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Intracellular bacterial pathogens have adapted their metabolism to optimally utilize the nutrients available in infected host cells.
We recently reported the identification of an asparagine transporter required specifically for cytosolic multiplication of Franci-
sella. In the present work, we characterized a new member of the major super family (MSF) of transporters, involved in isoleu-
cine uptake. We show that this transporter (here designated IleP) plays a critical role in intracellular metabolic adaptation of
Francisella. Inactivation of IleP severely impaired intracellular F. tularensis subsp. novicida multiplication in all cell types tested
and reduced bacterial virulence in the mouse model. To further establish the importance of the ileP gene in F. tularensis patho-
genesis, we constructed a chromosomal deletion mutant of ileP (AFTL_1803) in the F. tularensis subsp. holarctica live vaccine
strain (LVS). Inactivation of IleP in the F. tularensis LVS provoked comparable intracellular growth defects, confirming the criti-
cal role of this transporter in isoleucine uptake. The data presented establish, for the first time, the importance of isoleucine uti-
lization for efficient phagosomal escape and cytosolic multiplication of Francisella and suggest that virulent F. tularensis subspe-
cies have lost their branched-chain amino acid biosynthetic pathways and rely exclusively on dedicated uptake systems. This loss
of function is likely to reflect an evolution toward a predominantly intracellular life style of the pathogen. Amino acid transport-

ers should be thus considered major players in the adaptation of intracellular pathogens.

F rancisella tularensis is a Gram-negative bacterium causing the
zoonotic disease tularemia in a broad variety of animal species
(1). Humans can be infected by this highly infectious pathogen by
different means, including direct contact with sick animals, inha-
lation, insect bites, or ingestion of contaminated water or food.
Four different subspecies (subsp.) of F. tularensis that differ in
virulence and geographic distribution exist, designated subsp. tu-
larensis, holarctica, mediasiatica, and novicida. The four major
subspecies of F. tularensis cause a fulminant disease in mice that is
similar to tularemia in humans (2). Although F. tularensis subsp.
novicida is rarely pathogenic in humans, its genome shares ap-
proximately 97% nucleotide sequence identity with the human-
pathogenic species (3), suggesting that homologous proteins
function via similar mechanisms. F. tularensis subsp. novicida is
thus widely used as a model to study highly virulent subspecies (4).

Francisella virulence is tightly linked to its capacity to multiply
intracellularly in the cytosolic compartment of infected host cells
(5,6). Macrophages are one of the primary intracellular niches for
Francisella survival in the host. Recent studies from our group
(7-9) and from several others groups (10-13) have highlighted the
importance of nutrient acquisition and metabolic adaptations in
Francisella pathogenesis. In particular, amino acids are thought to
represent major sources of carbon and energy for F. tularensis
(13-15). However, the mammalian cell cytosol contains variable
amounts of amino acids. In particular, cells are auxotrophic for a
number of amino acids, including Leu, Ile, Val, and Thr (16), and
must therefore rely mainly on their import from the sources avail-
able in the external medium.

Interestingly, a recent study has shown that F. tularensis was
able to boost the intracellular levels of all amino acids by triggering
the host macroautophagy degradation machinery (13). To utilize
these intracellular sources of amino acids, Francisella is equipped
with a battery of transporters, including numerous secondary
transporters (15). Several other intracellular pathogens have re-
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cently been shown to require amino acids as important carbon,
energy, and nitrogen sources (17-20). For example, the two intra-
vacuolar pathogens Anaplasma phagocytophilum and Legionella
pneumophila have evolved with efficient strategies to boost the
levels of host amino acids (21).

In Legionella pneumophila, the protein PhtA, a member of the
subclass of the major facilitator superfamily of transporters desig-
nated phagosomal transporters (Pht), is required for threonine
uptake in the Legionella-containing vacuole (22). The L. pneumo-
phila genome encodes 10 additional PhtA paralogues, some of
which are also required during intracellular replication (23). Pht]
is required for acquisition of valine (24), whereas the roles of the
phtE and phtF loci in the L. pneumophila genome are currently
unknown. Interestingly, PhtC and PhtD were very recently shown
to contribute to protecting L. pneumophila from dTMP starvation
(25). Thus, Pht proteins in Legionella contribute not only to the
assimilation of amino acids but also to additional metabolic func-
tions.

Phylogenetic studies revealed that PhtA orthologues were en-
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coded by a variety of other bacterial genomes but exclusively
among intracellular pathogenic bacteria (24, 26). We have re-
cently characterized the first member of the Pht family in Franci-
sella, the asparagine transporter AnsP (9). Our study revealed that
AnsP was required for asparagine assimilation by intracellular
Francisella when the bacteria were present in the cytosolic com-
partment of infected cells, indicating that the functions of the Pht
transporters are not restricted to bacteria residing exclusively in a
phagosomal compartment.

In the present study, we addressed the role of a second member
of the Pht family highly conserved in all the Francisella genomes,
the protein FIN_1654 in F. tularensis subsp. novicida. We chose to
focus on this putative amino acid transporter protein because the
FTN_1654 gene has been repeatedly found in earlier genetic
screens to be required for replication of F. tularensis subsp. novi-
cida in vivo (11, 27, 28). Moreover, its orthologue in F. tularensis
subsp. tularensis Schu S4 (FTT_0056¢) has been shown to be re-
quired for normal bacterial replication in the hepatocytic human
cell line HepG2 (29). Furthermore, inactivation of FTL_1803, the
orthologue of FTN_1654 in the F. tularensis subsp. holarctica live
vaccine strain (LVS), also resulted in altered replication in HepG2
human hepatic cells and reduced virulence in the mouse (30).
Transport function mediated by FTN_1654 thus appears to be
important in vitro as well as in vivo and is not compensated by any
other putative transporter encoded by the Francisella genome.

We show here that the protein FIN_1654 is an isoleucine
transporter (hence, designated IleP). IleP-mediated isoleucine
uptake appears to be vital for bacterial intracellular multiplication
and virulence in both F. tularensis subsp. novicida and F. tularensis
subsp. holarctica LVS. Remarkably, genome comparisons suggest
that specialization toward an intracellular lifestyle has led patho-
genic Francisella subspecies to lose their branched-chain amino
acid (BCAA) pathways to rely exclusively on transporter-medi-
ated acquisition of these amino acids from the host.

MATERIALS AND METHODS

Ethics statement. All experimental procedures involving animals were
conducted in accordance with guidelines established by the French and
European regulations for the care and use of laboratory animals (decrees
87-848,2001-464,2001-486, and 2001-131 and European Directive 2010/
63/UE) and approved by the INSERM Ethics Committee (authorization
number 75-906).

Bacterial strains and plasmids. F. tularensis subsp. novicida strain
U112, the F. tularensis subsp. holarctica LVS (kindly provided by A. Sjost-
edt), and their derivatives were grown in the following liquid media:
Schaedler broth (bioMérieux, Marcy 'Etoile, France), tryptic soy broth
(TSB) supplemented with cysteine (Becton, Dickinson and Co.), and
Chamberlain chemically defined medium (CDM) (31). Bacteria were
grown at 37°C on either of the following solid media: premade chocolate
agar (PolyViteX; bioMérieux SA, Marcy I'Etoile, France) or chocolate
plates prepared from GC medium base, IsoVitalex vitamins, and hemo-
globin (BD Biosciences, San Jose, CA, USA).

All bacterial strains, plasmids, and primers used in this study are listed
in Table S1 in the supplemental material.

Bioinformatic analyses. Secondary structure predictions were per-
formed using the programs HMM (available at http://www.cbs.dtu.dk
/services/ TMHMM-2.0/) and TMRPres2D for visual representation of
transmembrane protein models (available at http://bioinformatics.biol
.uoa.gr/TMRPres2D).

Construction of chromosomal deletion mutants. We inactivated the
ileP gene in the wild-type (WT) F. tularensis subsp. novicida strain U112
(FTN_1654) and in the wild-type F. tularensis LVS by allelic replacement,
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resulting in the deletion of the entire gene (from the start codon to the stop
codon). For this, we used the counterselectable plasmid pMP812 (32).
The recombinant plasmid pMP812-AFTN_1654 was constructed by over-
lap PCR. Primers p1 and p2 amplified the 1,046-bp region upstream of
position +1 of the FTN_1654 coding sequence, and primers p2 and p3
amplified the 1,089-bp region immediately downstream of the FTN_1654
stop codon (see Table S1 in the supplemental material). Primers p2/p3
have an overlapping sequence of 20 nucleotides, resulting in complete
deletion of the FTN_1654 coding sequence after crossover PCR. PCRs
with primers p1/p2 and p3/p4 were performed with exTaq polymerase
(Fermentas). The products were purified using a QIAquick PCR purifica-
tion kit (QIAgen, CA). One hundred nanograms of each amplification
product was used as a template for PCR with primers p1/p4 and treated
with 30 cycles of PCR (94°C for 30's, 54°C for 30 s, and 72°C for 120's). The
gel-purified 2,135-bp fragment was digested with BamHI and NotI (New
England BioLabs) and cloned into BamHI-NotI-digested pMP812 (32).
The plasmid was introduced into F. tularensis subsp. novicida U112 by
electroporation. A standard two-step allelic exchange procedure was used
to create the chromosomal AFTN_1654 mutant (14). The mutant strains
were checked for loss of the corresponding wild-type genes by PCR se-
quencing (GATC Biotech) using specific primers.

We also generated a chromosomal deletion of the gene orthologous to
F. tularensis subsp. novicida ileP in the F. tularensis subsp. holarctica LVS
(FTL_1803). We used the recombinant plasmid pMP812-AFTN_1654
(previously used to create the AFTN_1654 deletion). The plasmid was
introduced into F. tularensis LVS by cryo-transformation. The same two-
step allelic exchange procedure was used to create the chromosomal
AFTL_1803 mutant (14).

Functional complementation. The plasmid used for complementa-
tion of the F. tularensis subsp. novicida AileP mutant (AFTN_1654),
pKK214-pgro-FTN_1654, was constructed by overlap PCR. Primers p9/
p10 amplified the wild-type FTN_1654 gene (1,305 bp), and the primers
p7/p8 amplified 333 bp of the pgro promoter. Primers p8/p10 have an
overlapping sequence of 20 nucleotides. PCRs with the p9/p10 and p7/p8
primer pairs were performed with exTaq polymerase (Fermentas), and
the products were purified using a QIAquick PCR purification kit (QIA-
gen, CA). A 200 uM concentration of each amplification product was
used as a template for PCR with primers pl11/p13. The gel-purified
1,638-bp fragment was digested with Smal and PstI (New England Bio-
Labs) and cloned into Smal-PstI-digested pKK214. The plasmids pKK214
(empty plasmid) and pKK214-pgro-FTN_1654 (complementing plas-
mid) were introduced into U112 and the F. tularensis subsp. novicida
AileP mutant (AFTN_1654) by electroporation. The same plasmid was
used for complementation of the F. tularensis LVS AileP mutant
(AFTL_1803).

Growth kinetics in broth. Stationary-phase bacterial cultures of wild-
type F. tularensis subsp. novicida U112 or LVS and the U112 AileP or LVS
AileP mutant strains were diluted at a final optical density at 600 nm
(ODgy) of 0.1 in tryptic soy broth (TSB) or CDM. The ODy, of the
culture was measured every hour during an 8-h period. F. tularensis LVS
and its isogenic mutant were grown in standard Chamberlain chemically
defined medium (CDM) while F. tularensis subsp. novicida and its iso-
genic mutant were grown in the optimized CDM devoid of threonine and
valine (CDM,;,,) (9).

Isolation of total RNA. Bacteria were centrifuged for 2 min in a mi-
crocentrifuge at room temperature, and the pellet was quickly resus-
pended in TRIzol solution (Invitrogen, Carlsbad, CA). Samples were ei-
ther processed immediately or frozen and stored at 80°C. Samples were
treated with chloroform, and the aqueous phase was used in an RNeasy
Cleanup protocol (Qiagen, Valencia, CA) with an on-column DNase di-
gestion of 30 min.

Quantitative real-time RT-PCR. F. tularensis U112 and the U112
AileP mutant strain were grown at 37°C to an ODg, of 0.1 in Schaedler
broth containing vitamin K3 (Schaedler-K3 broth). After 4 h of incuba-
tion, samples were harvested, and RNA was isolated. One microgram of

January 2015 Volume 83 Number 1


http://www.cbs.dtu.dk/services/TMHMM-2.0/
http://www.cbs.dtu.dk/services/TMHMM-2.0/
http://bioinformatics.biol.uoa.gr/TMRPres2D
http://bioinformatics.biol.uoa.gr/TMRPres2D
http://iai.asm.org

RNA was reverse transcribed using random hexamers and Superscript II
reverse transcriptase (Invitrogen) according to the protocol provided by
the manufacturer. Real-time reverse transcription-PCR (RT-PCR) was
performed with gene-specific primers using an ABI Prism 7700 system
and SYBR green PCR master mix (Applied Biosystems, Foster City, CA).
To calculate the amount of gene-specific transcript, a standard curve was
plotted for each primer set using a series of diluted genomic DNAs from
strain U112. The amounts of FTN_1654, FTN_1653, and FTN_1655 tran-
scripts were normalized to the helicase gene (FTN_1594) transcript,
whose expression is only slightly changed during growth.

Transport assays. Bacteria were grown in Chamberlain medium to
mid-exponential phase and then harvested by centrifugation and washed
twice with Chamberlain medium without amino acids. Bacteria were sus-
pended at a final ODy, of 0.5 in the same medium containing 50 mg ml ™'
of chloramphenicol. After 15 min of preincubation at 25°C, uptake was
started by the addition of either L-[U-'*C]isoleucine or L-[U-'*C]leucine
(Ile and Leu; PerkinElmer) at various concentrations (ranging from 1 to
100 wM). The '*C-radiolabeled amino acids were at a specific activity of
7.4 GBq mmol '. Samples (100 pl of bacterial suspension) were removed
atregular intervals and collected by vacuum filtration on membrane filters
(type HA, 25 mm, 0.22-pm pore size; Millipore) and rapidly washed with
Chamberlain medium without amino acids (2 times with 5 ml). Filters
were transferred to scintillation vials and counted in a Hidex 300 scintil-
lation counter. The counts per minute (cpm) were converted to pico-
moles of amino acid taken up per sample using a standard derived by
counting a known quantity of the same isotope under similar conditions.

Multiplication in macrophages. J774.1 (ATCC TIB-67), THP-1
(ATCC TIB-202), and HepG2 (ATCC HB 8065) cells were propagated in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal calf
serum. Cells were seeded at a concentration of 2 X 10> cells per well in
12-well cell tissue plates, and monolayers were used at 24 h after seeding.
J774.1, THP-1, and HepG2 monolayers were incubated for 60 min at 37°C
with the bacterial suspensions (multiplicity of infection of 100 for J774.1
and THP-1 and of 1,000 for HepG2) to allow the bacteria to enter. After a
washing step (time zero of the kinetic analysis), the cells were incubated in
fresh culture medium containing gentamicin (10 g ml™") to kill extra-
cellular bacteria.

At several time points, cells were washed three times in DMEM, mac-
rophages were lysed by addition of water, and the titer of viable bacteria
released from the cells was determined by spreading preparations on
chocolate agar plates. For each strain and time in an experiment, the assay
was performed in triplicate. Each experiment was independently repeated
at least three times, and the data presented originate from one typical
experiment. For suppression experiments with the AileP strain, amino
acids were added to 3 mM at the time of infection and maintained
throughout the infection.

Confocal experiments. Colocalization experiments were performed
in J774-1 cells. With F. tularensis subsp. novicida, macrophages were
grown in DMEM containing 8 wM threonine, and with F. tularensis LVS,
macrophages were grown in DMEM containing 80 M isoleucine. Assays
were performed as described previously (33). Cells were examined using a
X63 oil immersion objective on a Leica TSP SP5 confocal microscope.
Colocalization tests were performed by using Image]J software, and mean
numbers were calculated on more than 500 cells for each condition. Con-
focal microscopy analyses were performed at the Cell Imaging Facility
(Faculté de Médecine Necker Enfants-Malades).

Mouse infections. Wild-type F. tularensis subsp. novicida and mutant
strains were grown in TSB to exponential growth phase and diluted to the
appropriate concentrations. Six- to 8-week-old female BALB/c mice (Jan-
vier, Le Genest St. Isle, France) were intraperitoneally (i.p.) inoculated
with 200 pl of bacterial suspension. For supplementation experiments
with the AileP strain, threonine was injected i.p. three times into mice (50
plof a 5 mM solution per mouse at 14 h before infection, upon infection,
and 24 h after infection).

The actual number of viable bacteria in the inoculum was determined
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by plating dilutions of the bacterial suspension on chocolate plates. After
2 days, mice were sacrificed. Homogenized spleen and liver tissue from
each mouse was diluted and spread onto chocolate agar plates.

Intracellular amino acid quantification assays. Ten million THP-1
cells in RPMI medium were infected by the F. tularensis LVS for 1 h as
previously described (34). After cells were washed with RPMI medium
containing 10 pg/ml gentamicin, they were further incubated at 37°C for
24 h. Cells were then pelleted and immediately frozen in liquid nitrogen.
They were then submitted to amino acid quantification.

Amino acid detection and quantification were done according to a
standard Agilent procedure using a Zorbax Eclipse-AAA high-perfor-
mance liquid chromatography (HPLC) column. Briefly, the samples and
the amino acid standard solutions were automatically derivatized with
ortho-phthalaldehyde (OPA) by programming the robotic auto sampler.
After derivatization, an amount equivalent to 10 or 20 pl of each sample
was injected on a Zorbax Eclipse-AAA column (5-pm pore size; 150 by 4.6
mm [Agilent]) at 40°C with fluorescence detection. The aqueous mobile
phase was 40 mM NaH,PO,, adjusted to pH 7.8 with NaOH, while the
organic mobile phase was acetonitrile-methanol-water (45:45:10, vol/vol/
vol). The separation was obtained at a flow rate of 2 ml min~"' with a
gradient program that allowed for 2 min at 0% B followed by a 16-min
step that raised eluent B (acetonitrile-methanol-water; 45:45:10, vol/vol/
vol) to 60%. Then washing at 100% B and equilibration at 0% B were
performed in a total analysis time of 38 min.

RESULTS

IleP, a new member of the major facilitator superfamily (MFS)
of transporters. The region of ileP (FTN_1654 in F. tularensis
subsp. novicida) is highly conserved in all F. tularensis subspecies
(Fig. 1A). The IleP protein is also highly conserved and shares
99.3% identity with its orthologues in F. tularensis subsp. holarc-
tica (FTL_1803) and F. tularensis subsp. tularensis (FTT_0056¢)
(see Fig. S1 in the supplemental material). Like most MFS mem-
bers, IleP is predicted to comprise 12 transmembrane helixes (Fig.
1B). The closest homologue in other bacterial species is LLO_3121
of Legionella longbeachae (designated Pht]) that shares 40.3%
amino acid identity with the Francisella lleP proteins (see Fig. S1).
The conserved amino acids between the Francisella and L. long-
beachae proteins are globally scattered along the protein sequence.
Of note, the valine transporter Pht] of L. pneumophila (Lpg1893)
shares 47.2% and 33.3% amino acid identity with the L. long-
beachae protein LLO_3121 and FIN_1654, respectively

The ileP gene of F. tularensis subsp. novicida is predicted to
constitute a single transcriptional unit, according to the BioCyc
collection of pathway/genome databases. We generated a chro-
mosomal deletion of the ileP gene in F. tularensis subsp. novicida
U112 by allelic replacement (see Materials and Methods). The
deletion had no polar effect on the expression of the two flanking
genes (see Fig. S2 in the supplemental material).

We first evaluated the impact of the AileP deletion on bacterial
growth in a chemically defined medium optimized for F. tularensis
subsp. novicida (CDM,;,), described in Gesbert et al. (9). The
AileP mutant showed a severe growth defect in this medium, and
wild-type growth was restored in the AileP complemented strain
(Fig. 2A). Supplementation of the CDM,,;,, with 0.5% Casamino
Acids (Fig. 2B) restored multiplication of the AileP mutant to the
wild-type level, suggesting that the growth defect of the AileP mu-
tant in nonsupplemented CDM,;, was due to impaired amino
acid transport. Supplementation of the CDM,;,, with a 10-fold
excess of either a pool of essential amino acids (arginine, histidine,
lysine, methionine, tyrosine, and cysteine) or useful but nonessen-
tial amino acids (isoleucine, leucine, aspartic acid, serine, and pro-
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FIG 1 The transporter IleP. (A) The gene ileP (FTN_1654) of F. tularensis
subsp. novicida (U112) is flanked by two genes in opposite orientation
(FTN_1653, upstream, and FTN_1655, downstream), separated by short in-
tergenic regions (76 bp and 1 bp, respectively). FTN_1654 shares 98% identity
with its orthologues in F. tularensis subsp. holarctica (FTL_1803) and F. tular-
ensis subsp. tularensis (FT'T_0056¢). This region is also highly conserved in F.
tularensis subsp. holarctica LVS (LVS) and the F. tularensis subsp. tularensis
Schu S4 (Schu) strain. (B) The IleP protein of F. tularensis subsp. novicida
shares 99.3% identity with its orthologues in F. tularensis subsp. holarctica
(FTL_1803) and F. tularensis subsp. tularensis (FTT_0056¢). The protein IleP
is predicted to comprise 12 transmembrane helixes, with the N- and C-termi-
nal extremities facing the cytoplasm. Two-dimensional modeling of Ile folding
was performed using the HMM program and TMRPres2D for visual represen-
tation.

line) failed to alleviate the growth defect of the AileP mutant (data
not shown). In contrast, CDM,,;, supplementation with a pool of
the nine nonessential amino acids (threonine, valine, alanine, glu-
tamate, glutamine, glycine, phenylalanine, tryptophan, and aspar-
agine) restored wild-type growth to the AileP mutant (Fig. 2C).
Therefore, we next supplemented the CDM,,,;,, individually with
each of the nonessential amino acids. Threonine was the only
amino acid that restored growth of the AileP mutant to the wild-
type level (Fig. 2D) at all the concentrations tested (Fig. 2E).
Since threonine is nonessential for growth, we then reasoned
that threonine could be used by the bacterium for the biogenesis of
the amino acid(s) that could not be taken up by the AileP mutant.
We therefore replaced individually each of the 11 amino acids
present in the CDM,;,, by threonine and monitored growth of the
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wild-type strain. Isoleucine was the only amino acid that could be
replaced by threonine without altering the normal growth of F.
tularensis subsp. novicida (Fig. 2F). Of note, F. tularensis subsp.
novicida is equipped with an intact BCAA biosynthetic pathway
(see Fig. S3 in the supplemental material) that uses threonine as
precursor for BCAAs, including isoleucine.

Interestingly, wild-type F. tularensis subsp. novicida in CDM,;;,,
devoid of isoleucine was much less affected in growth than the
AileP mutant in normal CDM (see Fig. S4A in the supplemental
material), suggesting that IleP might transport an additional sub-
strate present in the CDM,,,;,. Furthermore, the fact that growth of
the AileP mutant is similarly affected in CDM,;,,, with or without
leucine (see Fig. S4A), supports the notion that IleP is not a major
leucine transporter of F. tularensis subsp. novicida.

To confirm that IleP was indeed involved in isoleucine trans-
port, we compared the uptake of radiolabeled isoleucine ([**C]Ile)
by wild-type F. tularensis subsp. novicida to that of the AileP mu-
tant (Fig. 3A). Atisoleucine concentrations ranging from 2.5 to 25
uM, ['*C]Ile incorporation was significantly affected in the AileP
mutant (approximately 50% incorporation relative to the wild
type). The fact that isoleucine transport was not totally abolished
in the AileP mutant suggests that isoleucine could still enter via
other transporter(s) in this strain. Isoleucine belongs to the group
of branched-chain amino acids (BCAAs) that also comprises leu-
cine and valine. Since isoleucine and leucine are both required for
growth of Francisella in CDM,;,,, we decided to measure the up-
take of radiolabeled leucine in wild-type F. tularensis subsp. novi-
cidaand in the AileP mutant (Fig. 3B). The uptake of ['*C]Leu was
not affected at 2.5, 5, and 10 wM leucine in the AileP mutant.
Reduced uptake (approximately 25% reduction compared to wild
type) was observed only at the highest leucine concentration (25
puM). Wild-type uptake was restored in the complemented strain
with both substrates. Together, these assays revealed that IleP is
mainly involved in isoleucine transport.

IleP is required for intracellular multiplication and viru-
lence. We first examined the ability of the F. tularensis subsp.
novicida wild-type and AileP strains to survive and multiply in
murine macrophage-like J774-1 cells (Fig. 4). In standard DMEM,
the intracellular multiplication of the AileP mutant was essentially
identical to that of wild-type F. tularensis subsp. novicida (Fig. 4A).
In contrast, in DMEM containing limiting concentrations of thre-
onine (Fig. 4B), multiplication of the AileP mutant was severely
impaired compared to that of the wild type. After 24 h, cells in-
fected with the AileP mutant showed a 150-fold reduction of in-
tracellular bacteria in DMEM supplemented with 8 M or 0.8 puM
threonine compared to cells infected with the wild-type strain and
a 300-fold reduction in DMEM without threonine (Fig. 4B). We
further carried out a kinetics of intracellular multiplication with
the wild-type, AileP, and AileP complemented strains in J774.1
cells grown in DMEM supplemented with either 8 uM or 0.8 uM
threonine (Fig. 4C).

Of note, in HepG2 human hepatocytic cells, the F. tularensis
subsp. novicida AileP mutant showed a 3-fold reduction of intra-
cellular bacteria after 10 h and a 10-fold reduction after 24 h in
standard DMEM compared to the number of wild-type bacteria at
same time points (see Fig. S5 in the supplemental material). Con-
stitutive expression of the wild-type gene ileP (AileP comple-
mented strain) restored normal intracellular replication. The fact
that the AileP mutant failed to multiply normally in HepG2 cells
under threonine-replete conditions (800 M threonine) could be
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due, for example, to a limiting intracellular pool of threonine in
this cell line.

Subcellular localization. We followed the subcellular localiza-
tion of the AileP mutant in infected cells under limiting threonine
concentration (8 wM) (see Materials and Methods). Intracellular
localization of the bacteria or LAMP-1 (used as a specific marker
of phagosomes) was analyzed using specific antibodies, and their
colocalization was monitored at three time points (1 h,4 h,and 10
h postinfection) (Fig. 4D). Quantification of each colocalization
was performed with Image] software (Fig. 4E). In cells infected
with wild-type F. tularensis subsp. novicida, colocalization of bac-
teria with LAMP-1 was around only 10% after 1 h and remained in
the same range throughout the infection, showing that most bac-
teria escape the phagosome rapidly. In contrast, approximately
80% of AileP mutant bacteria colocalized with LAMP-1 after 1 h of
infection. After 4 h, 60% colocalization was still observed, which
decreased to 21% after 10 h of infection. These data suggest that,
after 10 h, most of the AileP mutant bacteria had escaped in the
host cytosol. However, after 24 h (Fig. 4B), the number of AileP
mutant bacteria remained 1,000-fold lower than that of the wild
type (i.e., approximately at the same level as that recorded at the
beginning of the infection), implying that ileP inactivation af-
fected both phagosomal escape and cytosolic multiplication.

Virulence. To investigate the fate of the bacteria inside host
tissues, groups of five female BALB/c mice were infected intraperi-
toneally (i.p.) with either the wild-type F. tularensis subsp. novi-
cida or the AileP mutant strain (Fig. 4F), and we monitored the
number of viable bacteria in the spleen and liver. The numbers of

iai.asm.org 177


http://iai.asm.org

Gesbert et al.

= ~ 87 o 9 WT 8 uM
= = = AileP comp 8 uM
o ° 7 ]
2 Z .| " 2 WT 0,8 uM
T 2 | W wr T AileP comp 0.8 uM
O OS5 ) @)
= S, M nieP = .
2 =) =) -l
3 S 3 - 3 AileP 8 yM
2 L AileP 0.8 uM
DMEM +Thr +Thr +Thr  +Thr -Thr
0 6 12 18 24 800 M 80 uM 8 pM 0.8 pM 0 6 12‘ 1§ 24
Hours post infection Hours post infection
D 1h 4h E F Liver Spleen
(-) +Thr ) + Thr
WT 11
8 100 ‘ 0 - .
5% e
= 60 3 :
<g HAleP T g st s ® B
—= 9 40 o * .'.7.5
AileP = 2 7 s
e o 20 2
0 3 6 * '55 L '5.7
‘ 5 H u
1 4 10 2

Hours post infection

WT AlleP WT AlleP  WT AlleP WT AlleP
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threonine (using modified DMEM, containing decreasing concentrations of threonine), multiplication of the AileP mutant was significantly impaired compared
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CFU on chocolate agar plates. Each experiment was performed in triplicate. **, P < 0.01 (as determined by Student’s t test). (C) Kinetics of intracellular
multiplication of wild-type F. tularensis subsp. novicida (WT), the AileP strain, and the complemented (AileP comp) strain in J774.1 macrophages was monitored
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subsp. novicida or the AileP mutant strain, and their colocalization with the phagosomal marker LAMP-1 was observed by confocal microscopy. The phagosomes
of J774.1 cells were labeled with anti-LAMP-1 antibody (1/100 final dilution). Cell nuclei were labeled with 4’,6-diamidino-2-phenylindole. Bacteria (white
triangles) were labeled with the primary mouse monoclonal antibody anti-F. tularensis subsp. novicida (1/500 final dilution). (C) The color images represent
wild-type F. tularensis subsp. novicida (WT) and AileP bacteria (green), phagosomes (red), and nuclei (blue). (D) Quantification of bacteria/phagosome
colocalization at 1 h, 4 h, and 10 h for the WT and AileP strains. **, P < 0.01 (as determined by Student’s ¢ test). (F) In vivo dissemination. Groups of five female
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deviations.**, P < 0.01 (as determined by Student’s t test). —, non-pretreated mice; +Thr, mice injected i.p. three times with 50 pl of a 5 mM solution of

threonine (14 h before infection, upon infection, and at 24 h after infection).

viable bacteria were determined 48 h after infection by plating
diluted tissue homogenates. The number of wild-type bacteria
reached approximately 10® and 10° bacteria per liver and spleen,
respectively. In contrast, AileP mutant bacteria were detected in
both the spleen and liver at significantly lower levels than in the
wild-type strain (approximately 4,000-fold fewer viable mutant
bacteria were recorded in the spleen, and 400-fold fewer were
found in the liver). Strikingly, upon treatment of the mice with
threonine (three i.p. injections with 50 .l of a 5 mM solution of
threonine) (see Materials and Methods), the number of AileP mu-
tant bacteria increased significantly (approximately 100-fold in
liver and 300-fold in spleen), close to the values recorded with the
wild-type strain. This experiment demonstrated that threonine
supplementation in vivo also restored virulence of the F. tularensis
subsp. novicida AileP mutant (Fig. 4F).

IleP of F. tularensis LVS is required for intracellular survival
under isoleucine-limiting conditions. Although F. tularensis
subsp. novicida has been extensively used as a model to study the
molecular bases of Francisella pathogenicity (4), discrepancies be-
tween the phenotype of mutants generated in F. tularensis subsp.
novicida and in more virulent subspecies have been occasionally
reported (35). The live vaccine strain (LVS) is an attenuated strain
of the highly pathogenic species F. tularensis subsp. holarctica that
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was originally developed as a vaccine and retains 99.92% identity
to its parental species (3). Both F. tularensis subsp. novicida and
the LVS are approved for use in biosafety level 2 (BSL2) laborato-
ries and are readily genetically manipulated (36).

To further establish the importance of the ileP gene to all F.
tularensis subspecies, we constructed a chromosomal deletion
mutant (AFTL_1803) in F. tularensis LVS and evaluated its impact
on intracellular multiplication. We first evaluated the impact of
the mutation in standard CDM (31) (Fig. 5). Growth of the LVS
AileP mutant (AFTL_1803) was only slightly affected in standard
CDM (containing 1.5 mM isoleucine). Remarkably, under limit-
ing isoleucine conditions (0.15 mM), multiplication of wild-type
LVS was essentially not affected, whereas that of the mutant was
almost totally abolished (in spite of the presence of threonine in
the medium) (Fig. 5A). Indeed, both the F. tularensis subsp. hol-
arctica LVS and virulent F. tularensis subsp. tularensis Schu S4
possess a defective branched-chain amino acid biosynthetic path-
way (Fig. 6). Hence, in contrast to F. tularensis subsp. novicida,
these subspecies are most likely unable to biosynthesize branched-
chain amino acids from threonine.

We next followed the kinetics of intracellular multiplication of
the wild-type F. tularensis LVS and its AileP derivative (Fig. 5B and
C). In standard DMEM, the AileP mutant of LVS showed no sig-
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nificant defect in intracellular multiplication in ]J774.1 macro-
phages. In contrast, the AileP mutant showed a significant reduc-
tion of intracellular multiplication after 24 h compared to the
parental F. tularensis LVS under isoleucine-limiting conditions
(100-fold decrease in number of mutant bacteria relative to wild-
type bacteria at 80 uM) (Fig. 5C).

The intracellular multiplication of the AileP mutant was also im-
paired in THP-1 macrophages compared to that of the wild-type F.
tularensis LVS under isoleucine-limiting conditions (Fig. 5D).

Confocal microscopy analyses of the F. tularensis LVS AileP
mutant fully supported those obtained with the F. tularensis
subsp. novicida AileP mutant (Fig. 5E and F). Indeed, 78% of AileP
bacteria colocalized with LAMP-1 after 1 h of infection, and 50%
colocalization was still observed after 4 h. Colocalization of the
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wild-type F. tularensis LVS with LAMP-1 was around only 52%
after 1 h and decreased to 10% throughout the infection.

These results confirmed that ileP inactivation affected both
phagosomal escape and cytosolic multiplication in the two F. tu-
larensis subspecies.

Metabolic analyses. L. pneumophila has been shown to trigger
an important entry of amino acids upon infection of human em-
bryonic kidney cells (16). This prompted us to evaluate the impact
of F. tularensis LVS infection on the intracellular pools of BCAAs
(isoleucine, leucine, and valine) in THP-1 human monocytes.
Comparative measurements of free amino acids in lysates of
THP-1 macrophages (see Fig. S6 in the supplemental material)
showed that at 1 h postinfection, wild-type LVS triggered a signif-
icant rise in the concentration of each of the BCAAs (i.e., 13-fold,
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genes are shown in blue, the inactivated genes in LVS and Schu S$4 genomes are in pink, the flanking genes (eng and mfd) are in gray.

10-fold, and 17-fold for isoleucine, leucine, and valine, respec-
tively). Remarkably, after 24 h, the concentration of all three
BCAAs significantly decreased, reaching 2- to 3-fold that of non-
infected cells. We used as a nonreplicating control an igIlC mutant
of F. tularensis LVS. The iglC gene is part of the Francisella patho-
genicity island (FPI) and encodes the intracellular growth locus C
protein (IglC) that is highly induced following F. tularensis infec-
tion of macrophages (21). As with most of the other FPI mutants,
iglC mutants fail to grow in macrophages and are deficient in their
ability to escape from phagosomes (37). The increase in intracel-
lular BCAA concentrations recorded at 1 h was approximately half
that of the wild-type strain; and after 24 h, the BCAA concentra-
tions were only moderately reduced (notably for Ile, at 5-fold that
of noninfected cells).

We also used L. monocytogenes, another intracellular pathogen
able to multiply in macrophages and with a cytosolic lifestyle, as a
control. We monitored the BCAA pools in THP-1 cells infected
with L. monocytogenes strain EGD-e at 1 h and 5 h postinfection.
Notably, EGD-e, similar to the wild-type F. tularensis LVS, trig-
gered a significant rise in the concentration of each of the BCAAs
(i.e., approximately 10-fold for isoleucine, leucine, and valine and
less than 2-fold for threonine). However, the concentrations of all
three BCAAs varied only very moderately after 5 h, when bacteria
had undergone several rounds of multiplication.

DISCUSSION

We characterized a new MFS transporter of Francisella that is in-
volved in isoleucine uptake (IleP) and required for bacterial viru-
lence. Inactivation of IleP severely impaired intracellular multipli-
cation of both F. tularensis subsp. novicida and the F. tularensis
subsp. holarctica LVS in all cell types tested.
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Importantly, the data presented establish for the first time the
importance of isoleucine utilization for efficient phagosomal es-
cape and cytosolic multiplication of Francisella and suggest that
virulent F. tularensis subspecies have lost their branched-chain
amino acid biosynthetic pathways and rely exclusively on dedi-
cated uptake systems.

Importance of isoleucine in phagosomal egress and cytosolic
multiplication. The branched-chain amino acids (BCAAs) are
among the nine essential amino acids for humans and therefore
must be supplied in the diet. The BCAA concentration in human
blood serum is relatively high (in the 100 wM range) (33). In
contrast, the BCAA concentration in the cytosol of human cells
in culture is variable and critically depends on their concentration
in the growth medium (38). In host tissues, BCAA distribution is
unknown but is likely to be quite variable and also dependent on
available external sources.

BCAA metabolism lies at the crossroads of several other bacte-
rial metabolic pathways. For example, BCAA and fatty acid catab-
olism are used for ATP and energy production by many proteo-
bacteria (39). In Francisella, however, BCAA degradation
pathways are predicted to be nonfunctional (according to the
KEGG database). This suggests that BCAAs may be mainly used
for protein synthesis in these species.

We have recently shown that infection of human macrophages
by Francisella triggered the rapid upregulation of the neutral
amino acid transporter SLC1A5 (solute carrier family 1, member
5) and the concomitant downregulation of SLC7A5 (34). This
upregulation was assumed to stimulate the entry of amino acids.
Here, we found that the F. tularensis LVS triggered the uptake of
important amounts of BCAAs upon entry into THP-1 macro-
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phages, further suggesting that the bacterium has evolved a strat-
egy of host cell manipulation to obtain amino acids in sufficient
amounts for its optimal intracellular multiplication. Strikingly,
the intracellular BCAA concentration sharply increased after 1 h
of infection, which was followed by a strong decrease after 24 h,
suggesting that these amino acids have been consumed during the
course of intracellular bacterial multiplication. One may imagine
that this rapid supply of amino acids is particularly useful for
Francisella in the phagosome to promote protein synthesis. The
fact that in cells infected with the nonreplicating ig/C mutant the
reduction of BCAA levels between 1 h and 24 h was lower (approx-
imately 2-fold) than observed with wild-type bacteria (more than
5-fold) further supports the notion that these amino acids have
been utilized by multiplying bacteria.

Remarkably, infection by L. monocytogenes also triggered a
rapid increase of the BCAA intracellular pool at 1 h, but this pool
remained almost constant after several hours of intracellular bac-
terial multiplication, suggesting that BCAAs are not (or margin-
ally) used by multiplying bacteria and/or that their uptake is con-
tinuously stimulated by the infection.

Napier et al. recently showed that biotin biosynthesis was re-
quired in the Francisella phagosome to promote rapid bacterial
escape (12), thus providing the first example of a metabolic re-
quirement of Francisella in this compartment.

The phagosome into which Francisella transiently resides (less
than 30 min) is a very dynamic entity (40). Hence, its composition
is likely to be continuously changing from its initial formation
until its disruption. One can imagine that a rapid bacterial adap-
tation to the available metabolites present in the phagosome may
play an important role in phagosomal egress, notably by promot-
ing efficient protein synthesis (including of factors involved in
phagosomal disruption).

Interestingly, a recent study from Lobel et al. (41) revealed that
several biosynthetic pathways were induced during L. monocyto-
genes growth in macrophage cells, including the BCAA pathway,
suggesting that limited amounts of isoleucine, leucine, and valine
are available in the host cytosol. The authors demonstrated that
the isoleucine-responsive regulator CodY was responsible for the
upregulation of L. monocytogenes virulence genes under these con-
ditions, suggesting that the low intracellular concentrations of
BCAAs might serve as signal for the bacteria to sense their intra-
cellular location. F. tularensis genomes do not encode any CodY
orthologue. However, it cannot be excluded that the intracellular
isoleucine concentration might influence Francisella gene expres-
sion via yet unknown sensory mechanisms.

At any rate, one should bear in mind that nutrient concentra-
tions in the host can affect many different host functions. For
example, BCAAs have been shown to positively regulate mTOR, a
Ser/Thr kinase that functions as a master regulator of various
types of cellular processes, including protein synthesis, through
Rag GTPase signaling. mTOR activity also promotes immune
function, including reactive oxygen species (ROS) and cytokine
production (42). It is thus possible that the fluctuations in BCAA
concentrations result from complex host responses to bacterial
infection.

The BCAA pathway, a prototypic example of patho-adapta-
tion? Independently of their subcellular multiplication niches, in-
tracellular bacterial pathogens generally possess smaller genomes
than their related nonpathogenic relatives as a result of reductive
genome evolution (43). This evolutionary process is associated
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with the loss of many pathways. Accordingly, the maximal ge-
nome reduction has been observed for obligate intracellular bac-
teria (44). Indeed, Chlamydiaceae are auxotrophic for most amino
acids, cofactors, and purine and pyrimidine nucleotides (45).
Consequently, they rely on the import of these host-derived com-
pounds, but only very few transport proteins have been character-
ized functionally in these species. Of interest, having observed the
close proximity of chlamydial inclusions and lysosomes, Ouellette
et al. were able to show that Chlamydia required lysosomal pro-
teases and lysosomal-mediated degradation of exogenous pro-
teins for intracellular growth, even under growth conditions in
which free amino acids were present in the extracellular medium
(46). That study thus suggested that the degradation of cargo de-
rived from the endocytic pathway by the lysosome provides essen-
tial nutrients for growth of Chlamydia.

A recent study, combining proteomics, mutant analyses, and
computational approaches revealed that Salmonella virulence de-
pended on the simultaneous exploitation of numerous different
host nutrients, including vitamins, carbohydrates, and amino ac-
ids (47). Comparisons of the predicted nutrient utilization and
biosynthetic pathways of a series of other mammalian pathogens
confirmed that most pathogens shared the capability to utilize
multiple nitrogen and carbon sources. Furthermore, the system-
atic prediction of biosynthetic pathways commonly lost during
the specialization toward pathogenesis revealed that many patho-
gens lost the capacity to biosynthesize several amino acids, consis-
tent with the notion that pathogenic species obtain such nutrients
from the host. For example, L. pneumophila is auxotrophic for
several amino acids (including Cys, Met, Arg, Thr, Val, Ile, Leu,
Phe, and Tyr) (18, 48) and thus absolutely depends on efficient
strategies to acquire them from the host. Remarkably, although
Mycobacterium tuberculosis is prototrophic for all 20 amino acids,
it still relies on two membrane transporters to capture aspartate
and asparagine to exploit these amino acids as a nitrogen source
during infection (19, 20). Thus, bacteria may favor amino acid
uptake to biosynthesis, not only for obvious energetic reasons but
also because it offers a simple and rapid means to adapt to chang-
ing environments.

BCAAs are among the most abundant amino acids in proteins,
and maintaining their pools is, thus, a prerequisite for high-level
synthesis of proteins (49). Fully supporting this notion, we found
that the percentages of leucine and isoleucine in F. tularensis
subsp. novicida proteins (9.7% and 9.4%, respectively) were also
approximately two times higher than those of the other amino
acids (see Table S2 in the supplemental material). Notably, 42.3%
of the proteins contain =10% leucine, and 36.3% contain =10%
isoleucine (data not shown).

Selective genome reduction in F. tularensis is illustrated by the
fact that the genomes of the F. tularensis subsp. tularensis SCHU S4
and F. tularensis subsp. holarctica LVS contain more than 250
pseudogenes, whereas there are only 14 in the F. tularensis subsp.
novicida U112 genome (3). Remarkably, loss of gene function af-
fects metabolic pathways. Notably, regarding amino acid biogen-
esis, F. tularensis subsp. novicida is predicted to possess only three
incomplete amino acid synthesis pathways, whereas the subspe-
cies tularensis and holarctica have several additional incomplete
pathways (15, 50).

Our genome comparisons suggest that the pathogenic F. tula-
rensis subsp. holarctica and F. tularensis subsp. tularensis have lost
the capacity to biosynthesize BCAAs (Fig. 6) and thus require
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efficient, dedicated uptake systems to survive the limiting isoleu-
cine conditions they may encounter during a mammalian infec-
tion.

In conclusion, the analysis of IleP in F. tularensis subsp. novi-
cida and the F. tularensis LVS revealed the conserved importance
of isoleucine acquisition in Francisella pathogenesis. Of note, al-
though IleP is primarily involved in isoleucine (and to a lesser
extent in leucine) transport, IleP may transport another unknown
substrate that may contribute to the observed phenotypes. Our
study also highlighted the importance of the cell growth condi-
tions (in particular the utilization of carbon and nitrogen sources)
in studies of the function of transporters in different subspecies. It
is likely that a number of other nutrients and dedicated transport-
ers, important for Francisella intracellular survival, still need to be
discovered and functionally characterized.
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