptake system is dependent on available sodium and is dispensable
for virulence, presumably through the presence of GltT and relatively low sodium conditions
found in vivo. In contrast, GltT-mediated uptake is sodium independent and can therefore
operate in low sodium environments such as those present intracellularly (Monaco et al.,
2006). We show that this transporter is required for resistance against oxidative stress,
survival within PMNs and during bacteraemic disease. Mutants lacking GltT were
preferentially killed by PMN in an actin- and respiratory burst-dependent mechanism,
reflecting its sensitivity to ROS such as H2O2. While this is not the only ROS produced in
vivo (which also include hypochlorous acid and superoxides), it provides an in vitro
measure of susceptibility to this aspect of innate immunity (Imlay, 2008). This is likely to be
caused by the link between L-glutamate uptake and the biosynthesis of glutathione which
has been described previously in E. coli and Salmonella (Bouter et al., 1988). Glutathione is
a low molecular weight thiol that is critical in maintaining the redox potential in cells. While
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some bacteria can acquire exogenous glutathione (Thomas, 1984), the meningococcus has
no uptake system and must synthesise its own glutathione (Tettelin et al., 2000). This
molecule functions as a potent anti-oxidant, and is necessary for preserving the reduced state
of the cytoplasm of prokaryotic and eukaryotic cells, and for protection against ROS.
Interestingly, we previously found that a N. meningitidis glutaredoxin mutant (grx3) is
attenuated during bacteraemic infection (Sun et al., 2000), and we will investigate the result
mechanism of attenuation of this and the gshB mutant in further studies. Alternatively, the
effect of glutathione might be indirect, and be involved in signalling the response of the
bacterium to oxidative stress or modify the export of antimicrobial peptides (Tzeng et al.,
2005).

To determine the pathophysiological relevance of the findings obtained with isolated human
PMNs, we examined the impact of PMN ROS on the virulence of strains lacking GltT. Mice
with a defect in p47phox−/− are unable to assemble a functional NADPH oxidase which is
necessary for production of intravacuolar superoxide, H2O2 and hydroxyl radicals via the
oxidative burst. These ROS induce damage in bacterial DNA, proteins and lipids, and may
be potentiated by other antibacterial activities such as peptides and enzymes present at
sublethal concentrations (Fang, 2004). Mutations in p47phox−/− are found in patients with
chronic granulomatous disease (CGD) who are susceptible to pathogens such as
Staphylococcus aureus, Candida albicans, and Apsergillus spp. but not to meningococcal
disease (Segal, 1996), which may reflect the inherent resistance of the meningococcus to
killing by PMNs as well as the rarity of CGD. Strikingly the virulence of the gltT mutant
reverted towards the wild-type in animals lacking the oxidative burst, with the C.I. at 22 hr
post-challenge in wild-type animals of 0.137, compared with 0.5 in p47phox−/− mice (P <
0.01). This restoration of virulence of the gltT mutant is likely to reflect the lack of ROS
production in the PMNs. However, the NADPH oxidase has other functions in PMNs such
as the formation of neutrophil extracellular traps (NETs) (Fuchs et al., 2007), and it is
possible that the gltT mutant is sensitive to these mechanisms of PMN killing. The residual
attenuation in p47phox−/− animals may reflect the sensitivity of the mutant to non-NADPH
oxidase dependent oxidative damage (such as through myeloperoxidase (Hampton et al.,
1998), or a growth defect of the mutant that cannot be rescued by manipulation of host
innate immune responses.

Microarray analysis of a mutant with an inactivation in a gene adjacent to GltT suggests that
loss of this glutamate uptake system might result in marked changes in gene expression in
the meningococcus (Li et al., 2009). However the role of this gene in L-glutamate transport
was not defined, and it is not clear if these alterations in transcriptional profile actually
affect the behaviour of N. meningitidis or its surface structure as proposed. Although the
strain lacking GltT is affected for growth in specific defined media in vitro (Figure S4), this
does not make a major contribution during bacteraemic disease as this would have been
evident in the p47phox−/− mice (Figure 6).

Overall our findings demonstrate that acquisition of L-glutamate from the host by N.
meningitidis promotes its virulence by enhancing resistance against ROS generated by
human PMN. This serves to emphasise that metabolism and virulence are not separate
activities within bacteria, but are often interlinked through biosynthetic pathways in which
acquisition of key nutrients available in vivo serve to increase the fitness of the pathogen by
enhancing its virulence through the avoidance of host innate immunity. It is possible that a
new class of anti-microbials and vaccines could be designed that block non-essential
metabolic pathways and render the bacterium more sensitive to innate immune killing.
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Experimental procedures
Bacterial strains and growth

H44/76 is a serogroup B N. meningitidis isolate which expresses immunotype L3,7,9 LPS,
while capsule-minus (ΔsiaD) mutants have been described previously (Exley et al., 2005).
The bacterium was grown on GC agar supplemented with 1% (v/v) Polyvitox (Oxoid) or on
Brain-Heart Infusion (BHI, Oxoid) agar with 5% Levanthal’s supplement at 37°C in 5%
CO2. The number of CFU of N. meningitidis was calculated by measuring the O.D. A260 of
a 1:50 dilution of bacterial suspensions in 200 mM NaOH/1% SDS; an O.D. of 1.8 is
equivalent of 108 CFU ml−1. For growth in liquid media, bacteria were harvested into
phosphate buffered saline (PBS) after an overnight incubation on solid media, and used to
inoculate BHI media at an OD600 of 0.15. For growth in defined media, bacteria were
inoculated into MCDA-1 or MCDA-2 media (Monaco et al., 2006), or Hanks Balanced
Saline Solution (HBSS) containing lactate (1 mM) and pyruvate (10 μM) as necessary.
MCDA-1 and MCDA-2 were formulated on the basis of MCDA media (Catlin, 1973) and
differed in their sodium ion concentrations, which were 21.6 mM and 61.6 mM,
respectively. E. coli (XL1-blue, Invitrogen) was propagated in LB media (Difco).
Antibiotics were added as required at the following concentrations: kanamycin (kan), 75 μg
ml−1 and 100 μg ml−1; erythromycin (ery), 2 μg ml−1 and 200 μg ml−1; chloramphenicol
(cat), 5 μg ml−1 and 25 μg ml−1 for N. meningitidis and E. coli respectively. To fix bacteria,
strains were grown on solid media overnight, harvested to PBS and fixed in 3%
paraformaldehyde (PFA) for 15 mins, then washed extensively with PBS. E. coli DH5α and
S. flexneri M90T were grown on LB and TCS with 0.1% Congo Red, respectively.

DNA manipulation and construction of strains
Chromosomal and plasmid DNA was isolated by standard methods. PCRs included 1 pmol
μl−1 of each primer, 1.5 mM MgCl2, 200 μM dNTPs, 2 units of Taq DNA polymerase
(Sigma) and 0.1 volumes of x10 PCR buffer (Gibco BRL) in a 25 μl final volume. PCRs
were performed in a GeneAMp 2400 cycler (Perkin Elmer). PCR fragments were ligated
into pCR2.1 TOPO (Invitrogen) according to the manufacturer’s protocol. Other ligations
were performed with T4 DNA ligase at 16°C overnight.

The Neisseria-E. coli shuttle vector pDEX (Pagliarulo et al., 2004) was used to construct
pDE-gltS and pDE-gshB. For pDE-gltS, DNA corresponding to the central segment of the
gltS gene was amplified using primers gltS1 (5′-
GGGTTTGGATCCGCTCATCGGTCTGATTAC-3′) and gltS2 (5′-
CCGGTCGGATCCCACAGTTTCAAATTCAGCAACG-3′), and the BamHI-restricted 558
bp PCR product (sites underlined) was ligated into the BamHI site of pDEX, harbouring a
functional erythromycin-resistance cassette. An analogous strategy was used to obtain pDE-
gshB with the primers gsh-for (5′-GAGCGGGGATCCGTCTGTAAACGGCGG-3′) and
gsh-rev (5′-TGCCGCAAGCTTGCCGCGTGTTTCGCC-3′) amplifying a BamHI/HindIII-
restricted 592 bp PCR product. This product was ligated into the BamHI/HindIII digested
pACYC184 which harbours a chloramphenicol resistance cassette, to generate pACYC-
gshB. H44/76ΩgltT (corresponding to H44/76ΩNMB1965) was obtained as described
previously (Monaco et al., 2006). The gltS and gshB genes were insertionally inactivated in
H44/76 by single cross-over using pDE-gltS or pDE-gshB, respectively. The double mutants
H44/76ΩgltSΩgshB and H44/76ΩgltTΩgshB were obtained by insertional inactivation of
gshB in the relevant genetic backgrounds, using pACYC-gshB.

For complementation, gltT was amplified from H44/76 using primers gltT-MluI (5′-
AGTTGAACGCGTCTGAAACCGTTGAAC-3′) and gltT-BamHI (5′-
ATCCGAGGATCCGCGTTTCGTCTTGAG-3′). The 838 bp product was introduced into
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the MluI and BamHI sites in pYHS1882, downstream of an opa promoter, generating
pYHS1882ΩgltT. The pYHS1882 vector contains the promoter, multiple cloning site and
kanamycin resistance cassette flanked by fragments of NMB0102 and NMB0103. The
construct pYHS1882ΩgltT was used to transform H44/76ΩgltT and integration in the
intergenic region between NMB0102 and NMB0103 was confirmed by Southern
hybridization. For GFP expression, strains were transformed with plasmid pEGFP (kind gift
from Dr Myron Christodoulides, (Christodoulides et al., 2000). To generate the
H44/76ΩgltSΩgltT mutant, the BamHI digested 482 bp PCR product, corresponding to the
central segment of NMB1965 (Monaco et al., 2006) was ligated into the corresponding site
in pACYC18. The resulting construct pACYC-gtlT, harbouring a chloramphenicol
resistance cassette, was using to insertionally inactivate gltT in H44/76ΩgltS.

Measurement of the intracellular glutathione pool
To analyse the intracellular glutathione pool, bacteria were grown in MCDA-2 (Monaco et
al., 2006) to an O.D. A600 of 1.0, then, about 109 cells were washed twice in H2O,
centrifuged at 1000 ×g for 10 mins. Next, three volumes of 5% sulphosalicylic acid were
added to the cells which were treated with lysozyme (1 μg μl−1), freeze thawed twice in
liquid nitrogen, then left for 5 mins at 4°C. Finally, samples were centrifuged at 13,000 ×g
for 10 mins and glutathione concentrations measured in the supernatants with the
Glutathione Assay Kit (Sigma) according to manufacturer’s instructions. For the analysis in
MCDA-1 (containing 21.6 mM NaCl), the bacterial cultures were grown in medium salt
conditions (MCDA-2) and then shifted to low salt conditions (MCDA-1) for 30 mins at
37°C before washing with water.

Sensitivity to complement-mediated lysis and hydrogen peroxide
For complement-mediated bacteriolysis assays, the cells were harvested by centrifugation at
20,000 g, and then 100 μl aliquots containing 104 CFU were incubated with serial dilutions
of normal human sera for 1 h at 37°C. The number of bacteria in the inoculum and after
incubation with serum was determined by plating to solid media; assays were performed in
duplicate and at least on three independent occasions. Heat-inactivated sera were used in
control assays. The Student’s t-test was performed to detect statistically significant
differences.

Sensitivity of meningococcal strains to hydrogen peroxide was determined as previously
described (Tala et al., 2008). Bacteria were grown overnight on solid media at 37°C in the
presence of 5% CO2, and re-suspended in MCDA-1. Strains were grown in 10 ml of
MCDA-2 until the O.D. A600 reached 0.6 and then re-suspended in 1 ml of the same
medium. The bacterial suspension was split into two tubes containing 50 ml of MCDA-2 or
MCDA-1 and incubated at 37°C with vigorous shaking for 30 mins. After this time,
different amounts of H2O2 were added and incubated for 20 mins. The number of surviving
bacteria was determined by plating serial dilutions to GC agar plates.

Protein and Western blot analysis
Samples were prepared by harvesting 109 CFU of bacterial strains into PBS following
overnight growth on solid media. Sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) was carried out as previously (Exley et al., 2005), and 12%
gels were run in SDS buffer (200 mM glycine, 248 mM Tris, 34 mM SDS) at 120 V for 1-2
hrs. Samples were heated at 90°C for 10 mins before loading, and proteins were visualised
using Coomassie Blue.

For Western blot analysis, samples separated by SDS-PAGE were transferred to PVDF
membranes (Millipore) by wet transfer at 70 V for 1 hr. Membranes were blocked in 5%
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milk-PBS (PBS-M) at 4°C overnight with gentle shaking. All further incubations were
carried out in PBS-TM (PBS, 0.05% Tween 20, 0.5% milk). Membranes were washed three
times, incubated with the primary antibody (α-L,3,7,9 LPS antibody at a 1:2,000 final
dilution, NIBSC ref. No. 01/412; 3F11 α-unsialylated LPS at a 1:10 final dilution, kind gift,
M. Apicella) for 2 hrs, and washed again, before incubation with a secondary antibody
conjugated to horseradish peroxidise (HRP) for 1 hr. Antibody binding was detected with
the ECL Plus kit (Amersham).

Isolation and infection of primary human PMN
Heparinised peripheral venous blood was diluted with the same volume of PBS (without
calcium and magnesium). Subsequently, diluted blood was layered carefully onto the
Histopaque/Ficoll gradient and centrifuged at 396 ×g for 20 mins at RT. The buffy coat was
re-suspended in RPMI (Gibco) containing 25 mM Hepes, L-glutamate and 0.05 % human
serum albumin and then spun at 249 ×g for 10 mins at 4° C. The cells were resuspended in 9
ml of cold water and mixed vigorously. The hyperosmotic shock was stopped after 40 s by
adding 1 ml of 10 times Dulbecco’s PBS (without calcium and magnesium; Mediatech).

Cells were washed in RPMI (Gibco) containing 25 mM Hepes, L-glutamate and 0.05 %
human serum albumin and centrifuged at 249 ×g for 10 mins at 4° C. The pellet containing
purified PMNs was resuspended in the cold RPMI medium and the number of cells was
determined. PMN preparations routinely contained > 95% granulocytes, assessed by FACS,
and were > 99% viable, monitored by trypan blue exclusion.

To measure bacterial survival in PMNs, cells were resuspended in RPMI (Gibco BRL)
containing 25 mM Hepes, L-glutamate and 0.05 % human serum albumin at 2.5 × 106 PMN
ml−1. A 400 μl aliquot of the suspension containing 106 cells was seeded into 24-well tissue
culture plates at 37°C for 30 min to allow the cells to adhere to plastic coverslips (Sarstedt)
at the bottom of each well. During that time, PMNs were treated with cytochalasin D (5 μM)
or resveratrol (100 μM) as required. Bacterial suspensions were prepared in RPMI (Gibco
BRL) containing 25 mM HEPES, L-glutamate and 0.05 % human serum albumin. Bacteria
were added to each well at an MOI of 2 and the plate was centrifuged at 400 × g for 4 min at
12°C. Cells were washed once and the media replaced with either 1 % saponin to lyse cells
(at T0) or pre-warmed RPMI and incubated at 37°C in 5% CO2 for 1 hr (T1). After
incubation, cells were washed once and the lysed with saponin to release bacteria which
were enumerated by plating to solid media. Survival of bacteria was expressed as a ratio of
the CFU recovered after incubation with PMNs with results following incubation without
PMNs. Data are expressed as the mean ± SEM of at least three replicate wells, and
experiments were repeated at least three times. Depending on the assay, significance was
determined by the one-sample t test or two-tailed Student’s t-test.

Analysis of the expression of surface markers was performed by incubating bacteria (1 × 108

cells ml−1) or PMNs (2.5 × 106 cells ml−1) with primary antibodies at the following
dilutions: ZM51 α-serogroup B capsule at a 1:100 final dilution (Oxoid); 3F11 as above; α-
CD45 at 1:1,000 final dilution (Dako); α-CD18 at a 1:1,000 final dilution (BD Pharmingen)
α-CD11b at a 1:1,000 final dilution (BD Pharmingen). Cells were then washed with PBS-T
(PBS, 0.05% Tween 20), then incubated with a secondary antibody conjugated to FITC
(1:400 final dilution). Samples were analysed using a FACS Calibur (Becton Dickinson),
and at least 20,000 events counted. Expression was quantified by the percentage total
positive population. All assays were performed in triplicate on at least three independent
occasions.
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Virulence studies
Litters of 5-day-old rats (Wistar, Harlan U.K.) received 106 N. meningitidis in PBS by the
intra-peritoneal (I.P.) route in a volume of 100 μl of PBS. The virulence of mutants was
compared directly with the wild-type strain in animals receiving a 1:1 ratio of wild-type to
mutant. The proportion of mutant and wild-type bacteria recovered from animals at 20 hrs
following challenge was established obtaining venous blood by plating samples of venous
blood to media with (to recover the mutant) or without (to recover the mutant and wild-type
strain) antibiotics, and the Competitive Index (C.I.) calculated as the ratio of mutant to wild-
type bacteria recovered from animals divided by the ratio in the inoculum (Sun et al., 2000).

For murine challenge, bacteria were grown overnight on solid media then made up to 5 ×
107 C.F.U. in 250 μl of BHI/5% iron dextran (vol./vol., Sigma) which was administered to
via the I.P. route (Exley et al., 2005). Mice were between 6-8 weeks old C57BL/6 or
C57BL/6 p47phox−/− congenic mice (Harlan), and blood was collected from animals by tail
vein bleeds at 6 and 24 hr post-challenge. Bacteria were recovered by plating to solid media
as above. All procedures were conducted in accordance with Home Office guidelines.

Statistical methods
Statistical significance in the C.I. from different groups of animals was examined by the
Student’s t-test.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. L-Glutamate availability does not affect LPS sialylation or capsule expression
A Whole cell lysates of bacteria were separated by SDS-PAGE, transferred to a
nitrocellulose membranes and incubated with a mAb against L3,7,9 LPS. FACS detection of
unsialylated LPS using the mAb 3F11 with the gltT (B, yellow trace), gltS (C, purple trace)
or lst (D, orange trace) mutants compared the wild-type strain (filled dark blue trace,
quantified in E) or the polysaccharide capsule (F). The percent positive population is shown
and the strains are indicated below each lane. Error bars give the S.D. of experiments
performed in triplicate on three separate occasions.
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Figure 2. The fate of L-glutamate in N. meningitidis and its role in sensitivity to oxidative stress
A Uptake systems of L-glutamate and its predicted intracellular fates in N. meningitidis. L-
glutamate can be converted into glutathione by the action of GshA and GshB. The
sensitivity to H2O2 of bacteria grown in medium salt (61.6 mM, MCDA-2, Panels B and D)
or low sodium (21.6 mM, MCDA-1, Panels C and E) conditions. Bacteria were incubated
with concentrations of H2O2 ranging from 0-0.8 mM for 20 min, and the number of
surviving bacteria determined by plating to solid media. The strains are given in the key, and
error bars show the S.D. of assays performed in triplicate on at least three occasions.
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Figure 3. Intracellular glutathione levels
Levels of intracellular glutathione in bacterial strains (indicated) were determined in
medium (61.6 mM NaCl, Panel A) and low (21.6 mM NaCl, Panel B) sodium conditions.
Strains lacking gshB and gltT have significantly reduced glutathione levels in both
environments; complementation of the gltT mutant in strain gltT+ restores glutathione levels
towards wild-type levels. Error bars show S.D. of assays performed in triplicate.
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Figure 4. Interaction of primary PMNs with E. coli, S. flexneri and N. meningitidis
Bacterial suspensions were added to wells with (+) or without (−) adherent human PMNs in
24-well microtiter plates at an MOI of 2. The survival of bacteria was determined by lysing
cells and plating the contents of the wells to solid media. Results are shown as the percent
survival compared with the number of CFU in the inocula. Both E. coli and S. flexneri
survived significantly less well than H44/76 in PMNs; for H44/76, approximately 65% of
the bacterial population survived following association with PMNs. Results are the means of
assays performed with PMNs from four different donors on different occasions; error bars
show the SD. Significance of bacterial survival with or without PMNs (indicated) was
determined by the Student’s t-test.
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Figure 5. Sensitivity of H44/76ΩgltT to PMN killing is dependent on bacterial uptake and the
respiratory burst
Bacterial suspensions were added to adherent human neutrophils (+) or to empty wells (−) in
a 24-well microtiter plate, and survival determined by plating to solid media. (A) The gltT
mutant has a significant defect for survival in the presence of PMNs (average recovery
compared with the wild-type, 37%, p < 0.01) compared with the wild-type strain, whereas
the complemented mutant was recovered at wild-type levels (117% p <0.02). Data are from
assays performed with PMNs from 4 different donors on four occasions, and normalized
according to the survival of H44/76; significance was determined by two-tailed Student’s t-
test. Error bars show the SD. (B) Pre-treatment of cells with either resveratrol (100 μM) or
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cytochalasin (5 μM) for 30 minutes prior to challenge restored the survival of H44/76ΩgltT
to wild-type levels, indicating that sensitivity of this mutant to PMN killing is dependent on
actin polymerisation and ROS production. Results are the percent survival compared with
the number of CFU in the inocula from assays performed with PMNs from three to five
different donors on three to five independent occasions. Error bars show the SD.
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Figure 6. The attenuation of H44/76ΩgltT in vivo is dependent on the PMN oxidative burst
The competitive index (C.I.) of H44/76ΩgltT was compared against the wild-type strain in
congenic animals with (+/+) or without (−/−) active p47phox, an essential component of the
NADPH oxidase. Results for individual animals are shown by triangles at 6 and 24 hrs post
challenge, and the means are the solid lines. The difference in the C.I.s observed in
p47phox−/− and p47phox+/+ mice was statistically significant by the Student’s t-test.
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