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Abstract

The high environmental adaptability of bacteria is contingent upon their ability to sense

changes in their surroundings. Bacterial pathogen entry into host poses an abrupt and dra-

matic environmental change, during which successful pathogens gauge multiple parame-

ters that signal host localization. The facultative human pathogen Listeria monocytogenes

flourishes in soil, water and food, and in ~50 different animals, and serves as a model for

intracellular infection. L. monocytogenes identifies host entry by sensing both physical (e.g.,

temperature) and chemical (e.g., metabolite concentrations) factors. We report here that L-

glutamine, an abundant nitrogen source in host serum and cells, serves as an environmen-

tal indicator and inducer of virulence gene expression. In contrast, ammonia, which is the

most abundant nitrogen source in soil and water, fully supports growth, but fails to activate

virulence gene transcription. We demonstrate that induction of virulence genes only occurs

when the Listerial intracellular concentration of L-glutamine crosses a certain threshold, act-

ing as an on/off switch: off when L-glutamine concentrations are below the threshold, and

fully on when the threshold is crossed. To turn on the switch, L-glutamine must be present,

and the L-glutamine high affinity ABC transporter, GlnPQ, must be active. Inactivation of

GlnPQ led to complete arrest of L-glutamine uptake, reduced type I interferon response in

infected macrophages, dramatic reduction in expression of virulence genes, and attenuated

virulence in a mouse infection model. These results may explain observations made with

other pathogens correlating nitrogen metabolism and virulence, and suggest that gauging of

L-glutamine as a means of ascertaining host localization may be a general mechanism.

Author Summary

To thrive in the human body and cause disease, bacterial pathogens rely on the expression

of a battery of genes, termed virulence genes. However, to activate these genes, the bacte-

rium must “know” that it is no longer free-roaming, and has invaded a host. Like all life
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forms, bacterial pathogens must acquire the four elemental building blocks (carbon, nitro-

gen, phosphate, sulfur). The sources for these building blocks in the bacterial host are differ-

ent from those present in the environment. It therefore makes perfect “biological sense” for

bacteria to use such nutrients as localization beacons. We show for the first time, that the

human pathogen Listeria monocytogenes surveys the available nitrogen sources before turn-

ing on its virulence genes. L-glutamine, an abundant nitrogen source in humans, greatly

induces the expression of all major virulence genes. In contrast, a nitrogen source that is

prevalent in soil and water, such as ammonia, fails to do so. To better treat infectious diseases,

it is vital that we understand how bacteria switch to their virulent, disease-causing state. Our

results provide a significant step in this direction.

Introduction

Listeria monocytogenes is a Gram-positive facultative intracellular bacterial pathogen and the

causative agent of listeriosis in humans, a disease with deleterious impacts, such as increased

risk of meningitis and miscarriage [1]. L. monocytogenes invades mammalian cells by express-

ing surface proteins named internalins, that bind host proteins to induce active bacterial

uptake [2]. Upon entry, L. monocytogenes escapes the vacuole (phagosome) by producing a

pore-forming hemolysin, listeriolysin O (LLO, encoded by the hly gene) and two additional

phospholipases, PlcA and PlcB [3], [4]. Once in the host cytosol, L. monocytogenes multiplies

rapidly and expresses ActA, which recruits the host actin polymerization machinery to propel

the bacteria within the cytosol and facilitate its spread from cell to cell [5]. Most of the known

virulence factors involved in internalization, vacuolar escape and cell-to-cell spread are posi-

tively regulated by PrfA, the master virulence activator of L. monocytogenes [6], [7].

Immediately upon infection, L. monocytogenes senses multiple host-derived signals that

alert the bacteria of their intracellular localization. Temperature, iron, and the availability of

specific metabolites control the transcription, translation, and activity of PrfA and consequently,

the induction of virulence genes. For example, carbon sources that are encountered by L. mono-
cytogenes in the soil (e.g., glucose and cellobiose), have been shown to repress PrfA activity [8].

In contrast, carbon sources encountered in the host (e.g., glucose-1-phosphate and glycerol) are

positive regulators of prfA [9]–[11]. The metabolism and virulence of L. monocytogenes are inti-

mately linked via the combined regulation of PrfA and the global metabolism regulator CodY

[12], [13]. The latter, among other things, senses low concentrations of branched-chain amino

acids (BCAAs—isoleucine, leucine, and valine), as encountered within mammalian cells, and as

a result affects transcription of prfA [14]. Recently, host derived glutathione was shown to serve

as yet another intracellular signal that activates PrfA via allosteric binding [15], [16]. Together,

these and other signals reflect the metabolic conditions within the mammalian cell and assist

the bacteria in apprising the required metabolic and virulence adaptations.

While L. monocytogenes is well equipped to sense the mammalian niche, the host cell also

employs sophisticated mechanisms to detect and respond to invading pathogens. For example,

macrophage cells respond to L. monocytogenes infection by a robust activation of the type I

interferon response, manifested by expression and secretion of the interferon β (IFN-β) and

interleukin-6 (IL-6) [17], [18]. This response requires replication of L. monocytogenes within

the host cell cytosol and secretion of c-di-AMP and other nucleic acids, demonstrating the

existence of a specific sensing machinery for metabolically active bacteria [19], [20]. These

findings establish that both L. monocytogenes and its host have evolved techniques to sense the

metabolic state of each other and respond accordingly.
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In efforts to identify L. monocytogenes novel genes that participate in host sensing and con-

tribute to virulence, we have recently employed an L. monocytogenes transposon mutant library

to infect bone marrow derived macrophages [21]. Using a reporter cell line featuring type I

interferon-dependent luciferase expression [22], we screened approximately 5,000 L. monocyto-
genes mutants for decreased induction of IFN-β response. Among the identified mutants were

several well-established virulence determinants of L. monocytogenes (e.g., PrfA), as well as newly

identified potential virulence factors [21]. One of these genes, LMRG_02270, which encodes a

polypeptide that is a fusion of a substrate-binding protein (SBP) and a transmembrane domain

(TMD) of an ATP Binding Cassette (ABC) transporter, was chosen for further analysis. ABC

transporters comprise a large super-family of proteins that couple the energy of ATP hydrolysis

to the translocation of molecules across biological membranes against their concentration gra-

dient [23–25]. ABC transporters have been shown to be involved in bacterial virulence and

pathogenesis, as they allow the bacteria to acquire essential nutrients from the host [26–32].

In this work, we analyze the function of the L. monocytogenes ABC transporter GlnPQ, and

show its importance in interpreting a newly identified signal that induces the expression of vir-

ulence genes: L-glutamine.

Results

Deletion of LMRG_02270–1 genes leads to a reduced type I interferon

response in macrophage cells

LMRG_02270 is the first gene of a two-gene operon (Fig 1A), the second of which, LMRG_02271,

contains all of the canonical motifs of a nucleotide-binding domain (NBD) of an ABC transporter

(S1 Fig). Since both genes together are predicted to consist a functional ABC transport system, a

mutant bearing deletions of both LMRG_02270 and LMRG_02271 (LMRG_02270–1double

mutant) was prepared and tested for induction of type I interferons response in infected bone mar-

row derived macrophages (BMDMs). To this end, total mRNA from macrophages infected with

either the LMRG_02270–1mutant or wild-type (WT) L. monocytogenes was extracted and IFN-β
and IL-6 transcription levels were quantified 6 hours post-infection, using real-time quantitative

PCR (RT-qPCR). Indeed, the LMRG_02270–1mutant elicited a much weaker type I interferon

response in comparison to WT bacteria (Fig 1B and 1C), despite identical replication rates between

the two bacterial populations (Fig 1D). Collectively, these results demonstrate that LMRG_02770–1
contributes to the induction of the innate Type I interferon immune response to intracellularly

growing L. monocytogenes bacteria.

LMRG_02270–1 operon encodes an ABC importer of L-glutamine

In ABC transporters that function as importers, the SBP is located extracellularly, where it

recognizes the substrate with high affinity and delivers it to the transmembrane domain. A

BLAST analysis of LMRG_02770 against the E. coli K-12 genome, revealed the highest homol-

ogy to several ABC transporters (importers) of charged/polar amino acid, including those of

glutamate, aspartate, glutamine, histidine, arginine and lysine.

The transport specificity of an ABC importer is almost exclusively determined by the binding

specificity of the SBP [33–35]. Therefore, to identify the substrate specificity of the LMRG_02270–

1 transporter, a truncated, His-tagged version of the LMRG_02770 SBP domain (containing only

amino acids 29–254, i.e. without the transmembrane domain) was cloned, then overexpressed in

E. coli and purified to near homogeneity (S2 Fig). Isothermal titration calorimetry (ITC) was then

applied to determine the binding specificity of the SBP to different amino acids. Of the tested

amino acids (L-isomers of Gln, Glu, Asn, Asp, His, Arg, Lys, Cys, Ser, Thr, and Tyr), detectable
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Fig 1. The LMRG_02270–1 operon is required for activation of the Type I interferon response during

macrophage cell infection. (A) Schematic representation of the LMRG_02270–1 operon, which contains

fused transmembrane and substrate binding protein (SBP) domains and an ATPase that together form the

complete transporter. The transposon insertion site and the E164A and R105A mutations are indicated. RT-

qPCR analysis of transcription of IFN-β (B) or IL-6 (C) in BMDMs 6 h post infection with WT L. monocytogenes

(WT) or ΔLMRG_02270–1 mutant, are indicated. Transcription levels are represented as relative quantity (RQ),

relative to uninfected cells. Data represents at least 3 biological repeats. Error bars represent 95% confidence

interval. (D) Intracellular growth curves, described in Colony Forming Units (CFU), of WT L. monocytogenes

(circles) or ΔLMRG_02270–1 mutant (squares) in BMDM cells. Representative growth curves of 3 biological

repeats are shown. Error bars represent standard deviation of triplicates.

doi:10.1371/journal.ppat.1006161.g001
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binding was only observed with L-glutamine, with a dissociation constant (KD) of 4.7 μM (Fig

2A). To increase the fraction of protonated glutamate we repeated the experiments at pH 6.5 (rela-

tive to the initial pH 8), yet still detected no binding. The SBP was also highly stereo-specific as no

interaction was detected with D-glutamine (Fig 2B).

Using the published X-ray structure of the Enterococcus faecalis L-glutamine SBP (PDB

4G4P), we constructed a structural homology model of the SBP domain of LMRG_02270. Sim-

ilar to its homologues, the model of the SBP domain showed the characteristic positioning of

the conserved amino acid residues that constitute the substrate-binding site in glutamine bind-

ing proteins (S3 Fig). A number of these residues were conserved not only in glutamine bind-

ing proteins [36], but also in SBPs of histidine and arginine transporters [37]. Of these, the

highly conserved Arg residue (R105 in LMRG_02270) is responsible for coordinating the

backbone carboxy group of the amino acid. Thus, an arginine to alanine (R105A) mutation

was designed, and indeed found to fully abolish L-glutamine binding (Fig 2C). Collectively,

these results suggest that LMRG_02270 and LMRG_02271 form a high-affinity L-glutamine-

specific import system in L. monocytogenes. In accordance with the nomenclature used in

other bacteria [36], [38], the gene encoding the SBP-TMD (LMRG_02770) was designated

glnP, and the gene encoding the ATPase (LMRG_02271) was designated glnQ.

GlnPQ is the only high-affinity L-glutamine import system in L.

monocytogenes

Like most organisms, L. monocytogenes is unable to metabolize atmospheric nitrogen, and must

acquire it in an organic form. Since L-glutamine was shown to be utilized by L. monocytogenes

Fig 2. The SBP domain of LMRG_02270 specifically binds L-glutamine. Isothermal titration calorimetry was used to determine the binding of (A) L-

glutamine or (B) D-glutamine to the SBP domain, or (C) of L-glutamine to the R105A mutant of the SBP domain. Shown are the consecutive injections of

2 μL aliquots from a 500 μM solution of the indicated amino acid, into 200 μL of 50 μM SBP. The upper panels show the calorimetric titration and the lower

panels display the integrated injection heat derived from the titrations, for which the best-fit curve was used to calculate the KD. The experiments were

conducted five times, and the KD value is mean ±SD of 5 independent experiments.

doi:10.1371/journal.ppat.1006161.g002
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as a major nitrogen source [39], we hypothesized that a ΔglnPQ mutant strain would show

attenuated growth when supplied with glutamine as a sole nitrogen source. When grown in rich

media (brain-heart infusion (BHI)) the growth of the ΔglnPQ and WT strains was very similar

(S4 Fig), indicating uncompromised overall fitness of this strain. In contrast, when the ΔglnPQ
strain was grown on minimal defined medium (MDM) containing 1 mM L-glutamine as the

sole nitrogen source, it displayed a 2-fold lower growth rate and a 2-times lower bacterial count

in the stationary phase, relative to the WT bacteria (Fig 3A). Even at very high L-glutamine con-

centrations, the ΔglnPQ mutant failed to grow to the same extent as the WT strain (Figs 3B and

S5). On the other hand, a ΔglnPQ strain complemented with glnPQ genes delivered on the pPL2

plasmid (ΔglnPQ-pGlnPQ), displayed the same growth profile as WT bacteria (Fig 3B). To ver-

ify that L-glutamine utilization requires active transport by GlnPQ, the conserved Walker B glu-

tamic acid (E164), that is essential for ATP hydrolysis and transport activity [33], [34], [40], was

mutated to alanine. The glnQ-E164A mutant failed to restore L-glutamine utilization, and its

growth was indistinguishable from that of the ΔglnPQ strain (Fig 3B). Taken together, these

results indicate high dependency of L. monocytogenes on the GlnPQ transporter for acquisition

of L-glutamine under limiting conditions.

This dependency was further demonstrated by comparing the uptake rates of 3H-labeled

L-glutamine by WT versus ΔglnPQ bacteria. L-glutamine uptake by WT bacteria reached

saturation within 30 sec, which was shorter than the temporal resolution of our assay. This

rapid plateau of accumulation was observed over a broad range (0.03–3 μM) of L-glutamine

concentrations (Fig 4A).

Fig 3. GlnPQ is required for L-glutamine utilization by L. monocytogenes. (A) Growth of WT L. monocytogenes (WT circles)

orΔglnPQ (squares) in MDM supplemented with 1 mM L-glutamine as the sole nitrogen source. Shown are representative growth

curves of 3 independent experiments, performed in triplicates. (B) Optical density (600 nm) measurements after 30 h of growth of

WT L. monocytogenes (circles),ΔglnPQ (squares),ΔglnPQ-pGlnPQ (diamonds), or glnQ-E164A (triangles) bacteria in MDM

supplemented with the indicated concentrations of L-glutamine as the sole nitrogen source. Results are mean ±SD of 3 independ-

ent experiments, performed in triplicates.

doi:10.1371/journal.ppat.1006161.g003
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In contrast, the ΔglnPQ and glnQ-E164A mutant strains displayed practically zero uptake of L-

glutamine (Fig 4A), even at concentrations as high as 300 μM, whereas the GlnPQ-complemented

Fig 4. L-glutamine uptake by GlnPQ is rapid and selective. (A) 30 nM of 3H L-glutamine were added to WT (circles), ΔglnPQ

(squares), ΔglnPQ-pGlnPQ (diamonds) or glnQ-E164A (triangles) bacteria. At the indicated time-points total L-glutamine uptake was

measured by the rapid filtration method. (B) The intracellular concentration (black, left axis), and the concentration gradient (Cin/Cout)

(grey, right axis) of L-glutamine were determined for WT bacteria at the indicated concentration of external L-glutamine. (C) Uptake

of 3H-labeled L-glutamine (in counts per minute) by WT bacteria incubated for 5 min with 3H L-glutamine (3 μM) and in the absence

or presence of 900 μM of the indicated competing amino acids. In C, shown is only the amount of accumulated label, not total L-

glutamine. Results are mean ±SD of 3 independent experiments performed in triplicates.

doi:10.1371/journal.ppat.1006161.g004
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strain displayed the same rapid L-glutamine uptake as the WT strain (Fig 4A). These findings

confirm that the rapid uptake of L-glutamine measured in the transport experiments is indeed

mediated by an active, ATPase-dependent transport process, in which GlnPQ serves as the only

high-affinity glutamine import system in L. monocytogenes. This conclusion is supported by a

BLAST analysis of the genome of L. monocytogenes that failed to identify additional (putative) glu-

tamine importers. Similarly, a bioinformatics study [41] revealed that unlike other Gram positive

bacteria, L. monocytogenes harbors a single putative transporter in their nitrogen regulon, which

is glnPQ.

Next, we measured the concentration gradients (Glnin:Glnout) generated by GlnPQ over

a broad range of external glutamine concentrations (0.03–1800 μM L-glutamine). Of note,

the determination of concentration gradients assumes that L-glutamine is not further

metabolized intracellularly. However, even within the short time scale of the transport

experiments this is only an approximation. Therefore, the calculated concentration gradi-

ents are to be viewed only as estimates. We observed that GlnPQ generated the greatest con-

centration gradients (Glnin:Glnout of ~ 60) when the external concentration of L-glutamine

was < 1 μM. For example, when L-glutamine was added externally at 30 nM, its internal

concentration reached ~ 2 μM (Fig 4B). At higher external concentrations of L-glutamine

the concentrative ability of GlnPQ gradually decreased: at 200 μM (external) L-glutamine

the Glnin:Glnout ratio decreased to ~10, leading to an internal concentration of ~ 2 mM, and

a modest 2–3-fold concentration gradient was formed at 1 mM of externally added L-gluta-

mine (Fig 4B). In agreement with the strict binding specificity of the SBP domain (Fig 2),

addition of a 300-fold excess of unlabeled L-Asp, L-Asn, L-Glu, or D-Gln did not affect the

amount of 3H L-glutamine that was taken up. Only the addition of unlabeled L-glutamine

significantly reduced the amount of accumulated radioactive label (Fig 4C). These results

substantiate the high specificity of GlnPQ for L-glutamine, with little to no cross-reactivity

with other amino acids.

The ΔglnPQ mutant displays reduced transcription of virulence genes

To further study the role of GlnPQ in L. monocytogenes virulence, we first examined the

transcription of the hly gene, encoding for Listeriolysin O toxin (LLO), a well-established L.

monocytogenes virulence factor, essential for phagosomal escape [3]. To this end, the pPL2

integrative plasmid harboring the hly promoter fused to a luminescent luxABCDE reporter

system (pPL2 hly-lux) [42], was conjugated to WT, ΔglnPQ and glnQ-E164A bacteria. Lumi-

nescence, indicative of hly transcription, was recorded during 30 hours of growth in MDM

supplemented with L-glutamine (0.25 mM) as a sole nitrogen source. Under these conditions,

a high and sharp luminescence peak was observed in WT bacteria, reaching maximal levels in

the middle of the exponential growth phase. In contrast, the clean deletion and the point muta-

tion strains almost completely failed to express the lux genes, indicating no activation of the

hly promotor (Fig 5A).

Luminescence was then quantified over a broad range of L-glutamine concentrations

(0.02–2 mM). Relative to the ΔglnPQ and glnQ-E164A mutants, WT bacteria consistently pre-

sented a much higher activity of the hly promoter, reaching half its maximal activity at about

100–200 μM L-glutamine. At these external L-glutamine concentrations the ΔglnPQ and glnQ-

E164A mutants displayed almost zero induction of hly (Fig 5B). In complementary RT-qPCR

experiments, we similarly observed a dramatic (~20-fold) reduction of hly mRNA transcripts

in ΔglnPQ versus WT bacteria (Fig 5C). The ΔglnPQ mutant also exhibited a 5–10-fold re-

duction in transcription of other major Listerial virulence factors such as: plcA, plcB and actA
(Fig 5C).
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Fig 5. Virulence genes transcription is reduced in theΔglnPQ mutant and specifically depends on L-glutamine. (A) Time

course measurements of normalized luminescence (Lum/OD) indicative of hly promoter activity in WT L. monocytogenes (circles),

ΔglnPQ (squares) or glnQ-E164A (triangles) bacteria grown in MDM with 0.25 mM of L-glutamine. Shown are representative curves

of 3 independent experiments, performed in triplicates. (B) Maximal normalized luminescence (Lum/OD) was measured for WT

(circles),ΔglnPQ (squares) or glnQ-E164A (triangles) bacteria grown under the indicated concentrations of L-glutamine. Results are

L-glutamine Induces Expression of Listeria monocytogenes Virulence Genes
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Collectively, these results demonstrate that an active GlnPQ transporter is important for

transcription of L. monocytogenes virulence genes.

Activation of virulence genes specifically depends on the presence of L-

glutamine yet is unrelated to nitrogen availability

One possible interpretation of the reduced transcription of the virulence genes in the ΔglnPQ
strain is that nitrogen starvation restrains their expression. To test this, we sought to satisfy the

metabolic need for nitrogen by supplying a nitrogen source other than L-glutamine.

As semi-complex nitrogen sources we used a chemically defined media to which we added

a tryptone or a peptone peptide digest. For growth in the presence of a defined nitrogen source

we used a chemically defined media supplemented with ammonia, arginine, glutamate, or D-

glutamine. As previously reported [39], [43], [44], L. monocytogenes grew well when supplied

with ammonia as the sole nitrogen source (S6A Fig). However, despite the normal growth,

luminescence driven from the hly promoter was very low in both WT and ΔglnPQ mutant,

similar to those observed in the ΔglnPQ mutant grown in the presence of L-glutamine (Fig

5D). Similar results were obtained using tryptone or a peptone peptide digest as the sole nitro-

gen source: WT and the ΔglnPQ bacteria strain grew equally well (S6B Fig), yet in both cases

the luminescence was very low (S6C and S6D Fig). This indicates that the ΔglnPQ strain can

still take up and utilize nitrogen from short peptides. Unlike short peptides or ammonia, gluta-

mate and arginine proved to be poor nitrogen sources, and could not support growth even

when supplied at high (10–20 mM) concentrations. L. monocytogenes could also use D-gluta-

mine as a nitrogen source, and in line with the strict stereo-specificity of GlnPQ (Fig 2B), the

ΔglnPQ mutant was not impaired in its ability to use D-glutamine (S6E Fig). As observed with

ammonia or short peptides for both the WT and the ΔglnPQ mutant hly transcription was not

activated when the nitrogen source was D-glutamine (Fig 5E). Collectively, these results show

that nitrogen starvation per se is not the limiting factor for virulence machinery activation, and

that L-glutamine is specifically required for the expression of the virulence genes. This conclu-

sion is strongly supported by experiments where nitrogen was supplied in the form of a syn-

thetic L-Gly-L-Gln dipetide. WT and ΔglnPQ bacteria efficiently utilized this di-peptide (S6F

Fig), and displayed comparable hly-associated luminescence, that was nearly as high as the

luminescence observed in the presence of L-glutamine (Fig 5F). The dependence of virulence

genes transcription on the identity of the nitrogen source was also studied in RT-qPCR experi-

ments. As shown, despite the normal growth (S6A Fig), the transcription level of all examined

virulence genes (hly, plcA, plcB and actA) was lower in the presence of ammonia relative to

their transcription levels in the presence L-glutamine (Fig 6A). In accordance, no protein

activity of LLO (encoded by the hly gene) and PlcA was detected in culture supernatants of

WT bacteria grown in the presence of ammonia in comparison to L-glutamine, as well as in

supernatants of ΔglnPQ bacteria (Fig 6B and 6C). Since activation of the virulence genes

mean ±SD of 3 independent experiments performed in triplicates. (C) RT-qPCR analysis of hly, plcA, plcB, and actA transcript levels

in WT L. monocytogenes (black bars) or ΔglnPQ (gray bars) bacteria grown in MDM with 4 mM L-glutamine. Transcription levels

presented as relative quantity (RQ), relative to their levels in WT bacteria. Results are mean ±SD of 3 independent experiments

performed in triplicates. (D) Time course measurements of normalized luminescence (Lum/OD) indicative of hly promoter activity

for WT (circles) andΔglnPQ (squares) bacteria grown on MDM with 0.5 mM L-glutamine (full symbols) or 0.5 mM NH4Cl (empty

symbols) as the sole nitrogen source. (E) Time course measurements of normalized luminescence (Lum/OD) indicative of hly

promoter activity for WT (circles) andΔglnPQ (squares) bacteria grown on MDM with 0.5 mM L-glutamine (full symbols) or 0.5 mM D-

glutamine (empty symbols) as the sole nitrogen source. (F) Time course measurements of normalized luminescence (Lum/OD)

indicative of hly promoter activity for WT (circles) andΔglnPQ (squares) bacteria grown on MDM with 0.5 mM L-glutamine (full

symbols) or 0.5 mM L-Gly-L-Gln dipeptide (empty symbols) as the sole nitrogen source.

doi:10.1371/journal.ppat.1006161.g005
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depends on the master virulence regulator PrfA, we examined whether L-glutamine affects its

transcript or protein level. For this, WT and ΔglnPQ bacteria were grown in the presence of L-

glutamine or ammonia and PrfA’s mRNA and protein levels were measured by RT-qPCR and

Fig 6. The transcription and activity of virulence genes depends on L-glutamine. (A) RT-qPCR

transcription analysis of hly, plcA, plcB, and actA in WT bacteria grown in MDM with either 4 mM L-glutamine

(gray bars) or 4 mM NH4Cl (black bars) as a sole nitrogen source. Transcription levels are presented as

relative quantity (RQ), relative to levels in WT. Results are mean ±SD of 3 independent experiments performed

in triplicates. (B) Hemolysis activity of LLO in culture supernatants of WT and ΔglnPQ bacteria grown on

minimal defined media with 1 mM L-glutamine (grey) or 4 mM NH4Cl (black) as the sole nitrogen source. (C)

Analysis of PI-PLC activity of PlcA in culture supernatants of WT (circles) and ΔglnPQ (squares) bacteria

grown on minimal defined media with 1 mM L-glutamine (full symbols) or 4 mM NH4Cl (empty symbols) as the

sole nitrogen source. Representative graphs of 3 biological repeats are shown. Error bars represent standard

deviation of the triplicate.

doi:10.1371/journal.ppat.1006161.g006
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Western blot analyses. As shown, a higher prfA transcription level was observed in WT bacteria

grown with L-glutamine in comparison to ammonia and to ΔglnPQ bacteria (S7A Fig). This

increased transcription level was expected as under virulence conditions prfA is also transcribed

together with plcA, which was shown to be induced upon L-glutamine uptake (Fig 6A). Neverthe-

less, the Western blot analysis of PrfA protein demonstrated similar levels of PrfA under all condi-

tions (S7B Fig). While these findings indicate that L-glutamine does not affect PrfA transcription

or translation, it is still possible that PrfA is regulated by L-glutamine at the protein level.

Higher resolution inspection of the dependence of virulence gene transcription on L-gluta-

mine levels revealed a non-linear and non-hyperbolic, on/off switch-type response (S8 Fig). A

Hill coefficient of nHill = 2.73 was calculated for the glutamine dependence, indicative of high

signal amplification; very low hly induction is observed at low L-glutamine concentrations,

and very high hly induction is achieved once a threshold concentration is crossed. These data

suggest that the on/off transition occurs at external L-glutamine concentrations of ~100–

200 μM. At these external concentrations the pumping activity of GlnPQ brings internal L-glu-

tamine to ~3 mM (Fig 4B, black curve, left Y-axis). For maximal growth, L. monocytogenes
requires 2–4 mM external L-glutamine (Fig 3B). However, saturation of hly transcription

occurred at 10–20-fold lower concentrations (S8 Fig). Therefore, full manifestation of the viru-

lence gene induction occurs long before full satisfaction of the bacteria’s metabolic needs.

GlnPQ contributes to L. monocytogenes virulence in bone marrow-

derived macrophages and mice

To assess the role of GlnPQ during L. monocytogenes infection of BMDMs, macrophage cells

were grown in glutamine-restricted medium (no glutamine was added, and DMEM without

glutamine was used), and then infected with WT, ΔglnPQ or glnQ-E164A bacteria. The tran-

scription level of the virulence genes was assessed by measuring the transcription level of plcA,

using a plcA-yfp transcriptional fusion (3 consecutive yfp genes were expressed from the integra-

tive pPL2 plasmid under the regulation of the plcA promoter). We monitored YFP fluorescence,

and observed reduced plcA expression in ΔglnPQ and glnQ-E164A bacteria in comparison to

WT bacteria (Fig 7A). Accordingly, ΔglnPQ and glnQ-E164A bacteria displayed lower infectiv-

ity than WT, but only when the macrophages were grown in L-glutamine-restricted medium,

relative to when they were grown in L-glutamine-enriched (4 mM) medium (Compare Fig 7B,

restricted, to Fig 1C, enriched). These results suggest that L-glutamine sensing is important dur-

ing early stages of infection.

Finally, to determine the contribution of GlnPQ to L. monocytogenes virulence in mice,

young female C57BL/6 mice were intravenously injected with 4 × 104 cells of the ΔglnPQ
mutant or WT strain, and bacterial counts in the spleens and livers of infected mice were ana-

lyzed at 72 h post infection. As shown in Fig 7C and 7D, relative to the WT, the ΔglnPQ mutant

colonized the livers and spleens to a lesser extent, exhibiting a 30-fold (liver) and a 10-fold

(spleen) decrease in recovered bacteria. Collectively, these results clearly demonstrate that

GlnPQ is necessary to promote L. monocytogenes virulence.

Discussion

L. monocytogenes is a highly adaptive bacterium that successfully inhabits diverse environmen-

tal niches. It is routinely isolated from soil, silage, decaying plants, and water reservoirs. It is

also known to infect at least 50 different animals, and to invade almost all types of mammalian

cells. Clearly, each niche presents different challenges and therefore, to survive L. monocyto-
genes must constantly adjust its lifestyle. When the bacterium is free-roaming, the environ-

ments it traverses are usually spatially continuous (e.g., a water reservoir and its banks) and
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present overlapping metabolic requirements. From a temporal perspective, the environmental

changes encountered by the freely roaming bacterium are likely to be gradual (e.g., tempera-

ture, pH, salinity). Yet, when entering a host, environmental changes are both spatially and

Fig 7. GlnPQ promotes L. monocytogenes virulence. (A) Intracellular detection of YFP fluorescence indicative of

plcA promoter activity (pPL2-plcA-yfp) in WT L.m.,ΔglnPQ and glnQ-E164A, at 3.5 hours post infection of BMDMs grown in

glutamine-restricted medium (B) Intracellular growth of WT L. monocytogenes (circles),ΔglnPQ mutant (squares) and glnQ-

E164A (triangles) in BMDM cells grown in glutamine-restricted medium. Representative growth curves of 3 biological

repeats are shown. Error bars represent standard deviation of the triplicate. Bacterial counts in the spleens (C) and livers (D)

of infected animals as analyzed at 72 h post infection. Mice were injected intravenously with 4 × 104 WT L. monocytogenes

(circles) orΔglnPQ (squares) cells.

doi:10.1371/journal.ppat.1006161.g007
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temporally abrupt. The host’s environment is spatially isolated from the external environment, it

presents very different metabolic requirements, and poses unique survival challenges mounted by

the immune system. Therefore, a facultative pathogen such as L. monocytogenes must feature

tools to rapidly and efficiently react to such conditions. Indeed, upon infection, L. monocytogenes
activates elaborate survival machineries that power altered motility, metabolism, mammalian cell

penetration, phagosomal escape and cell-to-cell spreading. However, to activate these machiner-

ies the bacterium must be able to sense that it is no longer free roaming, and is inside a host. Sev-

eral such host-based cues have been previously identified, including temperature (37˚C), pH,

carbon source identity and availability, and specific metabolites such as branched-chain amino

acids and glutathione [14], [15], [45–47]. As activation of the entire host-related survival machin-

ery on the basis of a single cue would clearly be detrimental, the bacteria integrate multiple signals

before switching to a virulent state. This work identified and characterized the role of L-gluta-

mine levels in bacterial sensing of the host environment.

It appears that L. monocytogenes has only one system for the high affinity uptake of L-gluta-

mine: GlnPQ. When GlnPQ is deleted, or inactivated, there is no detectable uptake of L-gluta-

mine, and reduced growth in media that contains L-glutamine as the sole nitrogen source.

Nevertheless, the ΔglnPQ strain can still grow if supplied with high concentrations of L-gluta-

mine. This points to the existence of alternative, low affinity pathways for the uptake of L-glu-

tamine. Importantly, the general fitness of the ΔglnPQ mutant is not impaired, as evidenced by

its normal growth in rich media, or in medium supplemented with tryptone, peptone, ammo-

nia, or D-glutamine as a nitrogen source.

Here we show that at external L-glutamine concentrations of 100–200 μM, the pumping

activity of GlnPQ brings the intracellular concentration to ~3 millimolar. This does not hap-

pen in ΔglnPQ bacteria. Importantly, this influx of L-glutamine turns on the induction of viru-

lence genes in WT bacteria. Consequently, the ΔglnPQ mutant shows reduced activation of

BMDM cells, reduced expression of a battery of virulence genes, reduced infectivity in macro-

phage cells under conditions of L-glutamine restriction, and reduced virulence in vivo.

Nutrient starvation-driven repression of virulence gene expression has been reported for

Mycobacterium tuberculosis in relation to phosphate starvation [48], [49]. However, this is

clearly not the case here since alternative nitrogen sources, despite satisfying the bacteria’s

growth needs, do not induce expression of virulence genes. It is also quite remarkable that

even D-glutamine cannot replace the L isomer as a virulence activation signal. Collectively, the

results demonstrate the heavy dependence of virulence gene activation specifically on L-gluta-

mine, as well as absence of interconnection between the virulence gene activation and cellular

nitrogen quota machineries.

But how is external L-glutamine differentiated from one that is internally

produced? How can L-glutamine be used as cue for host localization?

When WT bacteria are supplied with ammonia and glutamate they synthesize L-glutamine

(via the glutamine synthase GlnA [39]). Similarly, L. monocytogenes successfully extracts gluta-

mine from a complex mixture of peptides (peptone or tryptone digest). However, in all of

these cases, despite the intracellular production of L-glutamine virulence genes are not

induced. We think that the distinction between externally supplied and internally produced L-

glutamine is achieved via a threshold-based “switch mechanism”. Transcription of virulence

genes only starts when the internal concentration of L-glutamine crosses a threshold, which

according to our data is ~3 mM. In the absence of external L-glutamine the internally synthe-

sized molecules are incorporated into proteins, utilized in other anabolic processes, or catabol-

ically consumed, never reaching the concentrations that are needed to cross the activation
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threshold. The threshold can only be crossed via the concentrative action of GlnPQ in WT

bacteria that are fed with L-glutamine, or when the bacteria are fed with an L-glutamine con-

taining dipeptide.

What is the advantage of using L-glutamine as a signal for host

localization?

In retrospect, it makes perfect “biological sense” to use L-glutamine as an environmental signal.

Gaseous nitrogen (N2) is the most abundant molecule in the atmosphere (78%), but can only be

exploited by a handful of organisms, primarily soil-residing, ‘nitrogen fixing’ bacteria that

express the enzyme nitrogenase. In the soil, nitrogenase catalyzes the reduction of atmospheric

nitrogen (N2) to ammonia (NH3), which is the most abundant nitrogen source in the soil.

Amino acids in general, and L-glutamine specifically, are scarce. In stark contrast, ammonia con-

centrations in the serum and cells of mammals are very low, while those of L-glutamine are very

high (200–500 μM to several mM) [50–53], making L-glutamine a perfect signal for host localiza-

tion. In this regard it is important to note that within the cytosolic niche L. monocytogenes most

likely utilizes multiple nitrogen sources, for example ethanolamine and possibly glucosamine,

but whether they also serve as signals for virulence gene activation is currently not known [39],

[54], [55]. Of note, we were unable to test whether ethanolamine can serve as yet another signal,

since L. monocytogenes bacteria could not grow in minimal medium with it as a sole nitrogen

source unless glycerol was added, which is itself an inducer of virulence gene expression [10].

While we identified and characterized the L-glutamine transport system, we do not know

how L-glutamine is sensed by the bacteria and how the signal is transduced. We found that L-

glutamine does not activate prfA transcription or translation, though it is still possible it acti-

vates PrfA at the protein level. Notably, the crystal structure of PrfA shows a snugly bound L-

glutamine, even though it was not included in the crystallization mixture [56]. Interestingly,

the binding site of L-glutamine overlaps with the one proposed for GSH, which was recently

shown to be an allosteric activator of PrfA [15]. In addition to PrfA, GlnR, the global nitrogen

regulator common to many bacteria, and GlnA (the glutamate synthase) may serve as sensors/

regulators. Aside from its enzymatic function, GlnA regulates the transcription of the glnRA
operon and is also required for the regulatory functions of GlnR [57]. GlnA activity is directly

controlled by L-glutamine [58], [59], and therefore L-glutamine also indirectly controls the

regulatory functions of GlnR. Importantly, both genes have been correlated with virulence in

other pathogens [52], [60], [61]. In this regard, in L. monocytogenes the global metabolic regu-

lator CodY, that activates transcription of the global virulence regulator PrfA, has been shown

to regulate also GlnR [13]. A correlation between nitrogen metabolism and virulence was

observed also for other bacterial pathogens, including Staphylococcus aureus [62], [63], Strepto-
coccus pneumonia [29], [57], [60], Salmonella typhi [61], Group B Streptococci [64], and Myco-
bacterium tuberculosis [52]. However, it is unknown whether in these pathogens, virulence

specifically depends on L-glutamine, or on nitrogen availability in general. The mechanism of

L-glutamine sensing, and the generality of the mechanism across different pathogens, are open

questions that remain to be addressed.

Materials and Methods

Ethics statement

Experimental protocols were approved by the Tel Aviv University Animal Care and Use Com-

mittee (01-15-052, 04-13-039) according to the Israel Welfare Law (1994) and the National

Research Council guide (Guide for the Care and Use of Laboratory Animals 2010).
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Bacterial strains and growth media

Listeria monocytogenes 10403S was used as the WT strain and as the parental strain to generate

allelic exchange mutant strains (S1 Table). E. coli XL-1 Blue strain (Stratagene) was used for

generation of vectors and E. coli SM-10 strain [65] was used for plasmid conjugation to L.

monocytogenes. L. monocytogenes strains were grown in BHI (Merck) rich medium, or in mini-

mal defined medium (MDM) [66], [67]. For growth under limiting conditions, MDM without

arginine was freshly prepared, supplemented with various concentrations of L-glutamine,

NH4Cl, D-glutamine or L-Gly-L-Gln (Sigma).

Generation of L. monocytogenes gene deletion strain, point mutation

strains and complementation strains

All in-frame deletions and point mutation strains generated in this work were constructed

using L. monocytogenes 10403S strain as the parental strain. Upstream and downstream

regions of the selected gene were amplified by using Phusion DNA polymerase and cloned

into the pKSV7oriT vector [68]. Cloned plasmids were sequenced and then conjugated to

L. monocytogenes using the E. coli SM-10 strain. L. monocytogenes conjugants were selected

on BHI–agar plates supplemented with chloramphenicol and streptomycin (10 μg/ml and

100 μg/ml, respectively), then grown at 41˚C for two days on BHI–agar plates supplemented

with chloramphenicol alone for plasmid integration into the bacterial chromosome by homol-

ogous recombination. For plasmid curing, bacteria were passed several times in fresh BHI

without chloramphenicol at 30˚C to allow plasmid excision by the generation of an in-frame

deletion. Bacteria were then plated on BHI plates and chloramphenicol sensitive colonies were

picked for validation of gene deletion by PCR using upstream and downstream primers. Com-

plemented strains of deletion mutants were generated by introducing a copy of the deleted

gene in trans under the control of its native promoter using the pPL2 integrative vector.

Intracellular growth of L. monocytogenes

For all infection experiments L. monocytogenes strains were grown overnight in BHI medium

at 30˚C without shaking. Bone Marrow Derived Macrophages (BMDMs) used for infection

experiments were isolated from 6–8 weeks-old female C57/BL6 mice (Harlan Laboratories,

Israel) as described previously [69]. BMDMs were cultured in Dulbecco’s Modified Eagle

Medium (DMEM)- based media supplemented with 20% fetal bovine serum, 1 mM sodium

pyruvate, 2 mM L-glutamine, 0.05 mM β- Mercaptoethanol, monocyte colony stimulating fac-

tor (M-CSF) (L929-conditioned medium), and penicillin and streptomycin (5 μg ml−1 each).

The cultures were incubated in a 37˚C incubator with 5% CO2. 1×105 macrophage cells per

well in 100 μl of medium were seeded in a 96 well plate overnight. Before infection, macro-

phages cells were washed twice with phosphate buffer saline (PBS), and fresh medium without

antibiotics was added. Approximately 1.6×103 L. monocytogenes bacteria resuspended in PBS

were used to infect each well. An hour post-infection, macrophage monolayers were washed

twice with PBS and fresh medium supplemented with gentamicin (50 μg ml−1) was added to

limit bacterial extracellular growth. At each time point, the media was aspirated from the wells

and 100 μl of sterile water were added, followed by vigorous pipetting to release intracellular

bacteria. Then serial dilutions of the lysate were plated on BHI-agar plates and Colony Form-

ing Units (CFU) were counted after 24 h incubation at 37˚C.
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Macrophage gene expression analysis

The transcriptional levels of macrophage genes were analyzed using RT-qPCR. RNA from

infected macrophages was extracted using TRIzol reagent according to standard protocols (Bio-

lab). 1 μg of RNA was reverse transcribed to cDNA using a QScript reverse transcription kit

(Quanta). RT-qPCR was performed on 10 ng of cDNA using SYBR green with the StepOnePlus

RT-PCR system (Applied Biosystems) (see S2 Table for RT-qPCR primers). The transcription

levels of macrophage cytokine genes were normalized using glyceraldehyde-3-phosphate dehy-

drogenase (GAPDH) as a reference gene, and the uninfected cells as a reference sample.

Cloning, overexpression and purification of GlnPQ SBP

The gene encoding the SBP portion of GlnPQ from Listeria monocytogenes 10403S (first 254

amino acids of LMRG_02770), but without its N-terminal signal sequence (first 28 amino

acids), was synthesized and adjusted to the E. coli codon usage (Genescript). The gene was

cloned into pET-19b (Novagen) vector for expression with an N-terminal His-tag [70], [71].

His-tagged GlnPQ SBP was overexpressed in E.coli BL21-Gold (DE3) cells (Stratagene) cul-

tured in Terrific Broth (TB) and induced at mid log phase by addition of 1 mM Isopropyl b-

D-1-thiogalactopyranoside (IPTG) for 1.5 h at 37˚C. Cells were harvested by centrifugation

(13,600 × g, 20 min, 4˚C) and the pellet was stored at -80˚C until use.

For purification, cells were homogenized in 50 mM Tris-HCl pH 8, 500 mM NaCl, com-

plete EDTA-free protease inhibitor (Roche), 30 mg ml-1 DNase (Worthington), and 1 mM

MgCl2. The cells were then ruptured by three passages in an EmulsiFlex-C3 homogenizer

(Avestin), and the lysate centrifuged at 34,500 × g for 30 min at 4˚C. The supernatant was

loaded onto a nickel affinity column (HisTrap HP, GE Healthcare) on an AKTA Avant instru-

ment. The protein was eluted using an imidazole gradient, and imidazole was eliminated from

the sample by desalting (HiPrep 26/10, GE Healthcare). Protein purification was monitored by

coomassie staining of SDS-PAGE and size exclusion chromatography (Superdex 75 10/300

GL, GE Healthcare).

The R105A point mutation was introduced to the GlnPQ SBP by the QuikChange Lightning

site directed mutagenesis kit (Agilent Technologies) and confirmed by sequence analysis. The

mutant protein was overexpressed and purified as described above for the wild type GlnPQ

SBP.

Isothermal titration calorimetry experiments

Calorimetric measurements were performed with Microcal iTC200 System (GE Healthcare).

Prior to measurement, the protein was dialyzed against three exchanges of 50 mM Tris-HCl

pH 8, 500 mM NaCl buffer. Amino acid stocks were prepared fresh in double-distilled water

and diluted to working concentration using the buffer from the last protein dialysis exchange.

2 μL aliquots of 500 μM amino acid were added by a rotating syringe to the reaction well con-

taining 200 μL of 50 μM WT or mutant GlnPQ SBP at 25˚C [28]. Data fitting was performed

with the Microcal analysis software.

In vitro growth and luminescence of L. monocytogenes in laboratory

media

For luminescence assays, L. monocytogenes strains harboring the Phly-luciferase reporter sys-

tem (pPL2-Phlylux) were used. Bacteria from overnight cultures grown in BHI medium were

adjusted to OD600 of 0.05 in fresh BHI or MDM containing various concentrations of L- gluta-

mine, D-glutamine, NH4Cl or tryptone digest, and 150 μL were transferred into a clear flat
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bottom white 96-well plate. The plate was incubated in an InfiniteM200 pro (Tecan) at 37˚C

for a period of 12–40 hours, during which luminescence and OD600 were measured.

L-glutamine transport experiments

Bacteria from overnight cultures grown in BHI medium were adjusted to OD600 of 0.05 in

fresh BHI and grown at 37˚C to an OD600 of 0.4. The cultures were harvested at 4˚C, washed

in ice-cold standard phosphate-buffer saline (pH 7.4) supplemented with 1.6 mM MgSO4, re-

suspended to an OD600 of 15 and kept on ice until further analysis. Then, glucose (1% w/v)

was added to a 50 μl aliquot, and the cells were allowed to recover for 10 min at 37˚C. The

transport assay was initiated by the addition of 2 μl of a solution containing the desired con-

centration of non-labelled L-glutamine and 0.1 μCi of L-[2,3,4-3H] glutamine (60 Ci/mmol)

(American Radiolabeled Chemicals, Inc.). For competition assays, the solution contained also

the competing amino acid to a working concentration of 900 μM. After incubation at 37˚C for

the indicated times, 3 ml of ice-cold assay buffer were added and the sample was immediately

filtered through a moistened 2.4-cm diameter glass microfiber filter (GF/C; Whatman). The

filter was then washed with an additional 3 ml of ice-cold assay buffer, dried and placed in a

scintillation vial. 3 ml of Ultima Gold F scintillation fluid (Perkin Elmer) was added, and

radioactivity was measured the following day on a β-counter.

Calculations of intracellular glutamine concentrations

For all calculations of internal concentrations and concentration gradients we assumed that

100% of the accumulated label reports on glutamine, and that it has not been further metabo-

lized during the transport experiment. The radioactive counts of several known concentrations

of 3H-Gln were determined, including the stock solution that was later used in the uptake

experiment. This was compared to the amount of radioactivity that was taken up by the cells.

This amount was converted to concentrations assuming a cellular amount of 5�108 cells per

1mL of OD 1 and a cellular volume of 1 μm3.

Bacterial gene expression analysis

For RNA extraction, bacteria from overnight cultures were adjusted to OD600 of 0.05 in 20 ml

of fresh MDM containing 4 mM of L-glutamine or NH4Cl as the sole nitrogen source. The cul-

tures were incubated with agitation at 37˚C to an OD600 of 0.3–0.4. Bacteria were harvested by

centrifugation, washed with ice-cold PBS and stored frozen at -80˚C until further analysis.

Total nucleic acids were extracted by the RiboPure RNA Purification Kit (Ambion). 1 μg of

purified RNA was reverse transcribed to cDNA using the high-capacity cDNA reverse tran-

scription kit (Applied Biosystems). RT-qPCR was performed on 10 ng of cDNA using Pow-

erUp SYBR green master mix (Applied Biosystems) and 500 nM forward and reverse primers,

designed with the Primer3web software (version 4.0.0) in the Rotor-Gene 6000 (Qiagen) sys-

tem. The transcription level of each gene of interest was normalized to that of a reference gene,

rpoD. Statistical analysis was performed using the Rotor-Gene Q series software. RT-qPCR

primers are described in S2 Table.

Measurements of LLO and PlcA proteins activity

LLO hemolytic activity assay was performed as described previously [46], [72]. Bacterial superna-

tants were treated with 5 mM DTT, serially diluted in PBS and incubated at 37˚C with 0.5% of

sheep blood red cells suspension (NovaMed Ltd.) in 35m M sodium phosphate buffer pH = 5.5,

125 mM NaCl, 0.5 mg/ml BSA. Cells were then removed by centrifugation at 1000 g and hemolysis
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was estimated as optical density at 541 nm. PlcA PI-PLC activity assay was adopted from [73],

0.05 gr phosphatidyl-inositol (Sigma P6636) were mixed by sonication with 10 ml of 0.2% sodium

deoxycholate, 1 mM CaCl2, 114 mM (NH4)SO4 and 40 mM Tris-HCl pH = 7.2. 100μl of the assay

solution was then mixed with 100 μl of bacterial supernatant and incubated in plate reader at 37C

for 10 h, with continuous detection of turbidity at 510 nm.

Western blot analysis

Lm bacteria were grown in MDM containing 4 mM of L-glutamine or ammonia as the sole

nitrogen source at 37˚C and harvested at a 0.3–0.4 OD. Then the bacteria were lysed by incuba-

tion with 5 units of mutanolysin (M9901; Sigma) for 1 hour at 37˚C, followed by sonication.

Cell debris were removed by centrifugation at 3000 g. Protein concentrations were quantified

by modified Lowry method [74]. Samples with equal amounts of total proteins were separated

on 12.5% SDS-PAGE, electro-blotted and probed either with rabbit anti-PrfA antibodies (made

in this study, Almog Diagnostics, dilution 1:2500), followed by HRP-conjugated goat anti-rabbit

IgG (Jackson ImmunoResearch, USA), respectively. Anti-GroEL antibodies (a kind gift from A.

Azem, Tel Aviv University) were used as a loading control at a dilution of 1:20,000, followed by

HRP-conjugated goat anti-rabbit IgG. Western blots were developed by enhanced chemilumi-

nescence reaction (ECL).

Intracellular plcA gene expression in BMDMs

WT and mutant strains of L. monocytogenes expressing three consecutive YFP proteins under

the regulation of the plcA gene promoter in a pPL2 integrative plasmid were used to infect

BMDMs on 20 mm slides. Upon infection, cells were cultured in BMDM medium with no

added glutamine (traces of glutamine may exist due to addition of SCF to the medium). Four

hours post infection, cells were fixed with 4% v/v paraformaldehyde-PBS and permeabilized

with 0.05% v/v Triton X-100. DNA was stained with DAPI containing Vectashield mounting

media (Vector laboratories inc.). Images were taken using Zeiss LSM 510-META confocal

microscope.

In vivo mice infections

L. monocytogenes bacteria were grown in BHI medium at 30˚C overnight without shaking.

Bacterial cultures were washed twice with PBS. BALB/c (6–8 weeks old) female mice (Harlan

Laboratories) were infected via tail vein injections with 2.7×104 bacteria in 200 μl PBS. Each

group consisted of 5 mice for every mutant tested. Animals were observed daily for any signs

of illnesses and were euthanized 72 h post-infection. Spleens and livers were harvested and

homogenized in 0.2% v/v saponin. The numbers of viable bacteria in each organ were deter-

mined by plating serial dilutions of homogenates onto BHI agar plates.

Supporting Information

S1 Fig. Amino acid sequence and conserved motifs of LMRG_02271 (the ATPase). The con-

served ATP-binding cassette (ABC) motifs are color-coded and indicated.

(TIFF)

S2 Fig. Purification of the SBP domain of LMRG_02770. (A) Coomassie staining of SDS-

PAGE of Ni-NTA affinity purification of His-SBP. Lane 1: Total protein extract. Lane 2: Col-

umn-unbound fraction. Lanes 3–5: Eluted fractions with 0, 25 and 60 mM of imidazole, respec-

tively. Lanes 6–11: fractions eluted using a linear gradient of 60 to 250 mM imidazole. Lane 12:

The final product after pooling fractions 6–11. (B) Analysis of the purified protein by size
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exclusion chromatography. 20 μl of a 4 mg ml-1 protein solution were injected on a Superdex 75

10/300 GL column (GE Healthcare).

(TIFF)

S3 Fig. Model structure of LMRG_02270 SBP domain. A 3-D structural homology model

was constructed for the SBP of LMRG_02270 based on the X-ray structure of L-glutamine SBP

from Enterococcus faecalis (PDB ID 4G4P) and using the Swiss-model software. Top: a side

view of a cartoon representation (green), with L-glutamine shown as yellow sticks. Bottom:

Zoom in of the binding site for L-glutamine (boxed). Conserved amino acids that participate

in L-glutamine binding are shown as sticks and are labeled, as are relevant protein-substrate

interactions. The Arg residue mutated in the R105A protein mutant is indicated by an arrow.

(TIFF)

S4 Fig. The ΔglnPQ strain is not globally compromised. Growth curves of WT L. monocyto-
genes (circles) or ΔglnPQ (squares) bacteria grown in BHI broth. Representative curves are

shown of 3 independent experiments performed in triplicates.

(TIFF)

S5 Fig. Growth of WT L. monocytogenes and ΔglnPQ bacteria in minimal media supple-

mented with L-Gln as the sole nitrogen source. Growth curves of WT L. monocytogenes
(black circles) or ΔglnPQ (gray squares) bacteria grown in minimal media containing 4, 2, 1,

0.5, 0.25, or 0.125 mM of L-Gln, as indicated. Representative curves are shown of 3 indepen-

dent experiments performed in triplicates.

(TIFF)

S6 Fig. Growth and hly luminescence in the presence of various nitrogen sources. (A) Opti-

cal density (600 nm) measurements after 30 h of growth of WT L. monocytogenes (circles) or

ΔglnPQ (squares) bacteria in MDM supplemented with the indicated concentrations of Ammo-

nium chloride as the sole nitrogen source. Results are mean ±SD of 3 independent experiments,

performed in triplicates. (B) Optical density (600 nm) measurements after 30 h of growth of

WT L. monocytogenes (circles) or ΔglnPQ (squares) bacteria in MDM supplemented with the

indicated concentrations of tryptone (full symbols) or peptone (open symbols) peptide digest as

the sole nitrogen source. Results are mean ±SD of 3 independent experiments, performed in

triplicates. (C) Time course measurements of normalized luminescence (Lum/OD) indicative

of hly promoter activity in WT L. monocytogenes (circles), ΔglnPQ (squares) or glnQ-E164A (tri-

angles) bacteria grown in MDM with 0.5 mM of L-glutamine (full symbols) or a peptone (open

symbols) peptide digest. Shown are representative curves of 3 independent experiments, per-

formed in triplicates. (D) Same as C only 0.5 mM of L-glutamine (full symbols) or a tryptone

(open symbols) peptide digest. (E) Optical density (600 nm) measurements after 30 h of growth

of WT L. monocytogenes (circles) or ΔglnPQ (squares) bacteria in MDM supplemented with the

indicated concentrations of D-Glutamine as the sole nitrogen source. Results are mean ±SD of

3 independent experiments, performed in triplicates. (F) Same as E, only the indicated concen-

trations of an L-Gly-L-Gln di-peptide were used as the sole nitrogen source.

(TIFF)

S7 Fig. The effect of L-glutamine on prfA transcription and translation. WT L. monocyto-
genes and ΔglnPQ bacteria were grown in the presence of 4 mM of L-glutamine or NH4Cl and

prfA transcript levels were measured using real-time q-PCR analysis (A), while PrfA protein

levels were detected by Western blot analysis using an anti-PrfA antibody (B). Transcription

levels are presented as relative quantity (RQ), relative to levels in WT bacteria grown with L-

glutamine. Results are mean ±SD of 3 independent experiments performed in triplicates. The

L-glutamine Induces Expression of Listeria monocytogenes Virulence Genes

PLOS Pathogens | DOI:10.1371/journal.ppat.1006161 January 23, 2017 20 / 25

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006161.s003
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006161.s004
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006161.s005
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006161.s006
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006161.s007


Western blot shown is representative of three independent biological repeats.

(TIFF)

S8 Fig. Focusing on the transition between the ON and OFF states of hly transcription.

Shown is the peak luminescence measurments (blue diamonds) of WT bacteria grown in

MDM supplemented with the indicated concentrations of L-glutamine. The dashed line is the

fit of the data using the Hill equation. Also given are the K1/2 and the Hill coefficient nHill.

(TIF)

S1 Table. Strains used in this study.

(PDF)

S2 Table. Oligonucleotides used in this study.

(PDF)
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29. Härtel T., Klein M., Koedel U., Rohde M., Petruschka L., and Hammerschmidt S., “Impact of glutamine

transporters on pneumococcal fitness under infection-related conditions.,” Infect. Immun., vol. 79, no.

1, pp. 44–58, Jan. 2011. doi: 10.1128/IAI.00855-10 PMID: 21078855

30. Polissi A., Pontiggia A., Feger G., Altieri M., Mottl H., Ferrari L., and Simon D., “Large-scale identifica-

tion of virulence genes from Streptococcus pneumoniae.,” Infect. Immun., vol. 66, no. 12, pp. 5620–9,

Dec. 1998. PMID: 9826334

31. Ammendola S., Pasquali P., Pistoia C., Petrucci P., Petrarca P., Rotilio G., and Battistoni A., “High-affin-

ity Zn2+ uptake system ZnuABC is required for bacterial zinc homeostasis in intracellular environments

and contributes to the virulence of Salmonella enterica.,” Infect. Immun., vol. 75, no. 12, pp. 5867–76,

Dec. 2007. doi: 10.1128/IAI.00559-07 PMID: 17923515

32. Rodriguez G. M. and Smith I., “Identification of an ABC Transporter Required for Iron Acquisition and

Virulence in Mycobacterium tuberculosis,” J. Bacteriol., vol. 188, no. 2, pp. 424–430, Jan. 2006. doi:

10.1128/JB.188.2.424-430.2006 PMID: 16385031

33. Rees D. C., Johnson E., and Lewinson O., “ABC transporters: the power to change,” Nat. Rev. Mol. Cell

Biol., vol. 10, no. 3, pp. 218–227, Mar. 2009. doi: 10.1038/nrm2646 PMID: 19234479

34. Davidson A. L., Dassa E., Orelle C., and Chen J., “Structure, function, and evolution of bacterial ATP-

binding cassette systems.,” Microbiol. Mol. Biol. Rev., vol. 72, no. 2, pp. 317–64, table of contents, Jun.

2008. doi: 10.1128/MMBR.00031-07 PMID: 18535149

35. Doeven M. K., Abele R., Tampe R., and Poolman B., “The Binding Specificity of OppA Determines the

Selectivity of the Oligopeptide ATP-binding Cassette Transporter,” J. Biol. Chem., vol. 279, no. 31, pp.

32301–32307, Jul. 2004. doi: 10.1074/jbc.M404343200 PMID: 15169767

36. Fulyani F., Schuurman-Wolters G. K., Zagar A. V., Guskov A., Slotboom D.-J. J., and Poolman B.,

“Functional diversity of tandem substrate-binding domains in ABC transporters from pathogenic bacte-

ria.,” Structure, vol. 21, no. 10, pp. 1879–88, Oct. 2013. doi: 10.1016/j.str.2013.07.020 PMID:

23994008

37. Sun Y.-J., Rose J., Wang B.-C., and Hsiao C.-D., “The structure of glutamine-binding protein com-

plexed with glutamine at 1.94 Å resolution: comparisons with other amino acid binding proteins,” J. Mol.

Biol., vol. 278, no. 1, pp. 219–229, 1998. doi: 10.1006/jmbi.1998.1675 PMID: 9571045

38. Gouridis G., Schuurman-Wolters G. K., Ploetz E., Husada F., Vietrov R., de Boer M., Cordes T., and

Poolman B., “Conformational dynamics in substrate-binding domains influences transport in the ABC

importer GlnPQ.,” Nat. Struct. Mol. Biol., vol. 22, no. 1, pp. 57–64, 2015. doi: 10.1038/nsmb.2929

PMID: 25486304

39. Kutzner E., Kern T., Felsl A., Eisenreich W., and Fuchs T. M., “Isotopologue profiling of the listerial N-

metabolism,” Mol. Microbiol., vol. 100, no. 2, pp. 315–327, Apr. 2016. doi: 10.1111/mmi.13318 PMID:

26699934

40. Tal N., Ovcharenko E., and Lewinson O., “A single intact ATPase site of the ABC transporter BtuCD

drives 5% transport activity yet supports full in vivo vitamin B12 utilization.,” Proc. Natl. Acad. Sci. U. S.

A., vol. 110, no. 14, pp. 5434–9, 2013. doi: 10.1073/pnas.1209644110 PMID: 23513227

41. Kormelink T., Koenders E., Hagemeijer Y., Overmars L., Siezen R. J., de Vos W. M., and Francke C.,

“Comparative genome analysis of central nitrogen metabolism and its control by GlnR in the class

Bacilli,” BMC Genomics, vol. 13, no. 1, p. 191, 2012.

42. Bron P. A., Monk I. R., Corr S. C., Hill C., and Gahan C. G. M., “Novel luciferase reporter system for in

vitro and organ-specific monitoring of differential gene expression in Listeria monocytogenes,” Appl.

Environ. Microbiol., vol. 72, no. 4, pp. 2876–2884, 2006. doi: 10.1128/AEM.72.4.2876-2884.2006

PMID: 16597994

43. Kaspar D., Auer F., Schardt J., Schindele F., Ospina A., Held C., Ehrenreich A., Scherer S., and Muller-

Herbst S., “Temperature- and nitrogen source-dependent regulation of GlnR target genes in Listeria

monocytogenes,” FEMS Microbiol Lett, vol. 355, no. 2, pp. 131–141, 2014. doi: 10.1111/1574-6968.

12458 PMID: 24801548

L-glutamine Induces Expression of Listeria monocytogenes Virulence Genes

PLOS Pathogens | DOI:10.1371/journal.ppat.1006161 January 23, 2017 23 / 25

http://www.ncbi.nlm.nih.gov/pubmed/22664093
http://dx.doi.org/10.1007/s00709-011-0360-8
http://www.ncbi.nlm.nih.gov/pubmed/22246051
http://dx.doi.org/10.1039/c5mt00100e
http://www.ncbi.nlm.nih.gov/pubmed/26106847
http://dx.doi.org/10.1128/IAI.00855-10
http://www.ncbi.nlm.nih.gov/pubmed/21078855
http://www.ncbi.nlm.nih.gov/pubmed/9826334
http://dx.doi.org/10.1128/IAI.00559-07
http://www.ncbi.nlm.nih.gov/pubmed/17923515
http://dx.doi.org/10.1128/JB.188.2.424-430.2006
http://www.ncbi.nlm.nih.gov/pubmed/16385031
http://dx.doi.org/10.1038/nrm2646
http://www.ncbi.nlm.nih.gov/pubmed/19234479
http://dx.doi.org/10.1128/MMBR.00031-07
http://www.ncbi.nlm.nih.gov/pubmed/18535149
http://dx.doi.org/10.1074/jbc.M404343200
http://www.ncbi.nlm.nih.gov/pubmed/15169767
http://dx.doi.org/10.1016/j.str.2013.07.020
http://www.ncbi.nlm.nih.gov/pubmed/23994008
http://dx.doi.org/10.1006/jmbi.1998.1675
http://www.ncbi.nlm.nih.gov/pubmed/9571045
http://dx.doi.org/10.1038/nsmb.2929
http://www.ncbi.nlm.nih.gov/pubmed/25486304
http://dx.doi.org/10.1111/mmi.13318
http://www.ncbi.nlm.nih.gov/pubmed/26699934
http://dx.doi.org/10.1073/pnas.1209644110
http://www.ncbi.nlm.nih.gov/pubmed/23513227
http://dx.doi.org/10.1128/AEM.72.4.2876-2884.2006
http://www.ncbi.nlm.nih.gov/pubmed/16597994
http://dx.doi.org/10.1111/1574-6968.12458
http://dx.doi.org/10.1111/1574-6968.12458
http://www.ncbi.nlm.nih.gov/pubmed/24801548


44. Tsai H. N. and Hodgson D. A., “Development of a Synthetic Minimal Medium for Listeria monocyto-

genes,” Appl. Environ. Microbiol., vol. 69, no. 11, pp. 6943–6945, 2003. doi: 10.1128/AEM.69.11.6943-

6945.2003 PMID: 14602660

45. Johansson J., Mandin P., Renzoni A., Chiaruttini C., Springer M., and Cossart P., “An RNA thermosen-

sor controls expression of virulence genes in Listeria monocytogenes,” Cell, vol. 110, no. 5, pp. 551–

561, 2002. PMID: 12230973

46. Glomski I. J., Gedde M. M., Tsang A. W., Swanson J. A., and Portnoy D. A., “The Listeria monocyto-

genes hemolysin has an acidic pH optimum to compartmentalize activity and prevent damage to

infected host cells,” J. Cell Biol., vol. 156, no. 6, pp. 1029–1038, 2002. doi: 10.1083/jcb.200201081

PMID: 11901168

47. Ripio M. T., Brehm K., Lara M., Suarez M., and Vazquez-Boland J. A., “Glucose-1-phosphate utilization

by Listeria monocytogenes is PrfA dependent and coordinately expressed with virulence factors,” J

Bacteriol, vol. 179, no. 22, pp. 7174–7180, 1997. PMID: 9371468

48. Tischler A. D., Leistikow R. L., Kirksey M. A., Voskuil M. I., and McKinney J. D., “Mycobacterium tuber-

culosis requires phosphate-responsive gene regulation to resist host immunity.,” Infect. Immun., vol.

81, no. 1, pp. 317–28, Jan. 2013. doi: 10.1128/IAI.01136-12 PMID: 23132496

49. Peirs P., Lefevre P., Boarbi S., Wang X. M., Denis O., Braibant M., Pethe K., Locht C., Huygen K., and

Content J., “Mycobacterium tuberculosis with disruption in genes encoding the phosphate binding pro-

teins PstS1 and PstS2 is deficient in phosphate uptake and demonstrates reduced in vivo virulence,”

Infect Immun, vol. 73, no. 3, pp. 1898–1902, 2005. doi: 10.1128/IAI.73.3.1898-1902.2005 PMID:

15731097

50. Planche T., Dzeing A., Emmerson A. C., Onanga M., Kremsner P. G., Engel K., Kombila M., Ngou-

Milama E., and Krishna S., “Plasma glutamine and glutamate concentrations in Gabonese children with

Plasmodium falciparum infection.,” QJM, vol. 95, no. 2, pp. 89–97, Feb. 2002. PMID: 11861956

51. Shimmura C., Suda S., Tsuchiya K. J., Hashimoto K., Ohno K., Matsuzaki H., Iwata K., Matsumoto K.,

Wakuda T., Kameno Y., Suzuki K., Tsujii M., Nakamura K., Takei N., and Mori N., “Alteration of Plasma

Glutamate and Glutamine Levels in Children with High-Functioning Autism,” PLoS One, vol. 6, no. 10,

p. e25340, Oct. 2011. doi: 10.1371/journal.pone.0025340 PMID: 21998651

52. V Tullius M., Harth G., and Horwitz M. A., “Glutamine synthetase GlnA1 is essential for growth of Myco-

bacterium tuberculosis in human THP-1 macrophages and guinea pigs,” Infect Immun, vol. 71, no.

7, pp. 3927–3936, 2003. doi: 10.1128/IAI.71.7.3927-3936.2003 PMID: 12819079

53. Darmaun D., Matthews D. E., Desjeux J.-F., and Bier D. M., “Glutamine and glutamate nitrogen

exchangeable pools in cultured fibroblasts: A stable isotope study,” J. Cell. Physiol., vol. 134, no. 1, pp.

143–148, Jan. 1988. doi: 10.1002/jcp.1041340118 PMID: 2891715

54. Mellin J. R., Koutero M., Dar D., Nahori M.-A., Sorek R., and Cossart P., “Riboswitches. Sequestration

of a two-component response regulator by a riboswitch-regulated noncoding RNA.,” Science, vol. 345,

no. 6199, pp. 940–3, Aug. 2014. doi: 10.1126/science.1255083 PMID: 25146292

55. Joseph B., Przybilla K., Stühler C., Schauer K., Slaghuis J., Fuchs T. M., and Goebel W., “Identification

of Listeria monocytogenes genes contributing to intracellular replication by expression profiling and

mutant screening.,” J. Bacteriol., vol. 188, no. 2, pp. 556–68, Jan. 2006. doi: 10.1128/JB.188.2.556-

568.2006 PMID: 16385046

56. Eiting M., Hagelken G., Schubert W. D., and Heinz D. W., “The mutation G145S in PrfA, a key virulence

regulator of Listeria monocytogenes, increases DNA-binding affinity by stabilizing the HTH motif,” Mol.

Microbiol., vol. 56, no. 2, pp. 433–446, 2005. doi: 10.1111/j.1365-2958.2005.04561.x PMID: 15813735

57. Kloosterman T. G., Hendriksen W. T., Bijlsma J. J. E., Bootsma H. J., van Hijum S. a F. T., Kok J., Her-

mans P. W. M., and Kuipers O. P., “Regulation of glutamine and glutamate metabolism by GlnR and

GlnA in Streptococcus pneumoniae,” J. Biol. Chem., vol. 281, no. 35, pp. 25097–25109, Sep. 2006.

doi: 10.1074/jbc.M601661200 PMID: 16787930

58. Sonenshein A. L., “Control of nitrogen metabolism by Bacillus subtilis glutamine synthetase,” Mol.

Microbiol., vol. 68, no. 2, pp. 242–245, Mar. 2008.

59. Wray L. V. and Fisher S. H., “Bacillus subtilis GlnR contains an autoinhibitory C-terminal domain

required for the interaction with glutamine synthetase,” Mol. Microbiol., vol. 68, no. 2, pp. 277–285,

Mar. 2008. doi: 10.1111/j.1365-2958.2008.06162.x PMID: 18331450

60. Hendriksen W. T., Kloosterman T. G., Bootsma H. J., Estevao S., de Groot R., Kuipers O. P., Hermans

P. W. M., Estevão S., de Groot R., Kuipers O. P., and Hermans P. W. M., “Site-specific contributions of

glutamine-dependent regulator GlnR and GlnR-regulated genes to virulence of Streptococcus pneumo-

niae.,” Infect. Immun., vol. 76, no. 3, pp. 1230–8, 2008. doi: 10.1128/IAI.01004-07 PMID: 18174343

61. Klose K. E. and Mekalanos J. J., “Simultaneous prevention of glutamine synthesis and high-affinity

transport attenuates Salmonella typhimurium virulence,” Infect. Immun., vol. 65, no. 2, pp. 587–596,

1997. PMID: 9009317

L-glutamine Induces Expression of Listeria monocytogenes Virulence Genes

PLOS Pathogens | DOI:10.1371/journal.ppat.1006161 January 23, 2017 24 / 25

http://dx.doi.org/10.1128/AEM.69.11.6943-6945.2003
http://dx.doi.org/10.1128/AEM.69.11.6943-6945.2003
http://www.ncbi.nlm.nih.gov/pubmed/14602660
http://www.ncbi.nlm.nih.gov/pubmed/12230973
http://dx.doi.org/10.1083/jcb.200201081
http://www.ncbi.nlm.nih.gov/pubmed/11901168
http://www.ncbi.nlm.nih.gov/pubmed/9371468
http://dx.doi.org/10.1128/IAI.01136-12
http://www.ncbi.nlm.nih.gov/pubmed/23132496
http://dx.doi.org/10.1128/IAI.73.3.1898-1902.2005
http://www.ncbi.nlm.nih.gov/pubmed/15731097
http://www.ncbi.nlm.nih.gov/pubmed/11861956
http://dx.doi.org/10.1371/journal.pone.0025340
http://www.ncbi.nlm.nih.gov/pubmed/21998651
http://dx.doi.org/10.1128/IAI.71.7.3927-3936.2003
http://www.ncbi.nlm.nih.gov/pubmed/12819079
http://dx.doi.org/10.1002/jcp.1041340118
http://www.ncbi.nlm.nih.gov/pubmed/2891715
http://dx.doi.org/10.1126/science.1255083
http://www.ncbi.nlm.nih.gov/pubmed/25146292
http://dx.doi.org/10.1128/JB.188.2.556-568.2006
http://dx.doi.org/10.1128/JB.188.2.556-568.2006
http://www.ncbi.nlm.nih.gov/pubmed/16385046
http://dx.doi.org/10.1111/j.1365-2958.2005.04561.x
http://www.ncbi.nlm.nih.gov/pubmed/15813735
http://dx.doi.org/10.1074/jbc.M601661200
http://www.ncbi.nlm.nih.gov/pubmed/16787930
http://dx.doi.org/10.1111/j.1365-2958.2008.06162.x
http://www.ncbi.nlm.nih.gov/pubmed/18331450
http://dx.doi.org/10.1128/IAI.01004-07
http://www.ncbi.nlm.nih.gov/pubmed/18174343
http://www.ncbi.nlm.nih.gov/pubmed/9009317


62. Zhu Y., Xiong Y. Q., Sadykov M. R., Fey P. D., Lei M. G., Lee C. Y., Bayer A. S., and Somerville G. A.,

“Tricarboxylic acid cycle-dependent attenuation of Staphylococcus aureus in vivo virulence by selective

inhibition of amino acid transport.,” Infect. Immun., vol. 77, no. 10, pp. 4256–64, Oct. 2009. doi: 10.

1128/IAI.00195-09 PMID: 19667045

63. Pohl K., Francois P., Stenz L., Schlink F., Geiger T., Herbert S., Goerke C., Schrenzel J., and Wolz C.,

“CodY in Staphylococcus aureus: a regulatory link between metabolism and virulence gene expres-

sion,” J Bacteriol, vol. 191, no. 9, pp. 2953–2963, 2009. doi: 10.1128/JB.01492-08 PMID: 19251851

64. Tamura G. S., Nittayajarn A., and Schoentag D. L., “A Glutamine Transport Gene, glnQ, Is Required for

Fibronectin Adherence and Virulence of Group B Streptococci,” Infect. Immun., vol. 70, no. 6, pp.

2877–2885, Jun. 2002. doi: 10.1128/IAI.70.6.2877-2885.2002 PMID: 12010975

65. Simon R., Priefer U., and Pühler A., “A Broad Host Range Mobilization System for In Vivo Genetic Engi-

neering: Transposon Mutagenesis in Gram Negative Bacteria,” Nat. Biotechnol., vol. 1, no. 9, pp. 784–

791, Nov. 1983.

66. Lobel L., Sigal N., Borovok I., Ruppin E., and Herskovits A. A., “Integrative genomic analysis identifies

isoleucine and CodY as regulators of Listeria monocytogenes virulence,” PLoS Genet, vol. 8, no. 9, p.

e1002887, 2012. doi: 10.1371/journal.pgen.1002887 PMID: 22969433

67. Phan-Thanh L. and Gormon T., “A chemically defined minimal medium for the optimal culture of Lis-

teria,” Int J Food Microbiol, vol. 35, no. 1, pp. 91–95, 1997. PMID: 9081230

68. Lauer P., Hanson B., Lemmens E. E., Liu W., Luckett W. S., Leong M. L., Allen H. E., Skoble J., Bahjat

K. S., Freitag N. E., Brockstedt D. G., and Dubensky T. W., “Constitutive activation of the prfA regulon

enhances the potency of vaccines based on live-attenuated and killed but metabolically active Listeria

monocytogenes strains,” Infect. Immun., vol. 76, no. 8, pp. 3742–3753, 2008. doi: 10.1128/IAI.00390-

08 PMID: 18541651

69. Celada A., Gray P. W., Rinderknecht E., and Schreiber R. D., “Evidence for a gamma-interferon recep-

tor that regulates macrophage tumoricidal activity.,” J. Exp. Med., vol. 160, no. 1, pp. 55–74, 1984.

PMID: 6330272

70. Zhitnitsky D. and Lewinson O., “Identification of functionally important conserved trans-membrane resi-

dues of bacterial PIB-type ATPases,” Mol. Microbiol., vol. 91, no. 4, pp. 777–789, Feb. 2014. doi: 10.

1111/mmi.12495 PMID: 24350798

71. Vigonsky E., Ovcharenko E., and Lewinson O., “Two molybdate/tungstate ABC transporters that inter-

act very differently with their substrate binding proteins,” Proc. Natl. Acad. Sci., vol. 110, no. 14, pp.

5440–5445, Apr. 2013. doi: 10.1073/pnas.1213598110 PMID: 23513215

72. Rabinovich L., Sigal N., Borovok I., Nir-Paz R., and Herskovits A. A., “Prophage excision activates Lis-

teria competence genes that promote phagosomal escape and virulence,” Cell, vol. 150, no. 4, pp.

792–802, 2012. doi: 10.1016/j.cell.2012.06.036 PMID: 22901809

73. Goldfine H. and Knob C., “Purification and characterization of Listeria monocytogenes phosphatidylino-

sitol-specific phospholipase C.,” Infect. Immun., vol. 60, no. 10, pp. 4059–67, Oct. 1992. PMID:

1398918

74. Shakir F. K., Audilet D., Drake A. J., and Shakir K. M. M., “A Rapid Protein Determination by Modifica-

tion of the Lowry Procedure,” Anal. Biochem., vol. 216, no. 1, pp. 232–233, 1994. doi: 10.1006/abio.

1994.1031 PMID: 8135358

L-glutamine Induces Expression of Listeria monocytogenes Virulence Genes

PLOS Pathogens | DOI:10.1371/journal.ppat.1006161 January 23, 2017 25 / 25

http://dx.doi.org/10.1128/IAI.00195-09
http://dx.doi.org/10.1128/IAI.00195-09
http://www.ncbi.nlm.nih.gov/pubmed/19667045
http://dx.doi.org/10.1128/JB.01492-08
http://www.ncbi.nlm.nih.gov/pubmed/19251851
http://dx.doi.org/10.1128/IAI.70.6.2877-2885.2002
http://www.ncbi.nlm.nih.gov/pubmed/12010975
http://dx.doi.org/10.1371/journal.pgen.1002887
http://www.ncbi.nlm.nih.gov/pubmed/22969433
http://www.ncbi.nlm.nih.gov/pubmed/9081230
http://dx.doi.org/10.1128/IAI.00390-08
http://dx.doi.org/10.1128/IAI.00390-08
http://www.ncbi.nlm.nih.gov/pubmed/18541651
http://www.ncbi.nlm.nih.gov/pubmed/6330272
http://dx.doi.org/10.1111/mmi.12495
http://dx.doi.org/10.1111/mmi.12495
http://www.ncbi.nlm.nih.gov/pubmed/24350798
http://dx.doi.org/10.1073/pnas.1213598110
http://www.ncbi.nlm.nih.gov/pubmed/23513215
http://dx.doi.org/10.1016/j.cell.2012.06.036
http://www.ncbi.nlm.nih.gov/pubmed/22901809
http://www.ncbi.nlm.nih.gov/pubmed/1398918
http://dx.doi.org/10.1006/abio.1994.1031
http://dx.doi.org/10.1006/abio.1994.1031
http://www.ncbi.nlm.nih.gov/pubmed/8135358

