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Multiple Functions of Glutamate Uptake via Meningococcal GItT-
GItM 1-Glutamate ABC Transporter in Neisseria meningitidis
Internalization into Human Brain Microvascular Endothelial Cells
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We previously reported that Neisseria meningitidis internalization into human brain microvasocular endothelial cells (HBMEC)
was triggered by the influx of extracellular L-glutamate via the GItT-GItM L-glutamate ABC transporter, but the underlying
mechanism remained unclear. We found that the AgltT AgltM invasion defect in assay medium (AM) was alleviated in AM with-
out 10% fetal bovine serum (FBS) [AM(—S)]. The alleviation disappeared again in AM(—S) supplemented with 500 uM gluta-
mate. Glutamate uptake by the AgltT AgltM mutant was less efficient than that by the wild-type strain, but only upon HBMEC
infection. We also observed that both GItT-GltM-dependent invasion and accumulation of ezrin, a key membrane-cytoskeleton
linker, were more pronounced when N. meningitidis formed larger colonies on HBMEC under physiological glutamate condi-
tions. These results suggested that GItT-GItM-dependent meningococcal internalization into HBMEC might be induced by the
reduced environmental glutamate concentration upon infection. Furthermore, we found that the amount of glutathione within
the AgltT AgltM mutant was much lower than that within the wild-type N. meningitidis strain only upon HBMEC infection and

was correlated with intracellular survival. Considering that the L-glutamate obtained via GItT-GItM is utilized as a nutrient in
host cells, L-glutamate uptake via GItT-GItM plays multiple roles in N. meningitidis internalization into HBMEC.

Neisseria meningitidis is a Gram-negative microorganism and
an exclusive human pathogen. It usually exists in an asymp-
tomatic nasopharyngeal carriage state at a rate of 0.4% to 25% in
human populations (1, 2). However, N. meningitidis can cause
devastating invasive diseases, such as septicemia or meningitis, by
penetration of the mucosal tissue, invasion of the bloodstream,
and colonization of the meninges. Human genome-wide associa-
tion studies (3, 4) identified single nucleotide polymorphisms
in complement factor H (CFH) and CFH-related protein 3
(CFHR3), and CFHR3 promotes immune activation by acting
as an antagonist of CFH (5). Environmental conditions, such as
smoking (6, 7) and climate (8), are also likely to be important in
determining the outcome of infection. However, the exact reasons
why the diseases occur in some individuals and not in others re-
main unclear.

Many attempts to identify bona fide virulence factors in N.
meningitidis have been reported. Surface molecules, such as Opa,
Opc, pili, lipooligosaccharide, and the polysaccharide capsule,
have been identified as adhesive and invasive factors in N. menin-
gitidis (9—12). In addition, genome informatics also revealed sev-
eral minor adhesion and invasion proteins, such as App (13),
NhhA (14), MspA (15), and NadA (16). Other attempts to find
meningococcal virulence factors by genome informatics involved
comparisons between commensal and pathogenic bacteria (17)
and the modes of bacterial virulence evolution (18). However,
many of the so-called meningococcal “virulence genes” are also
present in commensal neisserial species (19, 20), and attempts to
identify meningococcal virulence factors that are restricted only to
hyperinvasive strains have so far failed (21). Likewise, a prominent
virulence system, such as the type III secretion machinery present
in many enteric pathogens, has not been found in N. meningitidis
(22). Thus, the pathogenic factors that determine the virulence of
N. meningitidis remain to be elucidated.
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L-Glutamate is an important molecule for all living organisms,
in which it plays various roles. For example, in mammals, L-glu-
tamate is the predominant excitatory neurotransmitter in the ner-
vous system (23). In many prokaryotes, glutamate is an interme-
diate product for ammonium assimilation (24, 25). In N.
meningitidis, glutamate is essential for growth in chemically de-
fined medium (26), as well as in the intracellular milieu (27). N.
meningitidis has two glutamate transporters: the high-sodium
(Na™)-dependent glutamate transporter GItS (28, 29) and the L-
glutamate ABC-type transporter GItT-GltM, which functions un-
der low-Na™ conditions (28-30). GItT-GItM is reportedly re-
quired for survival in HeLa cells (27, 28), as well as for resistance to
neutrophil oxidative burst (29).

In contrast to neutrophils and macrophages, endothelial cells
have classically been perceived as playing a quiescent role in the
host immune response by acting as barriers to the influx of micro-
organisms and by releasing chemoattractants that recruit profes-
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TABLE 1 N. meningitidis mutant strains used in this study

Parent
Strain Genotype strain Reference
HT1125  AsiaB-AsiaD::kan NIID280 38
HT1414  AsiaB-AsiaD:kan AgltT-AgltM::ermC ~ HT1125 30
HT1156  AsiaB-AsiaD::kan pilE::ermC HT1125 38
HT1688  AsiaB-AsiaD::kan ApilVi:ermC HT1125 42
HT1876  AsiaB-AsiaD::kan AgshB::spc HT1125  This study
HT1520  AsiaB-AsiaD::kan gltS::spc HT1125 30

sional phagocytes to sites of infection. In the past decade, however,
accumulated data have begun to portray endothelial cells as more
active participants in host defense. After exposure to infectious
agents, endothelial cells can generate increased concentrations of
reactive oxygen species (ROS) (31-34). There is indirect evidence
that in neisseriae, cervical epithelial cells may have an oxidative
defense capacity, since several mutants of Neisseria gonorrhoeae
that are susceptible to ROS killing in vitro also have decreased
survival within the cells (35). In N. meningitidis, two superoxide
dismutases (encoded by sodB and sodC), glutathione peroxidase
(encoded by gpxA), and catalase (encoded by kat) function as
antioxidants against ROS (36), but the mechanism of meningo-
coccal survival against intracellular ROS has remained unclear.

We previously reported that meningococcal internalization
into human endothelial and epithelial cells is triggered by the in-
flux of extracellular L-glutamate via the GItT-GItM L-glutamate
ABC transporter (30), but the mechanism was unknown. In this
study, we found several indirect lines of evidence suggesting that
GItT-GItM-dependent meningococcal internalization into hu-
man brain microvasocular endothelial cells (HBMEC) is induced
by the reduction of the environmental glutamate concentration
upon infection. Moreover, we also found that glutamate uptake
via GItT-GItM enhanced glutathione production, which resulted
in increased meningococcal survival in HBMEC. Considering the
fact that the glutamate imported via GItT-GItM was utilized as a
nutrient for meningococcal survival in host cells (27), the uptake
of glutamate via GItT-GItM in N. meningitidis seems to perform
many biological functions in meningococcal internalization into
host cells.

MATERIALS AND METHODS

Bacterial growth conditions. N. meningitidis strains (stored at —80°C)
were routinely grown on GC agar plates at 37°C in a 5% CO, atmosphere
(37). Brain heart infusion (Becton-Dickinson) agar containing 3% defi-
brinated horse blood (Nihon Biotest, Japan), was used for selecting kana-
mycin-resistant N. meningitidis strains (38). Escherichia coli was grown on
Luria (L) plates or in L broth liquid cultures at 37°C. When required,
antibiotics were added at the following concentrations: kanamycin at 150
pg/ml, erythromycin at 4 pg/ml, and spectinomycin at 75 pg/ml for N.
meningitidis; kanamycin at 50 pug/ml, ampicillin at 50 pg/ml, and specti-
nomycin at 75 pg/ml for E. coli. All of the meningococcal strains used in
this study were derivatives of N. meningitidis strain HT1125. The HT1125
strain is an unencapsulated (AsiaB-AsiaD::kan) mutant of an NIID280 N.
meningitidis strain, which is untypeable (Opc™ Pili* Opa™) and belongs
to the ST-2032 complex (38). The N. meningitidis strains used in this study
are listed in Table 1.

Construction of meningococcal mutants. To construct the N. men-
ingitidis mutant with a gshB deletion, a 2-kb DNA fragment from N. men-
ingitidis HT1125 chromosomal DNA containing the gshB gene (1 kb) and
its upstream (0.5 kb) and downstream (0.5 kb) regions was amplified with
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the primers gshB-1 (CCCAAAGGCTTCAAACGCCTGATT) and gshB-2
(ACACCAGCAGTACGTTCAGCCACA) with PrimeStar Max DNA
polymerase (TaKaRa Bio, Japan) and cloned into the Smal site of the
pTWV228 vector (4 kb; TaKaRa Bio) to construct pHT1055 (6 kb). The
5-kb DNA region of pHT1055, which lacked the region including the gshB
gene, was amplified again with the primers gshB-3 (ATTTCCTTTCCGG
TGTGCCGAATG) and gshB-4 (ACCGATGCCGTCTGAAAGGCTTTT)
with PrimeStar Max DNA polymerase and was ligated to a spectinomycin
resistance gene (spc) to construct pHT1058. The linearized pHT1058 (500
ng) was transformed into HT1125, and spectinomycin-resistant (Sp”)
clones were selected, resulting in the gshB deletion mutant of HT1125,
named HT1876 (Table 1). Transformation of the N. meningitidis strains
was performed as described previously (37).

Tissue culture. HBMEC were cultivated as described previously (39).
For a given experiment, HBMEC were seeded in a culture flask or dish or
on a coverglass and used within 2 days after reaching confluence.

Determination of host cell-associated and internalized bacteria.
HBMEC were cultivated on gelatin-coated 96-well tissue culture plates
(Iwaki, Japan) at 37°C in a 5% CO, atmosphere for 2 days to a concentra-
tion of 1 X 10* cells/well. At 2 h prior to bacterial infection, the culture
medium was replaced with assay medium (AM), which was MCDB131
(Invitrogen) supplemented with 10% fetal bovine serum (FBS), 90 pg
ml ™! heparin, and 3 mM glutamine. AM without 10% FBS [AM(—S)] or
AM without FBS and either glutamate or sodium chloride [AM(—S, —G)
or AM(—S, —Na)] was used instead of AM where indicated. AM(—S,
—G) and AM(—S, —Na) were prepared from 2-fold-concentrated
MCDBI131 without glutamate and sodium chloride, which was specially
manufactured by the Cell Science & Technology Institute (Japan). In a
standard experiment, the bacterial suspension was prepared in AM
[AM(=S), AM(=S, —G), or AM(—S, —Na) where indicated] at an opti-
cal density at 600 nm (ODy,) of 0.05, which corresponded to approxi-
mately 5 X 10° CFU/100 pl. The multiplicity of infection (MOI) was 500,
a condition previously used in other studies (40, 41), to examine efficient
N. meningitidis internalization (39). If a lower MOI was required, the
bacterial suspension was prepared by further dilution. A 100-pl portion of
the bacterial suspension was inoculated onto the host cell monolayers in
duplicate for each assay and incubated at 37°C in a 5% CO, atmosphere
for 4 h. To determine bacterial adherence, the monolayers were washed
with prewarmed AM(—S) four times to remove nonadherent bacteria.
Adherent bacteria were released by the addition of phosphate-buffered
saline (PBS) containing 2% saponin, and CFU were determined on GC
agar plates with appropriate dilutions to count the cell-adherent bacteria.
To determine the internalized bacteria, AM(—$) containing 150 p.g ml ™'
gentamicin was added, and the cultures were incubated further for 1 h to
kill all of the extracellular bacteria. We confirmed that up to 5 X 107
extracellular meningococci were almost completely (>99.999%) killed
under these experimental conditions (data not shown). The amounts of
internalized bacteria that were not killed by the gentamicin treatment
were determined by the addition of PBS containing 2% saponin and plat-
ing on GC agar after appropriate dilutions to count the bacteria as CFU.
The results are expressed as means and standard deviations (SD), and
bacterial numbers were compared statistically using a two-tailed Student
t test.

Western blotting. N. meningitidis, grown on agar plates, was sus-
pended at an ODy, of 0.05 in 10 ml AM and incubated at 37°C in a 5%
CO, atmosphere for 4 h. The bacteria in 4-ml and 1-ml portions of the
suspension were harvested by centrifugation at 4°C for analyses of PilV
and PilE, respectively. The bacteria were resuspended in 50 pl 1X SDS
buffer and boiled for 10 min. SDS-PAGE and Western blotting were per-
formed as described previously (42).

Aggregation assay in AM. The aggregation assay was performed as
described by Brown et al. (43). In brief, N. meningitidis bacteria grown on
agar plates were suspended at an ODg, of 0.05 in 100 pl AM and incu-
bated at 37°C in a 5% CO, atmosphere for 4 h in 96-well coverglass
bottom plates (Iwaki, Japan). Aggregate formation on the bottoms of the
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wells was visualized by phase-contrast microscopy, using an Olympus
CKX31 microscope with a 40X objective. Digital images were recorded
using an Olympus C-5060 digital camera, with an NY2000S3 superadap-
tor mounted on the microscope.

Determination of glutamate concentrations in media. The medium
that was used for the infection assay for 4 h was transferred into a 1.5-ml
tube and centrifuged at 10,000 X g at 4°C for 2 min. The glutamate con-
centration in the supernatant was measured with an r-glutamate assay kit
II (Yamasa Shoyu, Japan).

Observation of meningococcal colonies on HBMEC. HBMEC
monolayers, grown on a coverglass at 37°C in a 5% CO, atmosphere for 2
days, were infected with N. meningitidis in AM, AM(—S), or AM(—S,
+Glu) at MOIs of 5, 50, and 500 for 4 h. The infected HBMEC monolayers
were washed four times with prewarmed AM(—S), fixed with 4% para-
formaldehyde in PBS for 15 min, and blocked with 2% bovine serum
albumin (BSA) in PBS for 15 min. The resultant monolayers were incu-
bated with 100-fold-diluted anti-meningococcus rabbit serum (unpub-
lished data) for 45 min, followed by the Alexa Fluor 488-conjugated
F(ab’) fragment of anti-rabbit IgG (Invitrogen), diluted 200-fold, for 45
min. The glass coverslips were mounted on the glass slides with ProLong
Gold Antifade Reagent (Invitrogen). The infected HBMEC and the at-
tached meningococci were observed with a BX51 microscope (Olympus)
equipped with a charge-coupled-device (CCD) camera (Orca-ER;
Hamamatsu) with a 100X oil immersion objective.

Determination of r-glutamate uptake into bacteria that infected
HBMEC. N. meningitidis strains, grown on GC agar at 37°C in a 5% CO,
atmosphere overnight, were suspended in 1 ml PBS and harvested by
centrifugation at 10,000 X g for 2 min. The bacterial pellets were resus-
pended in 1 ml PBS and centrifuged again. The resultant pellets were
suspended in AM(—S, —G) to adjust the bacteria to an ODg, of 0.076.
HBMEC layers, seeded in a 24-well plate at a concentration of 7 X 10*
cells/well, were washed twice with 1 ml PBS, and then the bacterial sus-
pension (462.5 pl) was added to each well of the 24-well plate. At the same
time, a 93.5-pl aliquot of the bacterial suspension was also added to one
well of the 96-well plate to measure glutamate uptake by the bacteria only.
The assays were initiated by the addition of 37.5 wl and 7.5 pl of 0.4 mM
L-["*C]glutamic acid (specific activity, 9.25 MBq/mmol; Perkin-Elmer
Life Science) to the 24-well and 96-well plates, respectively, for a final
glutamate concentration of 300 M, and the cells were incubated at 37°C
ina 5% CO, atmosphere for 4 h. The infected HBMEC layers were washed
4 times with 1-ml aliquots of prewarmed AM(—S) and lysed with 500 p.l
of 2% saponin in PBS. The bacteria that infected the HBMEC in the
solution were harvested on a 13-mm-diameter 0.45-pm HAWP mem-
brane (Millipore) by vacuum filtration. The bacterial suspension without
HBMEC in the 96-well plate was also collected on the membrane. The
filter was washed with a 10-fold volume of PBS and then transferred to a
1.5-ml tube. The bacteria on the filter were suspended in 400 pl H,O, and
a 200-pl aliquot of the bacterial suspension was used to measure the
radioactivity. The radioactivity was determined by scintillation counting
in an 8-ml vial containing 5 ml Filtron-X (National Diagnotics). Back-
ground levels of L-["*C]glutamic acid binding to the membrane, HBMEC,
or bacteria were determined in control samples and were subtracted from
all values. The protein concentration was determined with a bicin-
choninic acid (BCA) protein assay kit (Thermo), with bovine serum al-
bumin as the standard. The L-glutamate transport values are expressed as
picomoles of substrate transported per microgram of bacterial protein
(means and SD).

Observations of meningococci and ezrin accumulation by immuno-
fluorescence staining. HBMEC monolayers, grown on a coverglass at
37°Cin a 5% CO, atmosphere for 2 days, were infected with N. meningi-
tidis in AM, AM(—S), or AM(—S, +Glu) at an MOI of 500 for 4 h. The
infected HBMEC monolayers were washed four times with prewarmed
AM(-YS), fixed with 4% paraformaldehyde in PBS for 15 min, permeab-
ilized with 0.2% Triton X-100 in PBS, and blocked with 2% BSA in PBS for
15 min. The resultant monolayers were incubated with the anti-ezrin

September 2015 Volume 83 Number 9

Infection and Immunity

GItT-GItM-Dependent Meningococcal Internalization

monoclonal antibody 3C12 (Santa Cruz) diluted 100-fold for 45 min and
then with the Alexa Fluor 594-conjugated F(ab’) fragment of anti-mouse
IgG (Invitrogen) diluted 200-fold for 45 min under moist and dark con-
ditions. To visualize meningococci, the monolayers were further incu-
bated with 100-fold-diluted anti-meningococcus rabbit serum for 45 min
and with the Alexa Fluor 488-conjugated F(ab’) fragment of anti-rabbit
IgG (Invitrogen) diluted 200-fold for 45 min. The glass coverslips were
mounted on the glass slides with ProLong Gold Antifade Reagent. The
infected HBMEC and the attached meningococci were observed with a
BX51 microscope with a 40X oil immersion objective.

Isolation of RNA, protein, and glutathione from bacteria that in-
fected HBMEC. HBMEC were seeded on 150-mm culture dishes (Nihon
Genetics, Japan) and used within 2 days after reaching confluence (~7 X
108 cells). HT1125 or HT1414 bacteria, grown on GC agar plates, were
suspended in 20 ml AM to adjust the bacteria to an ODy, of 0.05. The
bacterial suspensions were added to the HBMEC layers on 150-mm cul-
ture dishes and incubated at 37°C in a 5% CO, atmosphere for 4 h. The
infected HBMEC layers were washed twice with 20 ml prewarmed PBS
and then twice with 10 ml prewarmed PBS and lysed with 10 ml of 2%
saponin in PBS or with 10 ml 2% saponin in PBS containing Complete
Ultra (Roche) for protein isolation by incubation at 37°C for 10 min.
Bacteria in the suspension were harvested by centrifugation at 3,000 X gat
4°C for 5 min. The resultant pellet was used to isolate bacterial RNA (see
Table S1 in the supplemental material), proteins (see Table S2 in the
supplemental material), or glutathione (see below).

Monitoring meningococcal survival in HBMEC. HBMEC (4 X 10*
cells/well) were grown in 24-well tissue culture plates (Iwaki) at 37°Cin a
5% CO, atmosphere for 2 days. For this experiment only, the HBMEC
monolayers were infected with N. meningitidis strains at an MOI of 5,000
for 2 h in AM(—S), since the maximum number of internalized bacteria
was obtained when a high MOI of N. meningitidis was used to infect
HBMEC (39). The monolayers were washed with 500 pl prewarmed
AM(—S) four times and then incubated with 500 pl AM(—S) containing
150 pg ml™! gentamicin for 1 h to kill the extracellular bacteria. The
infected HBMEC layer was washed with 500 pl AM(—S) four times to
remove the residual gentamicin and lysed with 200 wl of 2% saponin in
PBS. This time point was defined as the zero hour. The numbers of intra-
cellular bacteria at time zero and 1, 2, 3, and 4 h of incubation after the
gentamicin treatment were determined as CFU by plating on GC agar
plates after appropriate dilution. The survival percentages (expressed as
means and SD) were calculated by the following formula: 10> X (CFU at
the indicated h)/(CFU at 0 h).

Determination of the glutathione concentration in bacteria that in-
fected HBMEC. The bacteria that infected HBMEC were harvested, sus-
pended in 1 ml H,O, and centrifuged at 10,000 X gat 4°C for 2 min. This
procedure was repeated 3 times. The resultant pellets were suspended in
100 pl of 0.5% sulfosalicylic acid, and the bacteria were lysed by three
freeze/thaw cycles, briefly sonicated, and centrifuged again at 14,000 X g
at 4°C for 10 min. The glutathione concentration in the supernatant was
measured with a total glutathione quantification kit (Dojindo, Japan).
The protein concentration was determined with a BCA protein assay kit
(Thermo). The amount of glutathione in bacteria was expressed as nano-
moles of glutathione per milligram of bacterial protein (means and SD).

Statistical analyses. Results are expressed as means and SD. The num-
bers of adhered and internalized bacteria, ratios of internalized to adhered
bacteria, glutamate concentrations, glutathione measurements, L-gluta-
mate uptake, and meningococcal survival in HBMEC were compared us-
ing the two-tailed Student ¢ test, and P values of <0.05 were considered to
be significant.

RESULTS

The AgltT AgltM mutation did not considerably affect menin-
gococcal transcription or translation upon HBMEC infection.
In an attempt to evaluate the underlying mechanisms of menin-
gococcal internalization dependent on GItT-GItM, we isolated
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respectively. Statistical analyses were performed with a two-tailed Student t test; N.S., nonsignificant; *, P < 0.05; **, P < 0.01; #, P < 0.02.

RNA from N. meningitidis strains that infected HBMEC, and the
transcriptional changes in N. meningitidis upon HBMEC infec-
tion were investigated by transcriptome analysis (RNA-seq) (see
Table S1 in the supplemental material). Comparison of expression
between bacteria only and bacteria that infected HBMEC, using
the wild-type (WT) N. meningitidis strain HT1125, revealed the
altered expression of many genes, especially those related to rRNA
and proteins, upon infection (see Table S1A in the supplemental
material). Comparison between HT1414 and HT1125, however,
revealed lower gene expression numbers, and fewer gene reads
(less than 50) were altered between the WT and the AgltT AgltM
mutant (see Table S1B in the supplemental material). Moreover,
the identified genes did not seem to belong to a particular biolog-
ical category, since most of the genes were annotated as “hypo-
thetical gene” (see Table S1B in the supplemental material). We
also analyzed the differences in the protein levels between HT1125
and HT1414 upon HBMEC infection by liquid chromatography-
tandem mass spectrometry (LC-MS-MS) with Tandem Mass Tag
labeling (Thermo Fisher Scientific) (see Table S2 in the supple-
mental material). Compared to the transcriptome analysis results
(see Table S1 in the supplemental material), fewer proteins (61
proteins) were detected, and they showed lower degrees of expres-
sion differences (less than 2-fold) between HT1125 and HT1414.
Therefore, the results of the transcriptome and proteome analyses
suggested that GItT-GltM-dependent meningococcal internaliza-
tion into HBMEC was not likely to be regulated at either the tran-
scriptional or translational level.

GItT-GItM-dependent internalization into HBMEC was less
prominent in AM(—S). We previously showed that the AgltT
AgltM mutant, HT1414, was approximately 100-fold less effi-
ciently internalized into HBMEC than the wild-type strain,
HT1125, at an MOI of 500 in AM (Fig. 1 C) (30). We also exam-
ined the expression of PilE and PilV, components of the menin-
gococcal pili that affect meningococcal infection (42, 44), as well
as the aggregate formation linked to meningococcal virulence
(43), and found that there were no differences between HT1125
and HT1414 (see Fig. S1 in the supplemental material). These
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results are consistent with those obtained by the proteome analy-
sis. Therefore, we confirmed that the internalization defect of
HT1414 was not due to loss of protein or the function of the
meningococcal pili in AM.

During the course of our studies to elucidate the mechanism of
GItT-GltM-dependent invasion, we found that the HT1414 inva-
sion defect was alleviated in AM(—S), which lacked the 10% FBS
(Fig. 1C). This result suggested that some component(s) of FBS
might have affected GItT-GItM-dependent meningococcal inter-
nalization into HBMEC. Since GItT-GItM is an ABC-type gluta-
mate transporter that can function under low-Na™ conditions
(27, 30), we focused on two molecules: sodium chloride and L-glu-
tamate. To examine the possibility that these factors affected GItT-
GltM-dependent internalization into HBMEC, we performed in-
fection assays in AM(—S, —Na) supplemented with sodium
chloride and in AM(—S, —G) supplemented with glutamate (Fig.
1). The supplementation with 50 mM sodium chloride, which was
an approximately 4-fold-higher concentration than that in AM,
did not reduce HT1414 internalization as in AM (Fig. 1C). The
same finding was observed in AM(—S, —G) supplemented with
100 wM glutamate. However, the efficient invasion of HT1414 in
AM(—S) disappeared upon supplementation with 500 wM gluta-
mate in AM(—S, —G) (Fig. 1C). This result suggested that GItT-
GltM-dependent internalization into HBMEC could be affected
by the environmental glutamate concentration.

Glutamate levels in AM and AM(—S). We examined whether
there was a difference in the glutamate concentrations in AM and
AM(-S) (Fig. 2). AM with HBMEC only (without bacteria) con-
tained approximately 100 wM glutamate, while AM(—S) con-
tained less than 50 wM glutamate (Fig. 2). Since approximately 30
uM glutamate is present in the original base medium and the
glutamate derived from 10% FBS was estimated to be approxi-
mately 50 nwM, these results suggested that incubation with
HBMEC did not increase the glutamate content. However, the
glutamate concentration in AM with both HBMEC and the wild-
type N. meningitidis strain was over 150 wM, and that in AM(—S)
was approximately 100 pM. These results suggested that incuba-
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centrations were determined in the supernatants of the AM and AM(—S) used
for Fig. 1. Each circle represents the glutamate concentration in one sample.
The open and solid circles indicate the glutamate concentrations in AM and
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tion with the bacteria might increase the net glutamate content by
up to 50 wM, regardless of the medium. The glutamate concen-
trations in AM and AM(—S) with both HBMEC and the AgltT
AgltM mutant were similar to those with the wild-type strain (Fig.
2). Since the glutamate concentration in whole blood is 150 to 300
WM (45), the glutamate concentration in AM in vitro was likely to
be similar to that in vivo. Together, these results suggested that
GItT-GltM-dependent meningococcal invasion was observed

GItT-GItM-Dependent Meningococcal Internalization

with the physiological glutamate concentration (150 to 300 wM)
and that the dependency could be alleviated under low-glutamate
conditions.

GItT-GltM-dependent meningococcal invasion was ob-
served when N. meningitidis formed large colonies on HBMEC
at a physiological glutamate concentration. To study the rela-
tionship between GItT-GItM-dependent meningococcal invasion
and colony formation on HBMEC, we further examined the GItT-
GltM-dependent meningococcal invasion at lower MOIs and un-
der different glutamate conditions (Fig. 3), since infections at
higher MOIs within limited incubation times facilitated the for-
mation of larger colonies on the host cells (39). In AM (physio-
logical glutamate conditions), the AgltT AgltM mutant, HT1414,
was approximately 50-fold less efficiently internalized than the
wild-type strain, HT1125, into HBMEC at an MOI of 500 (Fig. 1C
and 3C). However, at an MOI of 50, HT1414 was only 5-fold less
efficiently internalized than HT1125, and the difference was not
observed at an MOI of 5 (Fig. 3C). These results suggested that
GItT-GItM-mediated meningococcal invasion was dependent on
the MOL. To observe the meningococcal infection of HBMEC, the
infected HBMEC were also analyzed by an immunofluorescence
assay with microscopy (Fig. 4). At an MOI of 500 in AM, HT1125
and HT1414 formed large colonies on HBMEC (Fig. 4F and L).
However, at MOIs of 50 and 5, smaller colonies were observed
(Fig. 4D, E, ], and K). These results suggested that, at physiological
glutamate concentrations, GItT-GltM-dependent invasion oc-
curred more efficiently when N. meningitidis formed larger colo-
nies on HBMEC. In contrast, in AM(—S) (low-glutamate condi-
tions), HT1414 was only 5-fold less efficiently internalized than
HT1125 atan MOI of 500, and no difference was observed even at
an MOI of 50 (Fig. 3C), indicating increased invasion efficiency of
HT1414, by approximately 10-fold, in AM(—S) compared with
thatin AM. Colony formation on HBMEC in AM(—S) was similar
to that in AM (data not shown). These results suggested that the
defect in GItT-GItM-dependent meningococcal invasion could be
suppressed by reducing the environmental glutamate concentra-
tion. In AM(—S, +Glu), HT1414 was approximately 50-fold and
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FIG 4 N. meningitidis formed larger colonies on HBMEC at higher MOIs. Shown are phase-contrast and immunofluorescent staining with anti-N. meningitidis
(a-Nm) rabbit serum and anti-rabbit IgG-Alexa 488, respectively. HBMEC infections were done with wild-type (HT1125) and AgltT AgltM (HT1414) strains in

AM at MOIs of 5, 50, and 500. Magnification, X1,000.

5-fold less efficiently internalized than HT1125 at MOIs of 500
and 50, respectively (Fig. 3C), and the colony formation was al-
most the same as that in AM (data not shown). Considering the
results shown in Fig. 3 and 4 together, GItT-GItM-dependent N.
meningitidis internalization into HBMEC might be elicited by the
reduction of the environmental glutamate concentration when N.
meningitidis formed large colonies on HBMEC.

Enhancement of meningococcal glutamate uptake via GItT-
GItM upon HBMEC infection. We next examined the uptake of
environmental glutamate via meningococcal GItT-GItM upon
HBMEC infection. The L-glutamate uptake activity levels did not
differ significantly between the wild type (HT1125) and the AgltT
AgltM mutant (HT1414) when the bacteria were incubated in
AM(—S, —G) supplemented with 300 uM '*C-labeled glutamate
(Fig. 5, left). However, L-glutamate uptake by HT1414 was less
efficient than that by HT1125 upon HBMEC infection (Fig. 5,
right). These results suggested that meningococcal GItT-GItM was
more important for L-glutamate uptake when N. meningitidis in-
fected the host cells than when N. meningitidis grew in the me-
dium.

Ezrin accumulation was correlated with the invasion effi-
ciency of the AgltT AgltM mutant under physiological and low-
glutamate conditions. Meningococcal internalization into endo-
thelial cells is accompanied by the accumulation of ezrin, one of
the membrane-associated proteins responsible for linking the
plasma membrane to the underlying actin cytoskeleton (46, 47).
We examined the changes in the host cell cytoskeleton upon me-
ningococcal infection by using indirect immunofluorescence to
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monitor the localization of ezrin (Fig. 6). Ezrin accumulated min-
imally in HBMEC that were not infected with N. meningitidis in
any medium, and especially in AM(—S) (Fig. 6B, b), indicating
that the reduction of environmental glutamate itself did not in-
duce ezrin accumulation in HBMEC. In AM (physiological gluta-
mate conditions), ezrin did not appreciably accumulate beneath
the AgltT AgltM mutant HT1414 (Fig. 6A, h), while ezrin clearly
accumulated beneath the wild-type N. meningitidis strain,
HT1125 (Fig. 6A, e). This phenotype was the same as that in the
previous report (30) and was consistent with the HT1414 invasion
defect in AM (Fig. 1C and 3C). However, in AM(—S) (low-gluta-
mate conditions), ezrin accumulation beneath HT'1414 was more
frequently observed than in AM (Fig. 6B, h) and was correlated
with the increased invasion efficiency of HT1414 in AM(—S) (Fig.
1C and 3C). Furthermore, in AM(—S, +Glu), ezrin accumulation
beneath HT1414 was less efficient (Fig. 6C, h), and this was also
correlated with the low invasion efficiency of HT1414 in
AM(—=S, +Glu) (Fig. ICand 3C). Combined with the fact that the
functions of the pili in HT1414 and HT1125 were similar (see Fig.
S1in the supplemental material), all of these results suggested that
the reduction of the environmental glutamate concentration alle-
viated the defects in both ezrin accumulation and GUtT-GItM-
dependent meningococcal invasion.

Infection activity and glutathione synthesis. N. meningitidis
reportedly resists neutrophil oxidative burst by synthesizing glu-
tathione, a key molecule in the control of the redox state in all
living cells (48, 49), from L-glutamate obtained via GItT-GItM
(29). Since endothelial cells produce oxygen radicals, such as ROS,
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control, respectively. Each value is the mean and standard deviation of the
mean from the results of at least three experiments. Statistical analyses were
performed with a two-tailed Student ¢ test; N.S., nonsignificant; *, P < 0.01.

upon microbial infection (31, 33, 34), we speculated that a rela-
tionship might exist between glutathione synthesis and HBMEC
invasion ability under our experimental conditions. To examine
this possibility, we constructed the gshB (glutathione synthetase)
deletion mutant HT1876 and examined its ability to infect
HBMEC (Fig. 7). As shown in Fig. 1 and our previous study (30),
the internalization of the AgltT AgltM mutant, HT1414, into HB-
MEC was approximately 100-fold less efficient than that of the
wild-type strain, HT1125 (Fig. 7C). However, HT 1876 was inter-
nalized into HBMEC approximately 10-fold less efficiently than
HT1125, although the adhesion numbers were similar (Fig. 7C).
These results suggested that glutathione production contributed
to the GUT-GltM-dependent invasion of HBMEC. Notably,
HT1414 was internalized into HBMEC approximately 10-fold less
efficiently than HT1876 (Fig. 7C), implying that glutathione-in-
dependent invasion was also involved in GItT-GltM-dependent
internalization into HBMEC. All of these results suggested that
GItT-GltM-dependent meningococcal invasion comprised both
glutathione-dependent and glutathione-independent pheno-
types.

Suppression of the glutathione-independent invasion defect
by AM(—S). Glutathione-independent invasion was considered
to comprise both invasion caused by the environmental glutamate
reduction around the meningococcal colony on HBMEC and glu-
tamate acquisition by HBMEC (27, 28). To further examine these
possibilities, meningococcal invasion into HBMEC was analyzed

September 2015 Volume 83 Number 9

Infection and Immunity

GItT-GItM-Dependent Meningococcal Internalization

A in AM

phase contrast Nm

Ezrin

Non & = ’
infected |

HT1125
wild type |

HT1414 |
AGItT-AgItM

Non |
infected

HT1125
wild type

HT1414
AQItT-AgtM

v -

c in AM (-S, +Glu)

phase contrast Nm

Non *
infected |

HT1125 2 ¢
wild type

HT1414
AghtT-AgltM = o~ *

FIG 6 Phase-contrast and immunofluorescence microscopy showing ezrin
accumulation beneath N. meningitidis-infected HBMEC. Noninfected con-
trols are also shown. HBMEC monolayers were infected with N. meningitidis
wild-type (HT1125) and AgltT AgltM (HT1414) strains in AM (A), AM(—S)
(B), and AM(—S, +Glu) (C). N. meningitidis and HBMEC were observed by
phase-contrast microscopy (left column). N. meningitidis strains and ezrin
were immunostained with two sets of primary and secondary antibodies: an-
ti-N. meningitidis rabbit serum and Alexa Fluor 488-conjugated anti-rabbit
IgG (middle column) and anti-ezrin monoclonal antibody (MAb) and Alexa
Fluor 594-conjugated anti-mouse IgG (right column). Magnification, X400.
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The open, solid, and gray bars indicate the numbers of HT1125, HT 1414, and HT1876 bacteria, respectively. Statistical analyses were performed with a two-tailed

Student £ test; N.S., nonsignificant; *, P < 0.001.

in AM(—S) under conditions where only invasion by glutamate
reduction would be alleviated (Fig. 1C, 3C, and 7D, E, and F). The
AgshB mutant, HT1876, was approximately 5-fold less efficiently
internalized into HBMEC than the wild-type strain, HT1125 (Fig.
7F), suggesting that a similar glutathione-dependent phenotype
was observed in AM(—S). However, a comparison of the AgltT
AgltM mutant, HT1414, and HT1876, in which the glutathione-
dependent phenotype was eliminated, revealed that the internal-
ization of HT'1414 into HBMEC seemed to be less efficient than
that of HT'1876, but the difference was not statistically significant
(Fig. 7F). Notably, the difference in AM(—S) became smaller than
that in AM (Fig. 7C and F), indicating that the defect in glutathi-
one-independent invasion in AM could be suppressed in
AM(—S), but not completely.

Meningococcal survival in HBMEC. Glutathione-dependent
invasion is likely to be linked to intracellular survival against ROS
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in HBMEC. To examine this possibility, we analyzed meningococ-
cal survival in HBMEC (Fig. 8). The survival of the wild-type N.
meningitidis strain, HT1125, was approximately 100% at 1 h and
gradually declined to approximately 30% at 4 h (Fig. 8). In con-
trast, the AgshB mutant, HT1876, survived less efficiently than
HT1125 at every time point, and the survival rate declined to
approximately 0.5% at 4 h (Fig. 8). The low survival rate was also
observed with the AgltT AgltM mutant, HT1414 (Fig. 8). These
results suggested that glutathione-dependent invasion was corre-
lated with intracellular survival by glutathione synthesis.
GItT-GItM plays a significant role in glutathione synthesis in
N. meningitidis upon HBMEC infection. We further examined
the change in the intracellular glutathione content upon HBMEC
infection. The intracellular glutathione concentration in the
AgshB mutant was approximately 40 pwmol/mg protein, represent-
ing a background glutathione level under our experimental con-
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ditions (Fig. 9). Under the same conditions, the intracellular glu-
tathione concentrations in N. meningitidis strains (wild type,
AgltT AgltM, and gltS) were approximately 250 to 300 pmol/mg
protein during incubation in AM for 4 h (Fig. 9, left). These results
suggested that the amount of intracellular glutathione was not
greatly affected by either the AgltT AgltM or gltS mutation when
the bacteria were grown alone. However, when the N. meningitidis
strains infected HBMEC, the intracellular glutathione concentra-
tion in the AgltT AgltM mutant was much lower than those in the
wild-type and gltS N. meningitidis strains (Fig. 9, right). These
results suggested that L-glutamate uptake via GItT-GItM is crucial
for glutathione synthesis when N. meningitidis infects host cells,
while glutathione synthesis is not affected by GItT-GItM under
noninfective conditions.

DISCUSSION

In this study, we found that that GItT-GltM-dependent meningo-
coccal internalization into HBMEC might be induced by the
reduction of the environmental glutamate concentration upon
infection. In addition, we showed that glutamate uptake via GItT-
GItM is crucial for glutathione synthesis in N. meningitidis for
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FIG 9 Intracellular glutathione levels in N. meningitidis with or without
HBMEC infection. The intracellular glutathione concentration in N. meningi-
tidis was measured as described in Materials and Methods. The glutathione
concentration in bacteria is expressed as nanomoles of glutathione per milli-
gram of bacterial protein. The error bars represent the standard deviations of
the means from the results of at least four experiments. Statistical analyses were
performed with a two-tailed Student ¢ test; N.S., nonsignificant; *, P < 0.02; **,
P < 0.005.

HBMEC infection, which resulted in increased meningococcal
survival in HBMEC. Considering these findings and the previous
report that L-glutamate uptake via GItT-GItM is the source of the
nutrient in human cells (27), we speculated that L-glutamate up-
take via GItT-GItM performs multiple functions in meningococ-
cal internalization into host cells.

Meningococcal GItT-GltM-dependent invasion and the ac-
companying ezrin accumulation frequently occurred under phys-
iological glutamate conditions, under which N. meningitidis
formed large colonies on HBMEC (Fig. 3 and 4), and defects in
GItT-GltM-dependent invasion could be suppressed by a reduc-
tion of the environmental glutamate concentration (Fig. 1 and 3).
In addition, glutamate uptake via GItT-GItM and the resultant
glutathione synthesis were enhanced only upon meningococcal
infection (Fig. 5 and 9). Since glutamate uptake upon infection
was largely dependent on GItT-GltM, but not on GItS, which
functions only under extracellular conditions (Fig. 5) (27, 29, 30),
we speculated that the local environment between the meningo-
coccal colony and HBMEC was different from the extracellular
conditions. Moreover, the reduction of environmental glutamate
itself did not affect ezrin accumulation (Fig. 6B, b), suggesting that
ezrin accumulation and the concomitant meningococcal internal-
ization were required for reduction in the local glutamate concen-
tration to less than 100 wM by the meningococcal GItT-GItM.
Based on these indirect findings, we propose that N. meningitidis
GItT-GItM reduces the local glutamate concentration beneath the
colony on HBMEC upon infection to enhance meningococcal in-
ternalization into HBMEC (Fig. 10). According to this model, the
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FIG 10 Schematic representation of meningococcal infection of human cultured endothelial cells. During the course of the meningococcal invasion of human
cells, N. meningitidis adheres to and forms large colonies on the endothelial cells. (Step 1) The glutamate concentrations around (possibly beneath) the colonies
may be reduced by glutamate uptake via meningococcal GItT-GItM, which might stimulate host cell cytoskeleton rearrangements to enhance meningococcal
internalization into the host cells. (Step 2) During adhesion to and invasion of HBMEC, L-glutamate obtained via GItT-GItM is also converted to glutathione in
N. meningitidis. After internalization, the accumulated glutathione in N. meningitidis plays a role as an antioxidant in survival in the host cells. (Step 3) Moreover,
N. meningitidis also utilizes intracellular glutamate as a nutrient by uptake via GItT-GItM. Thus, the meningococcal GItT-GItM performs multiple functions in

internalization into host cells.

fact that some carriers are susceptible to meningococcal diseases
while others are not might be partly explained by variations in the
glutamate concentrations in the blood, which are affected by
many factors (45, 50-52). However, reduction of the glutamate
concentrations beneath meningococcal colonies on HBMEC
could not be directly proven, and further examinations should be
performed when an in vivo molecular probe for glutamate be-
comes available.

Ezrin accumulation beneath the AgltT AgltM mutant, HT1414,
in AM was impaired (Fig. 6A, h). Certain environmental condi-
tions, such as the presence of antibiotics and the oxygen concen-
tration, affect neisserial piliation (53, 54), and the meningococcal
pili, including the minor components PilV and PilX, are impor-
tant for ezrin accumulation (42, 44, 55, 56). However, we con-
firmed that the expression of PilE, the major component of pili,
and that of PilV, as well as the aggregate formation that was linked
to meningococcal virulence (43) in HT 1414, were similar to those
in the wild-type strain, HT1125 (see Fig. S1 in the supplemental
material). Considering these facts, it is unlikely that the defect in
ezrin accumulation was due to the impairment of the expression
and function of pili in HT1414. However, we could not eliminate
the possibility that the GItT-GItM defect might indirectly affect
some host cell infectivity properties, since the adhesion activity
and the propensity of HT1414 to infect HBMEC were somewhat
different from those of HT1125 (Fig. 1A, 3, and 6A).
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The N. meningitidis capsule prevents meningococcal adhesion
to and invasion of cultured human cells (57-60). Conversely, the
meningococcal capsule plays important roles in intracellular sur-
vival (61) by its antibactericidal (62) (63) and antiphagocytic (64)
effects. As larger amounts of capsular polysaccharide have been
detected in clinical isolates from patients (65) and the production
is phase variable (59, 66), unencapsulated bacteria within the na-
sopharynx may invade the epithelial and endothelial cells and then
revert to the encapsulated state by the reversible capsule expres-
sion switch for dissemination in humans (59, 64, 66, 67). In this
study, we used unencapsulated N. meningitidis to observe efficient
internalization by eliminating the multiple effects of the capsule
on meningococcal infection. As discussed above, the meningococ-
cal capsule may affect intracellular survival ability (Fig. 8). How-
ever, since the majority of internalized bacteria are considered to
remain unencapsulated until phase variation occurs, the intracel-
lular survival of the unencapsulated state may also be important
for the N. meningitidis infectious cycle.

Finally, our findings illustrate the diverse functions of gluta-
mate uptake via GItT-GItM in N. meningitidis internalization into
HBMEC (Fig. 10). N. meningitidis adheres to endothelial cells and
forms colonies. In the environment around (beneath) the menin-
gococcal colony, which is likely to have a low Na™ concentration,
environmental glutamate is assimilated by the adhered N. menin-
gitidis via the meningococcal GItT-GItM transporter. The gluta-
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mate concentration around the colony on HBMEC might thus be
decreased and contribute to meningococcal internalization by
host cells. Following internalization into the host cells, N. menin-
gitidis synthesizes glutathione from glutamate as an antioxidant
for meningococcal intracellular survival. N. meningitidis also ac-
quires intracellular glutamate via GItT-GItM as a nutrient to grow
within host cells (27). Thus, the uptake of L-glutamate via GItT-
GItM performs multiple functions for meningococcal internaliza-
tion into host cells. In Helicobacter pylori, the metabolism of envi-
ronmental glutathione, glutamine (Gln), asparagine (Asn),
glutamate (Glu), and aspartate (Asp) by y-glutamyl aminopepti-
dase and arginase also performs multiple functions for (i) forming
Glu and Asp as nutrients, (ii) producing ammonia, and (iii) de-
pleting GIn/Glu and Asn/Asp to injure the host cells (68, 69). It
seems logical that many functions performed by a single molecule
are biologically more economical than one function accomplished
by one molecule. These kinds of molecules seem to resemble the
“moonlighting proteins,” molecules that perform multiple jobs,
found in eukaryotes (70), virulent bacteria (70, 71), and N. men-
ingitidis (72, 73). One of the reasons why the mechanism of me-
ningococcal virulence has not been clearly elucidated might be the
presence of unidentified moonlighting proteins in N. meningitidis
and the contributions of such moonlighting (or multifunctional)
proteins to meningococcal virulence. The multiple functions of
GItT-GItM in meningococcal internalization into host cells shed
light on new aspects of N. meningitidis virulence factors and
pathogenesis.
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