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Legionella pneumophila is an intracellular pathogen that infects protozoa in aquatic environments and when
inhaled by susceptible human hosts replicates in alveolar macrophages and can result in the often fatal
pneumonia called Legionnaires’ disease. The ability of L. pneumophila to replicate within host cells requires the
establishment of a specialized compartment that evades normal phagolysosome fusion called the Legionella-
containing vacuole (LCV). Elucidation of the biochemical composition of the LCV and the identification of the
regulatory signals sensed during intracellular replication are inherently challenging. L-Arginine is a critical
nutrient in the metabolism of both prokaryotic and eukaryotic organisms. We showed that the L. pneumophila
arginine repressor homolog, ArgR, is required for maximal intracellular growth in the unicellular host
Acanthamoeba castellanii. In this study, we present evidence that the concentration of L-arginine in the LCV is
sensed by ArgR to produce an intracellular transcriptional response. We characterized the L. pneumophila
ArgR regulon by global gene expression analysis, identified genes highly affected by ArgR, showed that ArgR
repression is dependent upon the presence of L-arginine, and demonstrated that ArgR-regulated genes are
derepressed during intracellular growth. Additional targets of ArgR that may account for the argR mutant’s
intracellular multiplication defect are discussed. These results suggest that L-arginine availability functions as
a regulatory signal during Legionella intracellular growth.

Legionella pneumophila is a Gram-negative gammapro-
teobacterial species with a remarkable capacity for robust
growth in eukaryotic host cells (24, 35, 58). In both natural and
man-made aquatic systems, L. pneumophila replicates within a
wide variety of unicellular protozoa (23). Inhalation of aero-
solized water contaminated with Legionella species, often from
showers or whirlpool baths, can result in infection of human
alveolar macrophages (60, 74). In susceptible individuals, this
infection can lead to the development of a potentially fatal
form of pneumonia called Legionnaires’ disease (35, 58, 77).

Replication of Legionella in both unicellular protozoa and
human alveolar macrophages occurs through a series of or-
dered events that begins with phagocytosis (32). Following
uptake, L. pneumophila abrogates normal host vesicular traf-
ficking to prevent the phagosome from acidifying and fusing
with lysosomes (33, 34). Subsequent steps of phagosome mat-
uration include interactions with host cell organelles such as
mitochondria and endoplasmic reticulum, which will ultimately
decorate the vacuole (1, 32). At approximately 8 h after up-
take, the phagosome has developed into a Legionella-contain-
ing vacuole (LCV) that supports robust bacterial replication
(32). Between 18 and 24 h postinfection, vacuoles filled with L.
pneumophila are released and able to infect the next round of
host cells (32, 73). This process requires the Icm/Dot type IVB
secretion system (TFBSS), which is essential for the evasion of

lysosomal fusion with the Legionella-containing phagosome
and prevention of vacuole acidification (66, 70, 72). The Icm/
Dot TFBSS is able to translocate �150 protein substrates into
the host cytoplasm (12, 16, 20, 21, 61, 63). Icm/Dot-translo-
cated substrates can alter host cell functions in a variety of
ways that are predicted to promote bacterial intracellular sur-
vival (16, 37, 54, 61).

The ordered nature of the Legionella infection suggests that
it is a highly regulated process, likely to require the ongoing
detection of, and response to, specific environmental signals
(29, 36, 59). Although the two-component systems CpxR/A,
LetA/S, and PmrA/B and the global regulator �S have been
shown to affect L. pneumophila intracellular multiplication, the
signals that they respond to intracellularly are unknown (2, 4,
25, 30, 36, 51). Both LetA/S and �S accumulate in response to
ppGpp during growth in rich medium in a process that affects
the accumulation of the small regulatory RNAs RsmY and
RsmZ (6, 36, 59), but it is not known if this also occurs during
intracellular growth. Determining the internal composition of
the LCV and identifying signaling molecules required for in-
tracellular growth are inherently challenging.

Recently we reported that the �S-regulated gene lpg0490, a
homolog of the arginine repressor, argR, is required for max-
imal intracellular multiplication of L. pneumophila within the
protozoan host Acanthamoeba castellanii but not in the stabi-
lized macrophage cell line THP-1 (36). The ArgR protein has
been characterized in other bacteria as a repressor of arginine
biosynthetic genes, which are typically distributed throughout
the genome and required for the synthesis of the amino acid
L-arginine from L-glutamate (19, 46, 52). This set of genes is
commonly referred to as the ArgR regulon (46). In multiple
bacterial genera, it has been demonstrated that ArgR mono-
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mers oligomerize to form homohexamers (28, 39, 62). The
ArgR hexamers are allosterically activated by bound L-arginine
to form a transcriptional repressor that binds to well-conserved
DNA operator sites (28, 39, 78). Thus, in other bacteria ArgR
is a direct sensor of L-arginine availability that represses the
transcription of its target genes when arginine biosynthesis is
not required.

Legionella species are arginine auxotrophs because they lack
genes encoding the enzymes that carry out the preliminary
steps of the biosynthetic conversion of L-glutamate into L-
arginine (26). Legionellae are, however, capable of synthesiz-
ing L-arginine from compounds that occur later in this biosyn-
thetic pathway such as L-ornithine and citrulline (26). Amino
acid metabolism is of central importance in Legionella biology
because amino acids can be utilized as its sole source of carbon
and nitrogen and meet most of its energy needs (81).

Based on the function of ArgR in other bacteria and the
intracellular replication defect of an L. pneumophila �argR
mutant, we hypothesized that L-arginine availability is a regu-
latory signal affecting gene expression in the LCV. In order to
understand how arginine availability affects gene expression
during intracellular growth, we studied the global gene expres-
sion profile of an �argR mutant and used it to define the L.
pneumophila ArgR regulon. Using a novel dual-fluorescence
transcriptional reporter system, the regulation of genes con-
trolled by ArgR and L-arginine was analyzed in chemically
defined medium (CDM) and during intracellular growth. This
system, in conjunction with quantitative PCR (qPCR) esti-
mates of mRNA abundance from intracellularly growing bac-
teria, allowed us to demonstrate that several L. pneumophila
genes whose transcription is regulated by ArgR and L-arginine
availability are derepressed during intracellular growth. These
results contribute to understanding how nutrient availability
can affect gene expression during L. pneumophila intracellular
growth.

MATERIALS AND METHODS

Bacterial strains and mutants. The bacterial strains used in this study are
listed in Table 1. Media and antibiotics were used as previously described (15).
The L. pneumophila strains used in this study were JR32, a streptomycin-re-
sistant, restriction-negative mutant of L. pneumophila Philadelphia-1 (68);
LELA3118, an isogenic dotA (lpg2686) derivative of JR32 (68); KS79, an isogenic
�comR (lpg2717) derivative of JR32 that renders the bacteria genetically com-
petent for DNA uptake (20); and GAH280, an isogenic �argR (lpg0490) deriv-
ative of KS79 (therefore �comR �argR) (36). KS79 (�comR) is the isogenic
parent of all strains used in this study and is referred to as the wild type (WT) in
all experiments. Mutants made in this study were produced by creating allelic
exchange fragments using long flanking homology (LFH)-PCR as described
previously (36). The oligonucleotides used in mutant formation are lpg0493
P1 (GGCCAGGATGACGTTGCGATTGCC), lpg0493 P2 (CCCGGCCAAGC
TAAAAAACACGGATCCCGATGCGTTAATGACTTGCAGC), lpg0493 P3
(GCTCGATGAGTTTTTCTAAGGATCCGCGATTGTTGGTTGTAAAGCA
AGG), lpg0493 P4 (GCTGCGTCACATCAATGAATGCATCC), lpg0495 P1
(CCACTAATTGCTCAAAAGCTTGTTGAAATTGC), lpg0495 P2 (CCCGGC
CAAGCTAAAAAACACGGATCCCCTGACTGCCATTAATGTCCTGGTC),
lpg0495 P3 (GATGCTCGATGAGTTTTTCTAAGGATCCGCAGGAGGATA
AAGAAGGATTATTTGATACG), and lpg0495 P4 (GCCTCCTTAACAATA
GCCTCATTAGGC).

Growth of bacterial strains and preparation of media. Chemically defined
medium (CDM) was prepared as previously described (85); however no L-
arginine was added to stock solutions (CDM with no L-arginine). For CDM
growth and transcription assays, bacteria were grown to the mid-exponential
phase in AYE complex growth medium [N-(2-acetamido)-2-aminoethanesulfo-
nic acid (ACES)-buffered yeast extract], washed three times in CDM with no

L-arginine, and resuspended to an optical density (OD) of 0.10 for time zero
measurement in CDM containing the desired concentration of L-arginine or its
biosynthetic precursors. The standard final concentration of L-arginine or its
biosynthetic precursors for experiments conducted in this study was 1.0 mg/ml.
Absorbance (optical density at 600 nm [OD600]) and fluorescence measurements
were conducted in a TECAN Infinite M200 plate reader in triplicate. Growth
experiments were performed three times, and the data shown are from one
representative experiment. The data points reflect the average value of three
technical replicates. Isolation of exponentially and postexponentially growing L.
pneumophila for microarray analysis from complex medium AYE was performed
as described previously (36) on triplicate samples.

Plasmid construction. Plasmids pGAH140 and pGAH141, which contain the
promoter fragments P491 and P491�O, respectively, were constructed from the
restriction digest of PCR fragments bearing the restriction sites XmaI and KpnI
cloned into digested pXDC94 vector (for the map, see Fig. 8A). The oligonu-
cleotides used in reporter construction are p0491AFw (TATCCCGGGATAGC
AAGACTGTTTGCATTACCAGG), p0491ARv (TATGGTACCATCGTTTT
GTGAATATACAGGATCAGG), and p0491CFw (TATCCCGGGATACCAT
TTTTTCTTGACAGTACAAATCC).

ClustalW alignments and tree formation. Amino acid alignments and phy-
logenetic trees were constructed based on ClustalW pairwise alignment al-
gorithms on a BLOSUM 30 matrix using MacVector software version 7.2.3.
The phylogenetic tree of arginine repressor homologs corresponds to the
following GenBank accession numbers (in no particular order): Lactococcus
lactis subsp. lactis Il1403 (NP_267015.1), Streptococcus pneumoniae TIGR4
(NP_345670.1), Bacillus subtilis (BAA12578.1), Bacillus stearothermophilus
(1B4AC), Listeria innocua Clip11262 (NP_470740.1), Staphylococcus aureus
subsp. aureus N315 (NP_374634.1), Streptococcus pyogenes M1 group A streptococ-
cus (GAS) (NP_269620.1), Haemophilus influenzae 86-028NP (AAX88207.1), Pas-
teurella multocida subsp. multocida strain Pm70 (NP_245486.1), Escherichia coli
strain K-12 (AAC76269.1), Vibrio cholerae O1 biovar eltor strain N16961
(NP_230085.2), Chlamydophila pneumoniae J138 (NP_300252.1), Salmonella en-
terica serovar Typhimurium LT2 (P_463323.1), Thermotoga maritima (Q9WW19.1),
Mycobacterium leprae TN (NP_302004.1), Mycobacterium tuberculosis CDC1551
(NP_336150.1), and Pseudomonas aeruginosa PAO1 (NP_249584.1).

TABLE 1. Bacterial strains and plasmids used in this study

Strain or
plasmid Genotype or feature(s)

Source
or

reference

L. pneumophila
strains

JR32 Am511 salt-sensitive isolate 68
KS79 JR32 �comR 20
LELA3118 JR32 dotA::Tn903dIIlacZ 68
GAH199 KS79 dotA::Tn903dIIlacZ 36
GAH280 KS79 �argR::Kmr 36
GAH318 KS79 �lpg0493::Kmr This study
GAH319 KS79 �lpg0495::Kmr This study
GAH281 KS79/pXDC31 36
GAH282 GAH199/pXDC31 36
GAH286 GA280/pXDC31 36
GAH339 GAH318/pXDC31 This study
GAH340 GAH319/pXDC31 This study
GAH348 KS79/pXDC95 This study
GAH349 KS79/pGAH140 This study
GAH350 KS79/pGAH141 This study
GAH354 GAH280/pXDC95 This study
GAH355 GAH280/pGAH140 This study

Plasmids
pMMB207c pMMB207 mobA 70
pXDC31 pMMB207c Ptac-GFP 36
pXDC94 pMMB207c Ptac-mCherry-2�-GFP This study
pXDC95 pMMB207c Ptac-mCherry-GFP This study
pGAH140 pMMB207c Ptac-mCherry-2�-

P491-GFP
This study

pGAH141 pMMB207c Ptac-mCherry-2�-
P491�O-GFP

This study
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Microarray procedure. The L. pneumophila microarray has been previously
described (GLP7283) (36). Bacterial growth, RNA isolation, and cDNA prepa-
ration were performed as described previously (36). Bacterial genomic DNA
(gDNA) was used as the reference channel on each slide to allow comparison of
each time point and different samples (79). Five micrograms of genomic DNA
was labeled with amino-allyl dUTP by using the Klenow fragment and random
primers (Invitrogen) at 37°C for 18 h (22). DNA was subsequently coupled to the
succinimidyl ester fluorescent dye Alexa Fluor 546 (for cDNA) or Alexa Fluor
647 (for gDNA) (Invitrogen) following the manufacturer’s protocols. Hybridiza-
tion and data acquisition were performed as previously described (36). Local
background was removed from spot signal intensity, and normalization was
carried out by calculating the fraction over the total signal intensity in both
channels as previously described (22). Signal levels that were lower than back-
ground were filtered out. Statistical analysis between test and control conditions
was performed using unpaired one-tailed Student’s t test. Genes were considered
as differentially expressed if they demonstrated a ratio to the control value of
log2 �1.5-fold with a P value of �0.005. Hierarchical clustering diagrams
were produced using the TIGR Multiexperiment Viewer (MeV) (69).

Kinetic measurements of growth and transcription. Kinetic measurements
were obtained using a TECAN Infinite M200 fluorescence plate reader as de-
scribed previously (36). Preparation of growth assays in liquid CDM is described
above, and the method used is identical to that for assaying transcription during
growth in CDM. A. castellanii was maintained in PYG (peptone-yeast extract-
glucose) medium as described previously (29). The protocol for assaying L.
pneumophila intracellular multiplication in a microplate spectrofluorometer in A.
castellanii at a multiplicity of infection (MOI) of 1.0 and the human macrophage
cell line THP-1 at an MOI of 0.10 has been described previously, and the
experiments were conducted following previously established parameters (36).
Measurement of transcription was performed on strains bearing plasmids de-
rived from pXDC94, which contains a copy of the gene encoding the red fluo-
rescence protein mCherry under Ptac control and a promoterless copy of a gene
encoding green fluorescent protein (GFP). Bacterial growth was measured by the
production of mCherry from a Ptac promoter induced with 0.5 mM IPTG
(isopropyl-�-D-thiogalactopyranoside) at an excitation of 580 nm and an emis-
sion of 620 nm. Transcription was measured by the production of green fluores-
cent protein (GFP) at an excitation of 485 and an emission of 520. For each
strain background or condition tested, transcription from a control plasmid,
pXDC95, from which mCherry and GFP are transcribed from Ptac induced with
0.5 mM IPTG, was also analyzed. Transcriptional data analysis during intracel-
lular growth and growth in liquid medium was performed as follows. Relative
fluorescence units (RFU) for GFP and mCherry triplicate samples for each time
point were averaged, averaged GFP RFU were divided by averaged mCherry
RFU, and the value from each time point was normalized (i.e., divided) by the
value of Ptac-GFP/Ptac-mCherry obtained from the pXDC95 control for each
strain background or condition. This process of data analysis allows measure-
ment of transcription independent of bacterial growth. Kinetic experiments were
performed three times, and the data shown are from one representative exper-
iment. Data points reflect the average value of three biological replicates.

Quantitative real-time PCR during infection. The THP-1 (ATCC TIB-202)
cells were maintained in Advanced RPMI (Invitrogen) medium supplemented
with 10% (vol/vol) fetal calf serum (Gibco) and 2 mM L-glutamine (Cellgro). A
stock culture of these cells was maintained as monocyte-like, nonadherent cells
at 37°C in an atmosphere containing 5% (vol/vol) CO2. For macrophage infec-
tion, cells were seeded at 2 � 107 cells per well in petri culture dishes and were
differentiated by addition of 10	7 M phorbol 12-myristate 13-acetate for 48 h.
Before infection, macrophages were treated with antibody raised against the
major outer membrane protein (MOMP) of L. pneumophila for 30 min. Bacteria
were grown overnight shaking in AYE at 37°C and were then added to the cell
monolayer at an MOI of 1 and centrifuged for 5 min at 800 � g to synchronize
bacterial uptake. After incubation for 2 h at 37°C, the infected cells were washed
three times with phosphate-buffered saline (PBS), pH 7.4, and 18 ml of fresh
complete RPMI medium containing 100 
g/ml gentamicin was added to each
well. After incubation for 1 h at 37°C, cells were washed three times with PBS
and the cells were either harvested at 3 h postinfection (T3) or incubated with 18
ml of fresh complete RPMI medium for a further 6 h (T9) or 18 h (T21). At each
time point, cells were scrapped in 2 ml PBS and 100 
l was removed to determine
the CFU. Samples were then centrifuged for 5 min at 1,000 � g, and the pellet
was lysed in 2 ml TRIzol (Invitrogen) and stored at 	80°C. RNA was isolated by
using TRIzol reagents as described by manufacturer (Invitrogen). The RNA was
subsequently treated with DNase I (Invitrogen) for 1 h at 37°C. The DNase was
then inactivated by incubation at 75°C for 5 min and acid phenol-chloroform
(Ambion) extracted, and the RNA was precipitated with NaAc-ethanol. The
purity and quantity of RNA was assessed by spectrophotometry. cDNA was

synthesized in triplicate using Superscript II (Invitrogen) with random hexamers
(Invitrogen), according to the manufacturer’s instructions. For each sample, a
no-reverse transcriptase reaction served as a no-template control (NTC). qPCRs
were performed using the Applied Biosystems StepOne Plus 96-well reverse
transcription (RT)-PCR system (qRT-PCR) with Power Syber green PCR mas-
ter mix following the manufacturer’s instructions (Applied Biosystems). For each
qPCR run, the calculated threshold cycle (CT) was normalized to the CT of the
internal control 16S rRNA gene amplified from the corresponding sample and
the fold change was calculated as previously described (47). qRT-PCR experi-
ments were performed three times, and the data shown are from one repre-
sentative experiment. Data points reflect the average value of three biological
replicates. The oligonucleotides used in qRT-PCR measurements were
lpg0491qF (CAACCAAGCGATAGAAGCTTTAATC) and lpg0491qR (CC
TTGTGCCCCATCCATAAG).

RESULTS

Conservation of the L. pneumophila ArgR protein. Muta-
tional analysis of putative regulatory genes whose transcription
is affected by �S resulted in the discovery that the lpg0490 open
reading frame (ORF) is required for efficient intracellular mul-
tiplication in the unicellular host A. castellanii but not in the
macrophage cell line THP-1 (36). The lpg0490 mutant intra-
cellular growth defect was restored by expressing the gene in
trans from an IPTG-inducible promoter, thus demonstrating its
significance during A. castellanii infection (36). Based on con-
servation of DNA-binding and L-arginine-binding domains in
the predicted protein sequence, lpg0490 was annotated as the
L. pneumophila arginine repressor (18, 36). Arginine repressor
proteins, termed ArgR or AhrC based on their similarity to
either the E. coli or the B. subtilis proteins, respectively, are
common in bacteria (19, 46, 55). To determine the relative
similarity of the lpg0490 gene product to the arginine repres-
sors of other bacteria, we used ClustalW to produce a phylo-
genetic tree of ArgR amino acid sequences from genetically
diverse bacterial species (Fig. 1A). The identity of Lpg0490 to
the arginine repressors of the bacteria analyzed ranged be-
tween 28% and 35%. Overall, the Lpg0490 sequence was
slightly more similar to the arginine repressors of both myco-
bacteria and Gram-positive species such as B. subtilis, (30%
identity and 54% similarity) than those from Gram-negative
bacteria such as E. coli (28% identity and 52% similarity).

The structure and function of arginine repressor proteins
have been studied extensively in many bacteria, including E.
coli and B. subtilis. Mutational analysis has demonstrated the
critical amino acid residues required for ArgR function (41, 52,
82). Alignment of the putative L. pneumophila arginine repres-
sor, Lpg0490, shows that the amino acids required for DNA
binding, oligomerization, and L-arginine binding of E. coli and
B. subtilis arginine repressors are conserved (Fig. 1B). Based
on these observations, lpg0490 will be called the argR gene.

ArgR is not required for growth in media containing L-
arginine biosynthetic precursors. Arginine auxotrophy is com-
mon among all of the strains of L. pneumophila that have been
tested (26), including Philadelphia-1, the strain used in this
study. Although the chemical composition of the LCV is un-
known, L. pneumophila’s ability to grow intracellularly, despite
its arginine auxotrophy (26), suggests that sufficient L-arginine
is available in the LCV to support growth. Alternatively, L.
pneumophila may be able to utilize the terminal arginine bio-
synthetic precursors L-ornithine and citrulline during growth
(26). It is not known if the ability to utilize L-arginine precur-
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sors is required for intracellular replication. If mutation of
argR resulted in an inability to grow in L-arginine or its bio-
synthetic precursors, this might explain the reported intracel-
lular growth defect (36).

To test the ability of a �argR mutant to grow in media
containing L-arginine or its biosynthetic precursors, chemically
defined medium lacking L-arginine (CDM-A) was prepared
(64). L. pneumophila strains were grown in CDM-A or supple-
mented with L-arginine (1.0 mg/ml), L-ornithine (1.0 mg/ml), or
citrulline (1.0 mg/ml). As expected, wild-type Legionella (KS79) is
unable to grow in the absence of L-arginine, but the addition of
L-arginine or its precursors restored growth (Fig. 2A). The
�argR mutant GAH280 grew similarly to the wild type in
CDM-A containing either L-arginine or its biosynthetic precur-
sors (Fig. 2B). Therefore, the intracellular growth defect of the

�argR mutant does not result from an inability to utilize L-
ornithine or L-citrulline as L-arginine precursors.

Global gene expression analysis of an L. pneumophila �argR
mutant. Deletion of argR results in a significant defect in L.
pneumophila intracellular multiplication (36). In other bac-
terial species, ArgR responds rapidly to changes in the in-
tracellular concentration of L-arginine by binding DNA as a
transcriptional regulator (78). Using global gene expression
analysis, we sought to identify L. pneumophila genes regulated
by ArgR that contribute to the observed intracellular growth
defect as well as those that could be used as reporters of the
ArgR response to L-arginine.

RNA was extracted from a �argR mutant (GAH280) and its
isogenic, wild-type (WT) parent strain (KS79) during exponen-
tial and postexponential growth in rich media. The transcrip-

FIG. 1. Conservation of ArgR. A phylogenetic tree of arginine repressor homologs from diverse bacterial species was produced from a
ClustalW alignment (A). GenBank accession numbers for all proteins can be found in Materials and Methods. Shown is the ClustalW alignment
of amino acid sequences from E. coli and B. subtilis arginine repressors, ArgR and AhrC, respectively, with the translated sequence from lpg0490
of L. pneumophila (B). Residues conserved among all three bacterial species are highlighted in yellow, those conserved between E. coli and L.
pneumophila are in green, those conserved between B. subtilis and L. pneumophila are in orange, and those conserved between E. coli and B. subtilis
are in blue (B). Residues required for DNA-binding (F), L-arginine binding (f), or oligomerization (�) demonstrated by mutational analysis in
either E. coli or B. subtilis are indicated above the alignment (B) (8, 41, 76, 82, 83). The general structural features from B. stearothermophilus are
shown below the amino acid alignments (B) (62).
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tional profiles were compared by microarray analysis as previ-
ously described (36). For the purpose of this study, significantly
affected genes were defined as having a log2 ratio of mutant to
wild-type � 1.5 (3-fold) and with a P value of �0.005. The
steady-state transcript level of 116 genes was significantly af-
fected by the deletion of the argR gene during growth in rich
media (Fig. 3A; see Table S1 in the supplemental material).
The transcript levels of 12 genes were affected during the
exponential phase, 11 of which were increased in the mutant.
An increase in transcript level in the mutant background com-
pared to the wild type suggests that the ArgR protein acts
negatively on the transcription of these 11 genes. The tran-

script levels of 111 genes were affected during the postexpo-
nential phase, 51 were increased in the mutant compared to
the wild type, while the transcripts of another 60 genes were
reduced in the mutant background. Reductions in gene tran-
scripts in the mutant compared to the level in the wild type
suggest that the ArgR protein acts positively on these genes.
Seven of the 11 genes negatively affected by argR during the
exponential phase are also negatively affected during the pos-
texponential phase, representing the only set of genes that is
similarly regulated during both phases of growth (Fig. 3B, red
vertical bar). There are no genes that are positively affected by
ArgR in one growth phase and negatively in the other. The
changes in transcript levels of affected genes could reflect ei-
ther the direct interaction of ArgR with their promoters or
could occur indirectly through ArgR-affected regulators. Al-
though additional experiments are required to determine if
ArgR is acting directly on specific gene targets, we were able to
identify putative ArgR operator sites in the promoter regions
of many of affected genes identified from this microarray (see
Table S2 in the supplemental material).

Categories of ArgR-affected genes. The global effects of the
argR deletion were analyzed by determining the number of
genes affected within specific functional categories (18) (Fig.
4A; see Table S1 in the supplemental material). In addition to
amino acid metabolism, which was predicted to be affected by
ArgR, the categories transport and binding, Icm/Dot-translo-
cated substrates, nucleotide metabolism, and detoxification
and stress adaptation also included a notable number of af-

FIG. 2. Growth of wild-type and �argR mutant strains in CDM.
Bacterial growth was monitored in a TECAN Infinite M200 plate
reader at an absorbance of 600 nm. At time zero, bacteria were washed
and diluted back to an OD of 0.10 in chemically defined medium
(CDM) prepared either with L-arginine (1.0 mg/ml) (f), without L-
arginine (no L-arginine) (F), without L-arginine but including L-orni-
thine (1.0 mg/ml) (}), or without L-arginine but including citrulline
(1.0 mg/ml) (Œ). Absorbance (OD600) was monitored for 30 h under
the four CDM growth conditions at 37°C for both the �argR mutant
(GAH280) (B) and its isogenic parent (KS79), the wild type (A).

FIG. 3. The L. pneumophila �argR microarray. Analysis of the
transcriptional profile of a �argR mutant (GAH280) in comparison
with its isogenic parent, wild-type (WT) strain KS79, during the
exponential (E) and postexponential (PE) growth phases in AYE
rich medium. ArgR-affected genes, defined by a mutant/wild-type
log2 ratio � 1.5 and P � 0.005, were clustered using TIGR MeV
(B). Depiction of the number of genes positively or negatively
affected by ArgR in either phase of growth is shown as a Venn
diagram (A). Genes negatively affected during both phases of
growth are indicated by a vertical red bar (B).
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fected genes (Fig. 4A). The deletion of the argR gene affected
18 genes categorized with transport and binding (Fig. 4A). The
majority of genes categorized as transport and binding genes
were negatively affected by ArgR (see Table S1 in the supple-
mental material) including the most highly ArgR-regulated
genes in the genome, lpg0491 to lpg0493 (exponential-phase,
log2 ratio of �7.6 to 7.3), which encode a putative amino acid
ABC transporter (18). In the postexponential phase, ArgR
negatively affected components of the type IVA secretion sys-
tem and TFBSS, which were also categorized with transport
and binding (18). Two members of the Lvh Type IVA secretion
system, lvhB8 (lpg1249, log2 ratio of 1.7) and lvHB10 (lpg1247,
log2 ratio of 1.8), and three members of the Icm/Dot TFBSS,
icmR (lpg0443, log2 ratio of 1.8), icmQ (lpg0444, log2 ratio of
1.7), and icmG (lpg0452, log2 ratio of 1.6) were significantly
affected in the absence of ArgR. Expression of these compo-
nents of the Icm/Dot TFBSS of L. pneumophila is required for
efficient intracellular replication (56, 65, 66, 71). Also included
the category of transport and binding were the genes most
positively affected by ArgR in the genome, lpg0174 and lpg0175
(postexponential phase, log2 ratio of 	5.5 and 	4.0, respec-
tively), which are predicted to encode pyoverdine biosynthetic
proteins, PvcA and PvcB (18). In pseudomonads, pyoverdine is
a powerful iron(III) scavenger and transporter (75), and in L.
pneumophila, the pvcA/B genes are regulated by iron concen-
tration (31). As seen previously, deletion of the pvcA and pvcB
genes did not affect L. pneumophila’s ability to replicate in A.
castellanii (3; this study and data not shown).

Deletion of the argR gene affected the transcript levels of 17

genes in the category Icm/Dot-translocated substrates (Fig. 4A
and B; see Table S1 in the supplemental material). The cate-
gory Icm/Dot-translocated substrates includes bacterial pro-
teins demonstrated to be translocated into host cells during
Legionella infection in an Icm/Dot TFBSS-dependent manner
(9, 15, 37, 44, 53, 54, 61). To date, the translocation of 140
putative Icm/Dot substrates has been proven; however, the
majority of their functions are unknown (9, 15, 37, 44, 53, 54,
61). The transcript level of 17 Icm/Dot-translocated substrates
was reduced by the deletion of argR (Fig. 4B); thus, the ArgR
regulator has a positive affect on the transcription of 12% of
the members of this category, either directly or indirectly.
Although many of the genes encoding Icm/Dot-translocated
substrates are individually dispensable for intracellular multi-
plication, some have been shown to affect host cell trafficking.
Understanding the specific contribution of Icm/Dot substrates
and other ArgR-affected genes to L. pneumophila intracellular
multiplication will require future investigation.

Genomic organization of the L. pneumophila ArgR regulon.
ArgR has predicted binding sites based on numerous studies in
other bacteria. In E. coli, the enzymes encoded by the genes
argA to argH synthesize L-arginine from L-glutamate in a pro-
cess that requires the carA and carB gene products to form
carbamoyl-phosphate (46) (summarized in Fig. 5B). In E. coli,
the genes required for L-arginine biosynthesis are distributed
throughout the genome and transcriptionally repressed by ArgR
in the presence of L-arginine, comprising the ArgR regulon
(46). L. pneumophila lacks homologs of argA, argB, and argC,
which explains its L-arginine auxotrophy (18, 26). This study

FIG. 4. Categories of ArgR-affected genes. The distribution of ArgR-affected genes in functional categories is illustrated in a pie chart, and the
number of affected genes in each category is shown in parentheses (A). Heat mapping depicts ArgR-affected Icm/Dot translocated substrates along
with the ORF, protein names, and the log2 ratio (B).
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reveals that in L. pneumophila, the mutation of argR does not
significantly affect the transcript level of homologs of the pre-
dicted ArgR-regulated genes argD (lpg2968), argE (lpg1164),
carA (lpg2023), and carB (lpg2625) (Fig. 5B; log2 ratio microar-
ray data shown under gene names). Deletion of argR in L.
pneumophila does, however, affect the transcript level of genes
predicted to encode the terminal steps of L-arginine biosynthe-
sis from L-ornithine; argF (lpg0496), argG (lpg0494), and argH
(lpg0495), whose transcript levels are up by as much as 100-fold
in the mutant (Fig. 5A; see Table S1 in the supplemental
material).

In L. pneumophila, the genes predicted to encode the ter-
minal steps of L-arginine biosynthesis are organized in one
region of the genome along with a putative amino acid ABC
transporter (lpg0491 to lpg0496). The genomic organization of
this region is conserved among all sequenced L. pneumophila
strains (Philadelphia-1, Corby, Lens, and Paris). The transcript
levels of lpg0491 to lpg0496 are increased by the deletion of
argR by between 240- and 32-fold (lpg0492 and lpg0496, respec-
tively) in the exponential phase and between 36- and 12-fold
(lpg0492 and lpg0496, respectively) in the postexponential

phase (see Table S1 in the supplemental material). Thus,
lpg0491 to lpg0496 constitute the most highly ArgR-repressed
region of the genome and the only set of genes similarly reg-
ulated during both phases of growth (Fig. 3B, vertical red bar).
In addition, lpg0491 to lpg0496 are directly downstream and
divergent from the open reading frame (ORF) encoding ArgR,
lpg0490 (Fig. 5A). This organization is in stark contrast to the
genomic organization of L-arginine biosynthesis in bacteria
such as E. coli, in which the genes are in diverse locations
throughout the genome and not proximal to the gene encoding
the ArgR repressor (11, 17, 39, 45, 50, 62, 82).

To determine which genes in this region may be required for
growth of L. pneumophila under different conditions, we re-
placed selected genes with antibiotic selection markers by al-
lelic exchange (36). Deletion of either the putative ATPase
of the predicted transporter (lpg0493) or the argH homolog
(lpg0495), which is predicted to encode the terminal step of
arginine biosynthesis, rendered bacteria unable to grow in
CDM in the absence of L-arginine, even if L-ornithine (Fig. 6A)
or citrullline (data not shown) were provided in its place. The
deletion of the open reading frames lpg0493 and lpg0495 did

FIG. 5. Genomic organization of L-arginine biosynthesis in L. pneumophila. The ORF encoding ArgR, lpg490, is divergent from a region
spanning lpg0491 to lpg0496, in which the genes exhibit strong negative regulation by ArgR (A). lpg0491 to -0493 are predicted to encode an amino
acid ABC transporter, and lpg0494 to -0496 are predicted to encode the final steps of L-arginine biosynthesis (A). The biosynthetic pathway for
the conversion of L-glutamate to L-arginine is shown with the L. pneumophila ORF associated with each enzymatic step, if present, in parentheses
(B). The �argR/WT log2 ratio is shown at each step below the ORF for the exponential and postexponential phases (B).
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not result in a significant reduction in intracellular growth
compared to the wild type (Fig. 6B). Addition of L-arginine to
the infection buffer did not alter the wild-type or mutant
strains’ capacity for intracellular replication (data not shown).
Therefore, this region is required for the utilization of L-argi-
nine biosynthetic intermediates, as expected, but is not re-
quired for intracellular multiplication, from which we can infer
that sufficient L-arginine is available in the LCV to support
bacterial growth. Because the promoter of the region from

lpg0491 to -0496 of the L. pneumophila genome is under strong
negative control by ArgR and its transcription is predicted to
respond to L-arginine, we chose it to use it as a reporter of
ArgR function in subsequent studies.

Transcription from the lpg0491 promoter is repressed by
ArgR in the presence of L-arginine. Global gene expression
analysis demonstrated that transcripts of genes lpg0491 to
lpg0496 are highly increased in a �argR mutant compared to
the wild type (see Table S1 in the supplemental material). We
wanted to monitor transcription from this region during
growth under different environmental conditions, such as low
L-arginine concentration in CDM and during intracellular
growth. To accomplish this goal, the 129-bp intergenic region
between argR (lpg0490) and lpg0491 was examined for possible
regulatory elements (Fig. 7A). Based on its similarity to the E.
coli consensus sequence (10), a putative �70 promoter-binding
site was identified that ends 34 bp upstream of the lpg0491
ORF (Fig. 7A, dashed underline). The ArgR repressor is
known to bind to a conserved DNA-operator site that is com-
posed of one or more degenerate palindromic sequences (wn
GAATwwwwATTCAnw), which are called ARG boxes (13,
84). We identified two putative ARG boxes in the regulatory
region preceding lpg0491 (Fig. 7A), which we predict to be an
ArgR operator site.

Transcriptional reporter gene fusions were designed to in-
clude the entire lpg0491 regulatory region (P491) or only the
putative promoter without the predicted ArgR operator site
(P491�O). Both fragments have the same terminal 3� base
(Fig. 7A, asterisk), 22 bp upstream the lpg0491 start codon.
However, the fragments differ in their 5� ends, which are 413
bp (outside of the data presented in Fig. 7A) and 71 bp (Fig.
7A, filled circle) upstream from the lpg0491 start codon for
P491 and P491�O, respectively. The fragments were cloned
into pXDC94, a plasmid containing a promoterless copy of the
green fluorescent protein (GFP) gene to report the transcrip-
tional activity of the cloned fragment (shown in Fig. 8A). The
same plasmid also includes a copy of the gene encoding the red
fluorescence protein mCherry under the control of the Ptac
promoter and lacIq repressor. When IPTG is added to the
growth medium, the levels of mCherry fluorescence are pro-
portional to the number of bacteria.

Reporter plasmids derived from pXDC94, containing P491
(pGAH140) or P491�O (pGAH141), were introduced into the
wild-type (KS79) and �argR (GAH280) mutant strains. The
strains were grown in either CDM containing L-arginine or
CDM in which L-arginine was replaced with L-ornithine, cit-
rulline, or 10-fold less L-arginine (low arginine) in wells of a
96-well plate. The levels of absorbance (600 nm) as well as
GFP and mCherry fluorescence were measured every hour for
30 h. In addition, measurements were made with isogenic
strains bearing the control plasmid pXDC95, in which Ptac
promotes the transcription of both GFP and mCherry fluoro-
phores. The transcriptional profiles in Fig. 7 have been nor-
malized to bacterial growth by mCherry (see Fig. S1 in the
supplemental material), and the data presented are normal-
ized to the levels of GFP fluorescence from an IPTG-induced
Ptac promoter, as described in Materials and Methods. Thus,
the levels of transcription indicated by the ratio of mCherry to
GFP fluorescence shown in Fig. 7B, C, and D are independent
of bacterial growth.

FIG. 6. Analysis of growth of the �lpg0493 and �lpg0495 mutants.
Growth of the wild-type (Wt) strain KS79 and the �lpg0493 (GAH318)
and �lpg0495 (GAH319) mutant strains in CDM containing L-arginine
(1.0 mg/ml) (f, }, F, respectively) or in CDM without L-arginine but
including L-ornithine (1.0 mg/ml) (�, �, E, respectively) was mea-
sured by absorbance at 600 nm in a TECAN Infinite M200 plate reader
at 37°C for 30 h (A). The wild-type and mutant strains bearing the
GFP� plasmid pXDC31, wild-type strain GAH281 (f), and the dotA
(GAH282) (Œ), �argR (GAH286) (�), �lpg0493 (GAH339) (}), and
�lpg0495 (GAH340) (F) mutant strains were used to infect A. castel-
lanii, and intracellular growth was monitored by GFP fluorescence in
a TECAN Infinite M200 fluorescence plate reader held at 30°C for
72 h following previously described methods (36) (B).
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When wild-type L. pneumophila is grown in CDM that is
replete with L-arginine (1.0 mg/ml), no increase in transcrip-
tion can be measured from the P491 fragment (Fig. 7B). How-
ever, when L-arginine is absent and L-ornithine or citrulline is
provided, an approximate 12-fold increase in transcription is
measured from this region that begins following time zero (Fig.
7B). If the CDM contains only one-tenth of the normal con-
centration of L-arginine (0.1 mg/ml), no increase in transcrip-
tion is observed until more than 20 h into growth, which is
presumably when the CDM begins to be depleted for L-argi-
nine (Fig. 7B). The growth of cultures, measured by mCherry,
containing reduced L-arginine (“low arginine”) demonstrates a
reduction in growth rate at the time corresponding to in-
creased transcription (20 h) (see Fig. S1 in the supplemental
material). Alternatively, when the same CDM growth experi-
ment is conducted in the �argR mutant background, transcrip-
tion from P491 is approximately 12-fold higher at time zero
than in the wild type. Transcription from P491 in the �argR
mutant background remains constitutively high regardless of
the concentration of L-arginine (Fig. 7C). It is interesting to
note that growth of the �argR mutant was more significantly
reduced under the low-arginine condition than that of the wild
type (see Fig. S1 in the supplemental material). The reporter
fragment that does not include the putative ArgR operator
site, P491�O, was transcriptionally active in the wild type in-
dependent of the concentration of L-arginine (Fig. 7D).

Taken together, these data show that transcription from the
lpg0491 promoter region is repressed when the environment is
replete with L-arginine and this repression requires a wild-type
copy of the argR gene. Data from the P491�O fragment dem-
onstrate that the lpg0491 promoter resides between 71 and 22
bp upstream from the start codon of the gene. These data also
demonstrate that deletion of the region containing the putative
ArgR operator site results in transcription that is not L-argi-
nine repressible (Fig. 7D). Because the P491 region is sensitive

FIG. 7. Transcription from the lpg0491 promoter region. The in-
tergenic region between lpg0490 and lpg0491 contains the putative 	10
and 	35 sites of the lpg0491 promoter (bold and dashed underline)
and two putative ARG boxes (bold with rectangular outline) (A). The
translational start sites for lpg0490 or lpg0491 are depicted using di-
vergent arrows (A). The terminal 3� base of transcriptional reporter
fragments P491 and P491�O is depicted by an asterisk, and the ter-
minal 5� base of the transcriptional reporter fragment P491�O is
depicted by a closed circle (F) (A). The 5� end of the P491 transcrip-
tional reporter fragment is 413 bp upstream from the translational
start of lpg0491 and is beyond the scope of this figure. The transcrip-
tional reporter fragments P491 and P491�O were cloned into pXDC94
(Fig. 8A) to produce pGAH140 and pGAH141, respectively. The
growth in CDM (mCherry) (see Fig. S1 in the supplemental material)
and GFP-reported transcription from the resulting wild-type and
�argR strains was monitored in the context of a TECAN Infinite M200.
CDM was prepared either with L-arginine (1.0 mg/ml) (f), with a
reduced concentration of L-arginine (“Low arginine”; 0.1 mg/ml) (F),
without L-arginine but including L-ornithine (1.0 mg/ml) (}), or with-
out L-arginine but including citrulline (1.0 mg/ml) (Œ) for 30 h at 37°C
(B, C, and D). Transcription data are shown for wild-type (GAH349)
(B) and �argR mutant (GAH355) (C) strains bearing P491 reporter
plasmid (pGAH140) and a wild-type strain (GAH350) bearing the
P491�O reporter plasmid (pGAH141) (D). All conditions have been
normalized to growth (mCherry) and Ptac transcription as described in
Materials and Methods.
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to the L-arginine concentration, in an ArgR-dependent man-
ner, it was subsequently used to determine if L-arginine avail-
ability is a transcriptional regulatory signal during intracellular
growth.

Transcription of genes coregulated by argR and L-arginine
during intracellular growth. Deletion of the argR gene results
in a reduced capacity for L. pneumophila intracellular
growth in the unicellular protozoan A. castellanii (Fig. 6B)
(36). Transcriptional repression of the promoter region pre-
ceding lpg0491 (P491) is dependent upon ArgR and L-arginine
(Fig. 6). These data suggested the possibility that ArgR re-

sponds to changes in the availability of L-arginine during in-
tracellular growth. Having characterized the response of the
lpg0491 promoter region to ArgR and L-arginine (Fig. 6), we
sought to determine if transcription from this region was af-
fected during L. pneumophila infection. Using reporter plas-
mids derived from pXDC94 and the normalization method
described in the previous section, we measured transcription
from the P491 promoter region, during L. pneumophila growth
in both A. castellanii and THP-1 macrophage host cells (Fig. 8B
and D). Due to the low number of bacteria used in this infec-
tion method, the transcription of GFP was not detectable prior

FIG. 8. Transcription during intracellular growth. Map of pXDC94 transcriptional reporter plasmid (A). Reporter fragments were cloned using
XmaI and KpnI enzyme sites (A). Following the infection of THP-1 macrophages with wild-type strain KS79, transcripts of lpg0491 were measure
by qRT-PCR at 3, 9, and 21 h postinfection and compared to those of wild-type bacteria during the exponential growth phase (E phase) (B).
Infection of A. castellanii and THP-1 macrophage cells in the context of a microplate spectrofluorometer was performed as described previously
(36). During growth in both A. castellanii (C) and THP-1 cells (D) cells of the wild-type strain (GAH349) harboring the P491 reporter plasmid
(pGAH140) were monitored for intracellular replication (mCherrry-normalized RFU on the secondary y axis; red line) and GFP transcription from
P491 reporter (on primary y axis; green line) alongside the wild type (GAH348) harboring pXDC95, from which GFP is Ptac transcribed.
Transcription data (primary axis; green [P491] and blue [Ptac] lines) (C and D) was normalized to growth (mCherry; secondary axis red line) and
Ptac (GFP) transcription, as described in Materials and Methods.
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to the appearance of measurable levels of bacterial replication,
which occurs at approximately 30 h postinfection for A. castel-
lanii and 24 h postinfection for THP-1 cells. After this time, the
pattern of P491 transcription can be monitored by GFP pro-
duction. Following measurable intracellular growth, transcrip-
tion from P491 increased over the next 5 h by between 2- and
3-fold in both host cell types (Fig. 8B and D).

To determine if derepression of ArgR-repressed genes oc-
curs at earlier time points, we measured transcripts of lpg0491
by qRT-PCR at 3, 9, and 21 h following the infection of THP-1
macrophages compared to exponential-phase growth in rich
medium. By 3 h postinfection, transcripts of lpg0491 were in-
creased by a log2 ratio of approximately 5 (Fig. 8B), which is
similar to the level of derepression observed in a �argR mutant
compared to the wild type from the microarray (see Table S1
in the supplemental material). The lpg0491 transcript levels
were maintained through the final measurement at 21 h postin-
fection (Fig. 8B). Therefore, an increase in transcription dur-
ing intracellular growth can be observed by either the fluores-
cence-based (Fig. 8C and D) or qRT-PCR (Fig. 8B) method.
These data, in conjunction with the CDM experiments, dem-
onstrate that genes whose transcription is responsive to ArgR
and the concentration of L-arginine are derepressed during
intracellular multiplication.

DISCUSSION

Intracellular replication of L. pneumophila requires the es-
tablishment of a specialized compartment within host cells,
which occurs through a series of ordered steps that interfere
with normal vesicular trafficking (33, 35). L. pneumophila’s
ability to both survive and control this process is predicted to
necessitate the sensing of and response to a myriad of signals
(59). Shortly after its entry into host cells, the L. pneumophila-
containing phagosome evades fusion with the lysosome to es-
tablish a prereplicative vacuole called the LCV (40). Deter-
mining the chemical and nutrient composition intracellular
compartments and therefore identifying molecules that could
signal this lifestyle change to a bacterium residing in the LCV
is inherently challenging and may have to be achieved by proxy
(5). Following our initial report that mutation of the L. pneu-
mophila argR homolog resulted in a significant defect in intra-
cellular growth (36), we sought to determine if the L-arginine
availability is a previously unrecognized aspect of infection. In
this study, we applied microarray analysis to identify the L.
pneumophila ArgR regulatory targets (Fig. 3), used a promoter
tightly controlled by ArgR to report its function (Fig. 7A),
demonstrated repression in response to L-arginine (Fig. 7B and
C), and showed derepression during intracellular growth from
as early as 3 h postinfection (Fig. 8). These data strongly
suggest that the concentration of L-arginine in the LCV is a
transcriptional regulatory signal sensed by ArgR and thus af-
fects L. pneumophila gene expression during intracellular
growth.

Utilization of ArgR for the regulation of genes that are not
traditionally associated with L-arginine could be a possible
explanation for the reduced intracellular growth of an argR
mutant. The Icm/Dot type IVB section system is required for
the evasion of phagolysosome fusion and establishment of the
LCV (56, 66). The genes encoding IcmR and IcmQ reside in

their own transcriptional units, and ArgR negatively affects
their transcription in the postexponential phase (see Table S1
in the supplemental material). Based on the consensus se-
quence of E. coli ARG boxes (84) and the ARG boxes required
for repression of lpg0491 (Fig. 5 and 6), we identified putative
ARG boxes in the promoter regions of both icmR and icmQ
(see Table S2 in the supplemental material). The impact of
L-arginine-responsive repression of icm/dot genes is unclear,
but it could be involved in the proper timing and assembly of
the type IVB section system. The Icm/Dot system is responsi-
ble for the translocation of protein substrates into the host cell
(20). Our investigation found that ArgR positively affected
transcripts of 17 of the 140 genes encoding Icm/Dot-translo-
cated proteins during the postexponential phase (Fig. 4; see
Table S1 in the supplemental material). This accounts for
more than 15% of the total ArgR regulatory affect and 28% of
the genes positively affected by ArgR. The genes encoding
these Icm/Dot substrates are widely distributed throughout the
genome, which makes their coordinate regulation in response
to the deletion of the argR gene notable. Although the para-
digm of ArgR regulation is transcriptional repression through
steric inhibition of RNA polymerase promoter binding (19,
84), there is significant precedent for gene activation by ArgR,
which also occurs through binding to promoter-proximal ARG
boxes (42, 45, 48, 49). Putative ARG boxes for Icm/Dot genes
and their substrates as well other ArgR-affected genes were
compiled (see Table S2 in the supplemental material) and used
to develop a L. pneumophila ArgR consensus binding site (see
Fig. S2 in the supplemental material). For 6 of the 17 ArgR-
affected genes encoding Icm/Dot-translocated substrates, pu-
tative ARG boxes were identified. The protein substrates of
the Icm/Dot secretion system have been predicted to affect
host cell functions, such as endocytic trafficking, in a manner
that permits the establishment of the LCV and intracellular
replication. Based on the results from this study, it is possible
that the L-arginine concentration is a signal for the positive
regulation of translocated proteins required for infection.

L-Arginine metabolism is known to be significant for many
prokaryotic and eukaryotic intracellular pathogens (14, 27, 38,
57, 67, 80). This is likely due, in part, to the importance of
L-arginine in host cell metabolism, especially among pathogens
that replicate within macrophages. L-Arginine utilization re-
sides at the crossroads of macrophage lineage determination
(7). When activated to become MI macrophages, by lipopoly-
saccharide (LPS) and the appropriate cytokines, the cationic
transporters (CATs) that import L-arginine and the inducible
nitric oxide synthase (iNOS) are transcriptionally activated (7).
The result is preferential usage of L-arginine by the iNOS
pathway and conversion of L-arginine to nitric oxide (NO) and
citrulline, the outcome of which can be destruction of intracel-
lular parasites (7). Although CAT induction results in in-
creased intracellular L-arginine, it is not a likely source of
L-arginine for pathogens that reside in a vacuole because active
transport of L-arginine across the vacuolar membrane is re-
quired (5). MII macrophages activate arginase to convert L-
arginine into L-ornithine and urea (7). The L-ornithine pro-
duced from the arginase pathway is used to make polyamines
and proline, which aid the cell in proliferation and collagen
production (7). Thus, arginine utilization is a critical determi-
nant in the formation of an MI (killing) versus MII (healing)
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macrophage (7). In addition, it has been proposed that mac-
rophages use nutrient deprivation as an intracellular antimi-
crobial mechanism (5). Precedence for the importance of L-
arginine acquisition by an intracellular pathogen was first
discovered in Listeria monocytogenes. An early study found that
the arginine transporter arpJ was upregulated intracellularly
(43), and more recently microarray analysis showed that tran-
scripts of L. monocytogenes arginine biosynthetic genes in-
crease during intracellular growth (14). In addition, ArgR ac-
tivates the adi genes, required for acid tolerance, in L.
monocytogenes and �argR mutants have a 10-fold reduction in
survival during murine infection (67).

Here we have highlighted the potential significance of L-
arginine availability during intracellular growth and presented
the first analysis of the L. pneumophila ArgR regulon. Al-
though this is a newly discovered aspect of intracellular gene
regulation for L. pneumophila, it is not without precedent in
other intracellular pathogens. Understanding how L-arginine
availability functions as a transcriptional signal and deter-
mining its intracellular regulatory targets will require fur-
ther investigation. Additional studies are also needed to
fully elucidate the biochemical aspects, associations with
other regulators, and involvement in intracellular replica-
tion of the L. pneumophila ArgR transcriptional regulator.
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