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ABSTRACT The nitrogen phosphotransferase system (PTSN') is a regulatory cascade
present in many bacteria, where it controls different functions. This system is usually
composed of three basic components: enzyme [Nt (EINt), NPr, and EIIAN* (encoded
by the ptsP, ptsO, and ptsN genes, respectively). In Legionella pneumophila, as well as
in many other Legionella species, the EIIAN" component is missing. However, we
found that deletion mutations in both ptsP and ptsO are partially attenuated for in-
tracellular growth. Furthermore, these two PTSN components were found to be re-
quired for maximal expression of effector-encoding genes regulated by the tran-
scriptional activator PmrA. Genetic analyses which include the construction of single
and double deletion mutants and overexpression of wild-type and mutated forms of
EINt, NPr, and PmrA indicated that the PTSN* components affect the expression of
PmrA-regulated genes via PmrA and independently from PmrB and that EIN*" and
NPr are part of the same cascade and require their conserved histidine residues in
order to function. Furthermore, expression of the Legionella micdadei EIIN*™ compo-
nent in L. pneumophila resulted in a reduction in the levels of expression of PmrA-
regulated genes which was completely dependent on the L. pneumophila PTS
components and the L. micdadei EIIN* conserved histidine residue. Moreover, recon-
struction of the L. pneumophila PTS in vitro indicated that EIN' is phosphorylated by
phosphoenolpyruvate (PEP) and transfers its phosphate to NPr. Our results demon-
strate that the L. pneumophila incomplete PTSN* is functional and involved in the
expression of effector-encoding genes regulated by PmrA.

KEYWORDS Legionella, effector gene expression, phosphotransferase system (PTS),
PmrA two-component system

egionella pneumophila, the causative agent of Legionnaires’ disease, is an intracel-

lular pathogen which utilizes the lcm/Dot type IV secretion system for pathogenesis
(1, 2). The lcm/Dot secretion system was shown to translocate a cohort of approxi-
mately 300 effector proteins into host cells during infection (3). The levels of expression
of many of the genes encoding these effectors were found to be regulated by three
two-component systems (TCSs): (i) the PmrAB TCS, which consists of the PmrA response
regulator (RR) and the PmrB sensor histidine kinase (SHK), was shown to directly
activate the expression of 43 effector-encoding genes (4, 5); (ii) the CpxRA TCS, which
consists of the CpxR RR and the CpxA SHK, was shown to directly activate or repress the
expression of 27 effector-encoding genes and four Icm/Dot components (6-8); (iii) the
LetAS TCS, which consists of the LetA RR and the LetS SHK (9, 10), was shown to
regulate the transcription of two small regulatory RNAs, RsmY and RsmZ, which act in
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a redundant fashion to jointly antagonize CsrA, an RNA-binding protein that negatively
regulates the expression of 26 effector-encoding genes at the translational level
(11-15). In addition, the L. pneumophila Lgs system and its signaling molecule LAI-1
positively regulate the transcription of these small regulatory RNAs and negatively
regulate the RNA-binding protein CsrA (16). Such TCSs are usually activated by phos-
phorylation of a conserved histidine residue located in their SHKs, from which the
phosphate group is then transferred to a conserved aspartic acid residue located in the
receiver domain of the cognate RR, which in turn directly activates or represses gene
expression (17).

In many bacteria, global regulatory systems such as the phosphoenolpyruvate (PEP)
phosphotransferase system (PTS) are involved in various regulatory functions. The
sugar-related PTS consists of two cytoplasmic proteins, enzyme | (El), which is phos-
phorylated by PEP, and histidine phosphocarrier protein (HPr), which is phosphorylated
by the El component, both of which lack sugar specificity, and sugar-specific enzyme II
(Ell) components (18). Many Gram-negative bacteria also contain the nitrogen PTS
(PTSN™). The PTSNt constitutes another phosphorylation cascade which proceeds se-
quentially from PEP to EIN' encoded by ptsP, to NPr encoded by ptsO, and to EIIANT
encoded by ptsN, proteins which are homologous to the sugar PTS components El, HPr,
and EIIA, respectively (19, 20). In different bacterial species the PTSN* regulates di-
verse processes implicated in metabolism of nitrogen and carbon (21), it plays a role in
potassium homeostasis (22) and biofilm formation (23), and is essential for virulence
in some bacteria such as Salmonella enterica (24) and Brucella melitensis (25), as well as
in L. pneumophila (26).

In this report, we demonstrate by in vitro and in vivo experiments that the incom-
plete PTSNt (lacking an EIIANt) found in L. pneumophila functions as a phosphorelay.
We also demonstrate a link between the PTSNt" and the RR PmrA which controls the
expression of numerous effector-encoding genes. We show that ptsP and ptsO deletion
mutants are defective for intracellular growth and that the levels of expression of
PmrA-regulated genes are reduced in these mutants, thus for the first time connecting
the PTSN to effector gene expression in L. pneumophila.

RESULTS

L. pneumophila contains an incomplete PTSNt lacking an EIIAN* component. A
genomic search performed at the NCBI database revealed that L. pneumophila contains
only the first two components of the PTSN', the ptsP gene encoding EIN and the ptsO
gene encoding NPr (Fig. 1A to C). The overall operon organization of the PTSNt" genes
is known to be conserved in bacteria (20). In most cases the rpoN gene encoding the
nitrogen sigma factor (RpoN) is located first in an operon which also includes ptsN
(encoding EIIANY) and ptsO (encoding NPr) (Fig. 1A). This operon was also shown to
contain additional genes, some of which are conserved in most bacterial species (such
as the yhbH gene, encoding a ribosome binding protein), and in several bacteria
additional genes belonging to the PTSNt are also part of this operon (such as ptsK
encoding HPr kinase/phosphorylase and pts/ encoding an El-like protein). Examination
of this operon in many bacteria indicated that the ptsN gene, when present, is always
located between the rpoN and the ptsO genes (Fig. 1A). However, this was found not
to be the case in L. pneumophila (as well as in Acinetobacter baumannii), which does not
contain a ptsN gene as part of the rpoN operon. In addition, a BLAST search indicated
that there is no EIIAN" homologue in L. pneumophila (an E score of 0.1 was used as a
cutoff to determine similarity). Importantly, the absence of the ptsN gene encoding
EIIANt is not unique to L. pneumophila. This was also found to be the case in all the
Legionella species belonging to the L. pneumophila clade (27), which includes 21
species, while it is present in most of the other Legionella species and in all of the
members of the Legionella micdadei clade (Fig. 2). Even though the EIIANt is absent in
the L. pneumophila clade, the EIN* and NPr proteins are conserved in the entire
Legionella genus (see Fig. ST in the supplemental material and data not shown),
suggesting that they are functional.
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FIG 1 The PTSN" components in different bacteria. The operon organization of genes encoding the PTSN" components NPr
(A) and EINt (B) in various bacteria is shown. Homologous genes are shown with the same color; open reading frames that
have no homologues in the other regions presented are represented by white arrows. rpoN encodes the nitrogen sigma
factor, yhbH encodes a ribosome binding protein, ptsN encodes EIIANY, ptsK encodes NPr kinase/phosphorylase, ptsO
encodes NPr, pts/ encodes an El-like protein, rppH encodes RNA pyrophosphohydrolase, ptsP encodes EIN, Igt encodes
diacylglyceryl transferase, and thyA encodes thymidylate synthetase. Bcep, Burkholderia cepacia; Bjap, Bradyrhizobium
japonicum; Xcam, Xanthomonas campestris; Ecol, Escherichia coli; Abau, Acinetobacter baumannii; Cbur, Coxiella burnetii;
Lpne, L. pneumophila; Loak, Legionella oakridgensis; Lhac, Legionella hackeliae; Llan, Legionella lansingensis; Lmic, L.
micdadei; and Lgee, Legionella geestiana. The ptsO operon organization found in L. pneumophila is the same in 21 other
Legionella species (Fig. 2). (C) Schematic representation of the PTSNt phosphorylation cascade. Phosphoryl groups are
sequentially transferred on histidine residues from PEP to EINt, NPr, and subsequently to ElINt. Phosphorylation of NPr by
HPrK/P on serine is also indicated.
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The absence of the ptsN gene from L. pneumophila, together with the conservation
of the NPr protein in all members of the Legionella genus, might indicate that the PTSN
of L. pneumophila participates in other functions which probably involve the transfer of
phosphate from EINt" to NPr and then to a component which is different from EIIANt.

The L. pneumophila ptsP and ptsO genes are required for optimal intracellular
growth. Since only two components of the PTSNt are present in L. pneumophila, we
constructed deletion mutations in each of the genes encoding these components and
examined them for intracellular growth in the amoeba host Acanthamoeba castellanii
(28). Since ptsP is located in the middle of an operon (29), we generated a nonpolar
in-frame deletion mutation in this gene and a kanamycin deletion substitution mutant
in ptsO. Examination of these mutants revealed that both the ptsP and ptsO deletion
mutants are partially defective for intracellular growth in A. castellanii (Fig. 3A and B).
The intracellular growth phenotype of these mutants was complemented by introduc-
ing plasmids containing the ptsP and ptsO genes, respectively, cloned under the control
of the Ptac promoter (induced by isopropyl-B-p-thiogalactopyranoside [IPTG]) (Fig. 3A
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FIG 2 Presence and absence of PTSN" components in the Legionella genus. A maximume-likelihood tree of 41 sequenced Legionella species
was reconstructed on the basis of concatenated amino acid alignment of 78 orthologous open reading frames (27). For each species, the

presence (gray) or absence (white) of the ptsP, ptsO, and ptsN genes of the PTSN' is indicated.

and B). These two deletion mutants were also examined for intracellular growth in
HL-60-derived human macrophages (Fig. 3C and D) (28). In these cells, both the ptsP
and ptsO deletion mutants showed a mild intracellular growth phenotype which was
also complemented using the plasmids described above (Fig. 3C and D). Examination
of a double deletion mutant of both ptsP and ptsO (ptsP-ptsO) did not result in an
additive effect on intracellular growth in comparison to the single deletion mutants
(data not shown). The growth rates of ptsP and ptsO single deletion mutants, as well as
the growth rate of the double ptsP-ptsO deletion mutant, are similar to the growth rate
of the wild-type strain when the mutants are examined in vitro in regular growth
medium (Fig. S2).

The results described above agree with previous results showing that the L. pneu-
mophila ptsP gene is required for full virulence in guinea pigs (26) and clearly indicate
that the PTSN' is functional in L. pneumophila even though it lacks the EIIAN" compo-
nent.

Identification of genes whose levels of expression are reduced in the ptsP
deletion mutant. Thus far, three regulatory systems (CpxRA, PmrAB, and LetAS) (see
introduction) which are activated by phosphorylation were shown to be involved in the
expression of L. pneumophila virulence-related genes (30). Therefore, we decided to
examine the possibility that one of these systems is regulated by the PTSN" and leads
to the intracellular growth phenotype observed. To this end, genes known to be
regulated by these two-component regulatory systems were examined: (i) an effector-
encoding gene (cegC3) and an lcm/Dot-encoding gene (icmR) activated by the CpxRA
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FIG 3 The PTS\" is required for L. pneumophila optimal intracellular multiplication. The ability of ptsP (A
and C) and ptsO (B and D) deletion mutants to grow intracellularly was examined in A. castellanii (A and
B) and HL-60-derived human macrophages (C and D). Symbols: diamonds, L. pneumophila wild-type
strain JR32; squares, the icmT mutant strain GS3011; open circles, ptsP and ptsO deletion mutants
SY-AptsP and SY-ptsO-Km, respectively, containing the vector (bMMB207); black circles, ptsP and ptsO
deletion mutants SY-AptsP and SY-ptsO-Km, respectively, containing the complementing plasmids
expressing the wild-type EINt and NPr (pSY-207-Ptac-ptsP in panels A and C and pSY-207-Ptac-ptsO in
panels B and D); and gray circles, ptsP and ptsO deletion mutants SY-AptsP and SY-ptsO-Km, respectively,
containing plasmids expressing the mutated EINtH371A and NPrH15A (pSY-207-Ptac-ptsP-H371A in panels
A and C and pSY-207-Ptac-ptsO-H15A in panels B and D). The experiments were performed as described
in Materials and Methods. The experiments were done three times, and similar results were obtained;
error bars indicate standard deviations. The intracellular growth rates were found to be significantly
different (*, P < 0.01; **, P < 0.001, two-way repeated analysis of variance) in comparisons between
results for the pstP and ptsO deletion mutants and those of the wild-type strain.

TCS (7), (i) two effector-encoding genes (ceg20 and ceg23) activated by the PmrAB TCS
(4), (iii) two effector-encoding genes (ralF and ylfB) regulated by the LetAS-RsmYZ-CsrA
regulatory cascade (12, 13), and (iv) two genes encoding small RNAs (sRNAs) (rsmY and
rsmZ) which are directly activated by the LetAS TCS (13, 14). The examination of these
eight genes revealed that only the expression levels of the PmrA-regulated genes were
reduced in the ptsP deletion mutant (Fig. 4), indicating that the PTSN' specifically
affects the levels of expression of PmrA-regulated genes.

The two PTSN** components affect the levels of expression of PmrA-regulated
genes. To further substantiate the result described above, the levels of expression of
lacZ fusions of nine PmrA-regulated genes (ceg3, ceg4, cegll, cegl9, ceg20, ceg21,
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FIG 4 The absence of PtsP affects the expression levels of PmrA-regulated genes. The expression of
effector translational lacZ fusions regulated by CpxR (A), PmrA (B), and CsrA (C) as well as sRNA
transcriptional lacZ fusions regulated by LetA (D) (the genes examined are indicated below the bars)
were examined in the wild-type strain (JR32) and in the ptsP deletion mutant (SY-AptsP) at the stationary
phase. B-Galactosidase activity was measured as described in Materials and Methods. The levels of
expression of the lacZ fusions were found to be significantly different (*, P < 10~5, Student’s t test) in
comparisons between results in the wild-type strain and those in the pmrA deletion mutant. Data
(expressed in Miller units [M.U.]) are the averages * standard deviations (error bars) of the results of at
least three different experiments.

ceg23, lepB, and legA14) (4, 5) were examined in the wild-type strain and in the pmrA,
ptsP, and ptsO deletion mutants. The expression levels of all these genes were found to
be completely dependent on PmrA, and their levels of expression were very low in the
absence of PmrA (Fig. 5). Importantly, all the examined genes had reduced levels of
expression in the ptsP and ptsO deletion mutants (Fig. 5). The reduction in the levels of
expression of the PmrA-regulated effector-encoding genes in these two mutants
was about 2-fold in comparison to their expression levels in the wild-type strain (for
complementation analysis of the levels of expression using ptsP and ptsO, see below).
When the levels of expression of the PmrA regulated genes were further examined in
a ptsP-ptsO double deletion mutant, no additional reduction in expression levels were
observed in comparison to the levels in the ptsP and ptsO single deletion mutants (Fig.
5). These results indicate that the two PTSN* components present in L. pneumophila
affect the levels of expression of PmrA-regulated genes similarly and are most likely
part of a single regulatory cascade.

The PTSNt* components do not affect the expression of the pmrA gene. The
similar effect of the ptsP, ptsO, and the double ptsP-ptsO deletion mutants on the levels
of expression of PmrA-regulated genes (Fig. 5) might result from the PTSN' affecting (i)
the level of expression of the pmrA gene itself or (ii) the function of the PmrAB TCS. To
distinguish between these possibilities, we examined the level of expression of the
pmrA gene in the ptsP and ptsO single deletion mutants and in the ptsP-ptsO double
deletion mutant and found that the pmrA gene is similarly expressed in these three
mutants and in the wild-type strain (Fig. 6A). The lack of effect on the level of
expression of the pmrA gene in the deletion mutant examined indicates that the PTSNt
most likely affects the functionality of the PmrA regulator since it had no effect on its
level of expression.

The PTSN** components affect the levels of expression of the PmrA-regulated
effector-encoding genes via PmrA. To examine if the PTSN' functions via PmrA, a
double deletion mutant of ptsP and pmrA was constructed. Because the deletion of the
pmrA gene leads to very low levels of expression of most of its target genes (Fig. 5), we

June 2017 Volume 85 Issue 6 €00121-17

Infection and Immunity

iaiasm.org 6


http://iai.asm.org

The Legionella PTSNt Activates PmrA

2500+ 1200 ‘I‘
2 10001
< 2000+
= 800+
& 15001
3 600
2 1000+
§ 400+
g 500 * 2004
)
ceg19
__ 6007 - 3007 0 Wild-type
» O AptsP
2 500 250
=3 [1AptsO
% 400 i 2007 [d AptsP-ptsO
% 3001 e 150 m ApmrA
3 7
3 200 ‘4 1001
2 100 7 501
= i .
ceg21 ' lepB

legA14

FIG 5 The levels of expression of PmrA-regulated effector-encoding genes are reduced in mutants of the
PTSNtr, The expression of effector translational lacZ fusions (the effectors examined are indicated below
the bars) was examined in the wild-type strain (JR32), the ptsP deletion mutant (SY-AptsP), the ptsO
deletion mutant (SY-ptsO-Km), the ptsP-ptsO double deletion mutant (SY-AptsP-ptsO-Km), and the pmrA
deletion mutant (HK-PQ1) at the stationary phase. The levels of expression of the lacZ fusions were found
to be significantly different (*, P < 0.001; **, P < 10~5, Student’s t test) in comparisons between results
in the wild-type strain and those in the different deletion mutants. B-Galactosidase activity was measured
as described in Materials and Methods. Data (expressed in Miller units [M.U.]) are the averages =+
standard deviations (error bars) of the results of at least three different experiments. The effector-
encoding genes were divided according to their levels of expression.

chose the ceg3 and ceg4 lacZ fusions for this analysis since their levels of expression, in
the absence of the PmrA activator, would still make it possible to observe an additional
reduction in their levels of expression in the ptsP-pmrA double deletion mutant.
Examination of the ceg3 and ceg4 lacZ fusions in the wild-type strain, in the ptsP and
pmrA single deletion mutants, and in the ptsP-pmrA double deletion mutant resulted in
no additive reduction in the levels of expression of these two genes in the double
deletion mutant (Fig. 6B), suggesting that the PTSNr affects the level of expression of
PmrA-regulated genes only in the presence of PmrA.

To further substantiate the requirement of PmrA in order to observe the effect of the
PTSNt on the levels of expression of PmrA-regulated effector-encoding genes, we
constructed a system in which the EIN" and NPr were expressed under the Ptac
promoter (activated by IPTG), and their ability to affect the levels of expression of
PmrA-regulated genes was examined. Overexpression of EIN' and NPr from a Ptac
promoter resulted in an increase in the levels of expression of ceg3 and lepB lacZ fusions
as the concentrations of IPTG increased (Fig. 6C), indicating that when the components
of the PTSN' are overexpressed, they can increase the levels of expression of the
PmrA-regulated genes above the level found in the wild-type strain. However, in the
absence of PmrA, overexpression of EINt™ and NPr did not result in an increase in
the levels of expression of ceg3 and lepB (Fig. 6C).

Collectively, these results clearly show that the PTSNt requires the presence of PmrA
in order to exert its effect on the levels of expression of PmrA-regulated effector-
encoding genes.

The PTSN* components affect the levels of expression of PmrA-regulated
genes in the absence of PmrB. The requirement of the PmrA activator in order for the
PTSNt components to affect the expression levels of the PmrA-regulated effector-
encoding genes suggests that this effect might be mediated also via the PmrA cognate
SHK PmrB. To this end, a pmrB single deletion mutant and a pmrB-ptsP double deletion
mutant were constructed. If the PTSN' components function via PmrB, the expected
result would be that in the absence of PmrB the ptsP deletion would not affect the
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FIG 6 The PTSNtr affects the levels of expression of PmrA-regulated genes via PmrA. (A) The expression
of the PmrA translational lacZ fusion was examined in the wild-type strain (JR32), in the ptsP deletion
mutant (SY-AptsP), in the ptsO deletion mutant (SY-ptsO-Km), and in the ptsP-ptsO double deletion
mutant (SY-AptsP-ptsO-Km) at the stationary phase. (B) The expression of effector translational lacZ
fusions (the effectors examined are indicated below the bars) was examined in the wild-type strain (JR32),
in the ptsP deletion mutant (SY-AptsP), in the pmrA deletion mutant (HK-PQ1), and in the ptsP-pmrA
double-deletion mutant (SY-AptsP-pmrA-Km) at the stationary phase. The levels of expression of the
marked lacZ fusions were found to be significantly different (*, P < 0.01; **, P < 0.001, Student’s t test).
For panels A and B, strains are identified according to the legend on the figure. (C) The levels of
expression of two PmrA-regulated effector-encoding genes (ceg3 and lepB) were examined in the L.
pneumophila wild-type strain (JR32) and the pmrA deletion mutant (HK-PQ1). The bacteria contained a
plasmid with the ptsP gene (two upper graphs) or the ptsO gene (two lower graphs) cloned under the
control of the IPTG-inducible Ptac promoter. The plasmids containing the corresponding lacZ fusion of
the examined gene without the ptsP or ptsO gene were used as controls (white bars). The IPTG
concentrations used to express the wild-type and mutated ptsP were 0.005, 0.01, and 0.05 mM, and they
were 0, 0.005, and 0.01 mM for ptsO. The levels of expression of the lacZ fusions were found to be
significantly different (*, P < 0.01; **, P < 0.001, Student’s t test), in comparisons between results with
the fusions with the ptsP or ptsO gene expressed from the Ptac promoter and those with the corre-
sponding lacZ fusions without the ptsP and ptsO genes. B-Galactosidase activity was measured as
described in Materials and Methods. Data (expressed in Miller units [M.U.]) are the averages *+ standard
deviations (error bars) of the results of at least three different experiments.

expression levels of the PmrA-regulated genes. In contrast, if the PTSN* components
function independently from PmrB, the expected result would be that in the absence
of PmrB, the ptsP deletion would continue to affect the levels of expression of the
PmrA-regulated genes in a way similar to that of the wild-type strain.

To examine this, we determined the levels of expression of two PmrA-regulated
genes (ceg3 and ceg4) in the pmrB deletion mutant and in the ptsP-pmrB double
deletion mutant. Examination of the levels of expression of PmrA-regulated genes in a
deletion mutant of pmrB revealed that these genes are expressed at higher levels in the
absence of PmrB than in the wild-type strain (Fig. 7 and S3). Previous studies have
found that removal of the PmrB SHK results in a higher level of expression due to the
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FIG 7 The PTSNt affects the levels of expression of PmrA-regulated genes and is independent of PmrB.
The expression of effector translational lacZ fusions (the effectors examined are indicated below the bars)
was examined in the wild-type strain (JR32), in the ptsP deletion mutant (SY-AptsP), in the pmrB deletion
mutant (EA-pmrB), and in the ptsP-pmrB double deletion mutant (SY-AptsP-pmrB-Km). The levels of
expression of the marked lacZ fusions were found to be significantly different (*, P < 0.001; **, P < 102,
Student’s t test). B-Galactosidase activity was measured as described in Materials and Methods. Data
(expressed in Miller units [M.U.]) are the averages = standard deviations (error bars) of the results of at
least three different experiments.

absence of the phosphatase activity usually elicited by PmrB (31). Importantly, exam-
ination of the levels of expression of the ceg3 and ceg4 lacZ fusions in the ptsP-pmrB
double deletion mutant showed that their expression levels were reduced in compar-
ison to their levels in the pmrB deletion mutant (Fig. 7), indicating that the effect of PtsP
is independent of the presence of PmrB in the bacterial cell. In addition, similar
reductions were observed between the pmrB deletion mutant and the pmrB-ptsP
double deletion mutant and between the wild-type strain and the ptsP deletion mutant
(Fig. 7).

The similar reductions in the levels of expression of PmrA-regulated genes mediated
by the deletion of ptsP in the presence or absence of PmrB indicate that the PTSNt
affects the levels of expression of these genes independently from PmrB.

Both EINt* and NPr require their conserved phosphorylation sites in order to
function. Components of the PTSNt are highly conserved throughout bacterial species,
and the histidine residues used for phosphorylation are universally conserved in all of
them (19). We therefore constructed mutant versions of the L. pneumophila EINt" and
NPr in which the highly conserved histidine residues of both proteins were replaced
with alanines (EINt-H371A and NPrH15A, respectively). These mutants were examined for
their ability to activate the expression of the PmrA-regulated genes. Overexpression of
the wild-type EINt" (encoded by ptsP) and NPr (encoded by ptsO) from a Ptac promoter
in the ptsP and ptsO deletion mutants, respectively, resulted in an increase in the levels
of expression of ceg3 and lepB lacZ fusions as the concentrations of IPTG increased (Fig.
8). However, when the mutated EINt-H371A or NPrH15A was expressed in the same
mutants, under the same conditions, no increase in the expression levels of these
fusions was observed. Moreover, when the mutated EINt"-H371A gnd NPrH15A were used
for complementation of the ptsP and ptsO deletion mutants for intracellular growth in
amoeba, no complementation was observed (Fig. 3).

Collectively, the observation that the conserved histidine residues of the L. pneu-
mophila EIN* and NPr are required for their function suggests that their effect on
PmrA-regulated genes is mediated by phosphorylation.

Both EINt* and NPr require the presence of each other in order to function. To
determine if EIN" and NPr require one another in order to affect the levels of expression
of PmrA regulated effector-encoding genes, we examined whether the wild-type EINt
protein can increase the expression levels of PmrA-regulated genes in the absence of
NPr and vice versa. Expression of the wild-type EINt (encoded by ptsP) and NPr
(encoded by ptsO) proteins from a Ptac promoter in the ptsO and ptsP deletion mutants,
respectively, resulted in no increase in the expression levels of ceg3 and lepB lacZ
fusions as opposed to the increase in the levels of expression that was obtained when
each of them was expressed in its corresponding deletion mutant (Fig. 8, compare the
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FIG 8 The conserved histidine residues of EIN and NPr are required for their function. The levels of
expression of two PmrA-regulated effector-encoding genes (ceg3 and lepB) were examined in the L.
pneumophila ptsP deletion mutant (SY-AptsP) and the ptsO deletion mutant (SY-AptsO-Km). The bacteria
contained a plasmid carrying the wild-type ptsP gene, the wild-type ptsO gene, the mutated ptsPH371A
gene, or the mutated ptsO"'>A gene cloned under the control of the IPTG inducible Ptac promoter. The
plasmids containing the corresponding lacZ fusion of the examined gene without the ptsP or ptsO gene
were used as controls (white bars). The IPTG concentrations used to express the wild-type and mutated
ptsP genes were 0.005, 0.01, and 0.05 mM, and they were 0, 0.005, and 0.01 mM for ptsO. The levels of
expression of the lacZ fusions were found to be significantly different (*, P < 0.001, Student’s t test) in
comparisons between results for the lacZ fusions containing the ptsP or ptsO gene expressed from the
Ptac promoter and those for the fusions without the ptsP and ptsO genes. B-Galactosidase activity was
measured as described in Materials and Methods. Data (expressed in Miller units [M.U.]) are the averages
+ standard deviations (error bars) of the results of at least three different experiments.

left and right bar groups). These results indicate that EIN" and NPr can affect the
expression levels of PmrA-regulated genes only when both components are present in
the bacterial cell.

The expression of the L. micdadei ptsN in L. pneumophila abolishes the effect of
the PTSN* on PmrA-regulated genes. As described above (Fig. 2), about 20 Legionella
species belonging to the L. micdadei clade (27) contain a ptsN gene encoding the EIIAN
component, which is missing in the L. pneumophila clade. To further explore the
function of the L. pneumophila incomplete PTSNt, we examined the effect of expressing
the L. micdadei ptsN gene on the expression levels of PmrA-regulated genes in L.
pneumophila. To this end, we cloned and expressed the L. micdadei EIIANt (encoded by
ptsN) under the control of the Ptac promoter (activated by IPTG) in L. pneumophila and
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FIG 9 Overexpression of the L. micdadei ptsN abolishes the effect of PTSN on PmrA-regulated genes in
L. pneumophila. The levels of expression of two PmrA-regulated effector-encoding genes (ceg79 and
ceg21) were examined in the L. pneumophila wild-type strain (JR32) or the ptsP-ptsO double deletion
mutant (SY-AptsP-ptsO-Km). The bacteria contained a plasmid with the L. micdadei ptsN gene (Ptac-mic-
ptsN) or the mutated L. micdadei ptsNH67A gene (Ptac-mic-ptsN"674) cloned under the control of the
IPTG-inducible Ptac promoter. The plasmids containing the corresponding lacZ fusions of the examined
genes without the ptsN gene were used as controls (white bars). The IPTG concentrations used to express
the wild-type and mutated L. micdadei ptsN genes were 0, 0.1, and 1 mM. The levels of expression of the
lacZ fusions were found to be significantly different (*, P < 10~5, Student’s t test) in comparisons
between results for the lacZ fusions containing the wild-type L. micdadei ptsN gene expressed from the
Ptac promoter and those for the fusions without the ptsN gene. B-Galactosidase activity was measured
as described in Materials and Methods. Data (expressed in Miller units [M.U.]) are the averages *
standard deviations (error bars) of the results of at least three different experiments.

examined its effect on the levels of expression of two PmrA-regulated effector-
encoding genes, ceg19 and ceg21. The expression of the L. micdadei ptsN gene in L.
pneumophila resulted in a reduction in the levels of expression of both the ceg79 and
ceg2?1 lacZ fusions, and the reduction strengthened as the concentration of the added
IPTG increased (Fig. 9). At the highest IPTG concentration (1 mM), the expression levels
of both genes were reduced to about half of their levels of expression in the absence
of the L. micdadei ptsN. The extent of this reduction in the expression is similar to the
reduction obtained when these two genes were examined in the ptsP and ptsO single
deletion mutants or the ptsP-ptsO double deletion mutant (compare Fig. 5 and 9). This
result suggests that the overexpression of L. micdadei ptsN completely abolished the
effect of the L. pneumophila PTSN* on the PmrA-regulated effector-encoding genes. To
further support the conclusion that the effect of the L. micdadei ptsN resulted from its
natural function encoding a protein that is phosphorylated by NPr, we constructed a
mutated form of the L. micdadei ptsN in which the conserved histidine residue, which
is phosphorylated by NPr, was mutated to alanine (EIIANtH67A) Overexpression of this
mutated form of ptsN had no effect on the levels of expression of the PmrA-regulated
effector-encoding genes ceg19 and ceg21 (Fig. 9). Moreover, when the L. micdadei ptsN
was expressed in the ptsP-ptsO double deletion mutant, no reduction in the levels of
expression of the ceg19 and ceg21 lacZ fusions was observed, indicating that the L.
pneumophila PTSN components are required in order for the L. micdadei ptsN to affect
the expression levels of PmrA-regulated genes in L. pneumophila.

Collectively, the effect of the wild-type L. micdadei ptsN and the lack of effect of the
mutated L. micdadei ptsN on the levels of expression of the PmrA-regulated genes in L.
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FIG 10 EINt" and NPr are phosphorylated by PEP. Results of an in vitro phosphorylation assay of EINt, NPr,
and PmrA are shown. Wild-type Hiss-tagged EIN" without its GAF domain (Hisg-EINT"AGAF), NPr-His,, and
Hiss-PmrA were overexpressed and purified. Different combinations of the purified proteins were
incubated with or without PEP and separated on 15% SDS-polyacrylamide gels, as described in Materials
and Methods. Phosphorylated proteins were specifically detected by the Pro-Q Diamond phosphoprotein
gel stain technique, while total protein was visualized by Coomassie blue.

pneumophila indicate that the L. micdadei EIIAN' functions as a phosphate sink for the
PTSNt in L. pneumophila. This result further supports the possibility that the L. pneu-
mophila NPr transfers its phosphate directly or indirectly to PmrA.

EINt* and NPr are phosphorylated in vitro by PEP. To determine if the PTSNt
phosphorylation cascade can be recapitulated in vitro, the EINt, NPr, and PmrA proteins
were His tagged, overexpressed, purified, and used for an in vitro phosphorylation assay
using PEP as a phosphate donor (Fig. 10). The results obtained show that the phos-
phorylation level of EIN was increased 3- to 4-fold following incubation with PEP (Fig.
10, compare lanes 1 and 2, lanes 3 and 4, lanes 5 and 6, and lanes 9 and 10), and the
phosphorylation level of NPr was increased similarly following incubation with PEP and
EINt (Fig. 10, compare lanes 3 and 4 and lanes 5 and 6). However, no increase in the
phosphorylation level of NPr was observed in the absence of EINt" with or without PEP
(compare lanes 7 and 8). When EINt and NPr were incubated together with PmrA, a very
slight increase (1.2-fold) in the PmrA levels of phosphorylation was observed in the
presence of PEP (Fig. 10, compare lanes 5 and 6); this slight increase in phosphorylation
was not observed when the same reactions were performed without NPr (compare
lanes 9 and 10). The slight increase in the phosphorylation of PmrA might occur since
there is another component present in vivo which functions between NPr and PmrA, or
the slight increase may arise because an unknown component is required in order to
stabilize a direct phosphotransfer between NPr and PmrA or because the conditions in
vitro do not allow the phosphotransfer from NPr to PmrA to take place in an efficient
manner. Attempts to change the concentrations of the proteins as well as the PEP
concentration did not result in phosphorylation of PmrA. In addition, PmrA was
phosphorylated in vitro by acetyl-phosphate, but no reverse phosphorylation from
PmrA to NPr or EIN" was observed (data not shown).

The results obtained demonstrate that the L. pneumophila PTSN is functional. EINt
is phosphorylated by PEP and can transfer its phosphate group to NPr, similarly to what
was previously shown in other bacterial PTSs. It is currently not possible to draw a
definite conclusion about whether NPr can transfer its phosphate directly to PmrA or to
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another component which functions between NPr and PmrA in order to mediate the
effect on the PmrA-regulated genes.

DISCUSSION

The term “phosphotransferase system” is used for a group of proteins that transfer
phosphate derived from PEP from one member of the system to the next in a given
order. Two general types of PTSs are known (19): the sugar PTS, which is responsible for
phosphorylation and transport of sugars into the cell, and the nitrogen PTS (PTSN¥),
which does not transport sugars but exerts regulatory functions. In both PTSs, the
active phosphate moiety is derived from PEP and then transferred through two general
phosphotransferase proteins: enzyme | (El or EINt in PTSNt) and histidine protein (HPr
or NPr in PTSN'). In the sugar PTS, HPr subsequently phosphorylates the sugar-specific
components enzyme lIA (ElIA) and enzyme IIB (ElIB) allowing uptake of the sugar (18).
The sugar PTSs do not exclusively catalyze carbohydrate uptake but also regulate the
activities of a huge number of genes and proteins in response to available carbon
sources (18, 32). In the PTSNt", NPr phosphorylates EIIANt; however, the EIIANt is not
active in transport. The PTSN' regulates diverse processes implicated in the metabolism
of nitrogen and carbon (21), it plays a role in potassium homeostasis (22) and biofilm
formation (23), and is essential for virulence in several bacteria such as S. enterica (24),
B. melitensis (25), and L. pneumophila (26). In many bacteria the PTSNt constitutes a
phosphorylation cascade that works in parallel with the sugar PTS, while in other
bacteria only one of the two systems exists. In addition to the three basic PTS
components (El, HPr, and EIIA), some gammaproteobacteria also contain an HPr
kinase/phosphorylase (HPrK/P). HPrK/P controls the phosphorylation state of HPr at a
serine residue, whereas El phosphorylates HPr at a histidine. When phosphorylated on
a serine residue, HPr mediates different functions involved in gene regulation (33).

All the components of the sugar PTS are absent in L. pneumophila; no gene
encoding HPrK/P was found in this bacterium, and only the first two components of the
PTSNt are present in it (Fig. 2). Even though L. pneumophila possesses an incomplete
PTSNt, the remaining phosphorylation cascade (which includes only EINt™ and NPr) is
functional. We could demonstrate that EIN'" becomes phosphorylated by PEP, that NPr
becomes phosphorylated by EINt (Fig. 11), and that the conserved histidine residues of
both components are essential for their function (Fig. 3 and 8). The observation that
inactivation of both EINt and NPr, as well as mutations in their conserved histidine
residues, similarly affected L. pneumophila intracellular growth suggests that NPr might
phosphorylate or interact with a protein or an unknown regulatory factor involved in
intracellular growth. Along these lines, our results demonstrate that all the PmrA-
regulated genes examined are downregulated in the absence of EINt" and NPr (Fig. 5).
The effect of the PTSNt" components on PmrA-regulated genes was completely depen-
dent on the presence of PmrA (Fig. 6) and independent of the presence of PmrB (Fig.
7). In addition, the ability of EINt* and NPr to activate the expression of the PmrA-
regulated effector-encoding genes was dependent on the presence of their conserved
histidine residues and on the presence of both components (Fig. 8). Moreover, adding
the L. micdadei EIIANY reduced the levels of expression of PmrA-regulated effector-
encoding genes to levels similar to those of the ptsP and ptsO deletion mutants (Fig. 9).
Together, our results indicate that the L. pneumophila incomplete PTSN' functions in a
manner similar to that of bacteria containing a complete PTSN, but in L. pneumophila
it was rewired to affect the activity of the PmrA response regulator which regulates the
expression of the largest regulon of effector-encoding genes in L. pneumophila (more
than 40 effectors).

Even though we could demonstrate in vitro phosphorylation of EINt by PEP and
phosphorylation of NPr by EINt, we did not observe significant phosphorylation of
PmrA by NPr. However, all our results suggest that the phosphorylated NPr can activate
the expression of PmrA-regulated genes via PmrA. There are several possible explana-
tions of how this activation might occur: (i) PmrA is directly phosphorylated by the
phosphorylated NPr (which we were unable to observe in vitro); (ii) an unknown
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FIG 11 Model of the regulatory systems that control the expression of the L. pneumophila pathogenesis-related genes. The
three TCSs (CpxRA, PmrAB, and LetAS), the components of the LetAS-RsmYZ-CsrA regulatory cascade, and the two Fis
regulators (Fis1 and Fis3) are schematically illustrated. The environmental signals sensed by CpxA and PmrB are currently not
known, and the phosphorylation of these components is expected to be activated by transfer of the phosphate group to their
cognate response regulators CpxR and PmrA, respectively, which then directly activate or repress the transcription of their
target effector-encoding genes. Acetyl-phosphate (Ac-P) produced by AckA and Pta was previously shown to transfer a
phosphate group to CpxR. The PTSN was shown in this study to be functional in L. pneumophila; EIN is phosphorylated by
PEP and then transfers the phosphate group to NPr. In addition, the PTSNt affects the levels of expression of PmrA-regulated
effector-encoding genes via PmrA in a direct or indirect manner. The numbers of effector-encoding genes which were shown
to be regulated by each of the regulatory systems are indicated in parentheses. Solid arrows and T-shaped symbols indicate
activation and repression, respectively; the dotted line indicates a possible indirect effect.

regulatory factor is phosphorylated by the phosphorylated NPr, which in turn transfers
its phosphate to PmrA; (iii) an unknown regulatory factor stabilizes the direct phos-
photransfer between the phosphorylated NPr and PmrA; or (iv) a metabolite or second
messenger affects the interaction/phosphotransfer of phosphorylated NPr with PmrA.

Direct involvement of the PTS and PTSNt in regulation of gene expression was
described before. For example, the SsrB RR (which is part of the SsrAB TCS) directly
promotes the transcription of multiple genes within Salmonella pathogenicity island 2
(SPI-2). It was found that EIIANt controls SPI-2 genes by acting on the SsrB protein at
the posttranscriptional level. EIIANt was found to directly interact with SsrB, preventing
the SsrB protein from binding to its target promoters (24). However, since there is no
EIIANt in L. pneumophila, this is not the mechanism by which the L. pneumophila PTSNt
functions. In firmicutes, PTS regulation domains (PRDs) are found fused to transcription
regulators. Transcription activators such as MItR, LicR, and LevR contain different
numbers of PRDs, and they were found to become phosphorylated by El and HPr.
However, no transcription regulators containing a PRD were found in L. pneumophila,
and they are very rarely found in gammaproteobacteria (18).

In addition to the two modes of involvement of PTS and PTSN' in transcription
regulation described above, direct involvement of HPr/NPr in regulation of gene
expression was also described previously. In Bacillus subtilis it was found that the AraC
type transcriptional activator YesS, which regulates the expression of pectin/rhamnoga-
lacturonan utilization genes, interacts with HPr. YesS was found to interact with HPr and
His-phosphorylated HPr but not with Ser-phosphorylated HPr (34). In Neisseria menin-
gitidis HPr and Ser-phosphorylated HPr were found to interact with the LysR-type
transcriptional repressor CrgA involved in capsule production in response to host cell
contact (35). Our attempts to find interaction between EINt" or NPr and PmrA as well as
between their mutated forms did not reveal any interaction (data not shown).

The PmrAB TCS controls the level of expression of the largest regulon of effector-
encoding genes (more than 40 effectors) in L. pneumophila (4, 5) (Fig. 11). The results
described in the manuscript suggest that the levels of expression of these PmrA-
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regulated effector-encoding genes are affected by at least three factors: (i) the level of
expression of the pmrAB operon itself, which was found to be relatively high (Fig. 6A)
even though no regulators which control the expression of this operon were described;
(i) the function of PmrB SHK as a kinase or phosphatase of PmrA that can activate or
inactivate PmrA, respectively; and (iii) the activity of the PTS components EINt" and NPr
that can directly or indirectly affect the activity of PmrA. The PmrA protein must be
phosphorylated in order to activate gene expression (see Fig. S4 in the supplemental
material), and PmrB seems to function as a phosphatase of PmrA under the growth
conditions examined (Fig. 7); but it is highly likely that PmrB also functions as a kinase
of PmrA under specific conditions. In S. enterica the PmrB SHK was also shown to
function as a phosphatase of PmrA (31), but under conditions of mildly acidic pH (36)
or the presence of Fe3* (37); in vivo during infection of macrophages (38), PmrB was
shown to function as a kinase of PmrA. The conditions under which the L. pneumophila
PmrB SHK phosphorylates and thus activates PmrA are currently not known. The
finding that the L. pneumophila PTSNt" also contributes to the activity of PmrA suggests
that cytoplasmic signals activate the expression of the PmrA-regulated effector-
encoding genes as well (Fig. 11). Moreover, the deletion of the L. pneumophila PTSNt
resulted in a reduction of only 2-fold in the expression of PmrA-regulated genes in
comparison to a very strong reduction in their levels of expression in the pmrA deletion
mutant (Fig. 5), indicating that additional components probably phosphorylate PmrA.
The most notifiable difference between the El of the sugar PTS and the EINt is the
presence of a GAF (cyclic GMP phosphodiesterase, Anabaena adenylate cyclase, and
Escherichia coli FhlA) domain at the N terminus of EINt (39). This domain was also found
to be present in the N terminus of the L. pneumophila EINt". N-terminal GAF domains are
often responsible for detection of small-molecule signals, such as cyclic GMP (cGMP),
formate, glutamine, and a-ketoglutarate (tricarboxylic acid [TCA] cycle intermediate)
(40-42), and they frequently exert regulatory effects on adjacent catalytic domains. The
putative ligands of many of the GAF domains remain unidentified, and such is the case
with the L. pneumophila EIN* GAF domain. Nonetheless, the cytoplasmic/metabolic
signal recognized by the L. pneumophila EINt* GAF domain together with the environ-
mental signal sensed by the L. pneumophila PmrB SHK is expected to result in activation
of the expression levels of the effector-encoding genes regulated by PmrA.

To conclude, the way by which the L. pneumophila PTSNt activates the levels of
expression of PmrA-regulated genes via PmrA is currently not known. However, our
results demonstrate that the L. pneumophila incomplete PTSNt" is functional, that it is
required for optimal intracellular growth, and that it mediates its effect on intracellular
growth by controlling the expression levels of more than 40 effector-encoding genes
regulated by PmrA.

MATERIALS AND METHODS

Bacterial strains and media. The L. pneumophila parental strain used in this work was JR32, a
streptomycin-resistant, restriction-negative mutant of L. pneumophila Philadelphia-1, which behaves as a
wild-type strain in terms of intracellular growth (43). In addition, mutant strains derived from JR32 which
contain a kanamycin (Km) cassette instead of the icmT gene (GS3011) (44), the pmrA gene (HK-PQ1) (4),
the pmrB gene (EA-pmrB) (this study), and the ptsO gene (SY-ptsO-Km) (this study) and a clean deletion
mutation in the ptsP gene (SY-AptsP) (this study) were used. In addition, three double deletion mutants
were constructed, all of them containing the clean deletion in the ptsP gene together with a deletion in
the pmrA gene (SY-AptsP-pmrA-Km), the pmrB gene (SY-AptsP-pmrB-Km), or the ptsO gene (SY-AptsP-
ptsO-Km). The L. micdadei strain used in this work was ATCC 33218 (45). The E. coli strains used in this
work were MC1022, MC1061 (46), BL21(DE3) (47), and SY327 Apir (48). Bacterial media, plates, and
antibiotics were as previously described (49).

Plasmid construction. To construct lacZ translational fusions, the 300-bp regulatory regions of four
effector-encoding genes (ceg3, ceg4, ceg11, and legA14) and 900 bp of one regulator (pmrA) (see Data Set
S1 in the supplemental material) were amplified by PCR using the primers listed in Data Set S2. The PCR
products were then digested with BamHI and EcoRlI, cloned into pGS-lac-02, and sequenced. These five
new lacZ fusions, as well as 11 lacZ fusions that were previously constructed and used in this study, are
listed in Data Set S1.

To construct IPTG-inducible ptsP and ptsO genes, the L. pneumophila ptsP and ptsO genes were
amplified by PCR using the primers listed in Data Set S2. The PCR products were then digested with Ndel
and BamHI for ptsP and EcoRl and BamHI for ptsO and cloned into pMMB207 downstream of the Ptac
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promoter to generate pSY-207-Ptac-ptsP and pSY-207-Ptac-ptsO, respectively. In addition, the ptsP and
ptsO genes were mutated by PCR to encode substitutions of alanines for the conserved histidines
at position 371 (ptsPH3714) for EINt (EINtH3714) and at position 15 (ptsO'5A) for NPr (NPrH154) using the
primers listed in Data Set S2 and cloned into pMMB207 downstream of the Ptac promoter to generate
pSY-207-Ptac-ptsP-H371A and pSY-207-Ptac-ptsO-H15A, respectively (Data Set S1). The resulting four
plasmids were then digested with Pstl and Ehel, and the resulting fragment, containing Ptac-ptsP,
Ptac-ptsO, Ptac-ptsPH371A, or Ptac-ptsO"'>A together with the lac/ gene, was cloned into plasmids
containing the lacZ fusions of the ceg3 and lepB genes digested with Pstl and Xmnl, resulting in the
plasmids listed in Data Set S1.

To construct IPTG-inducible wild-type and mutated L. micdadei ptsN genes, the ptsN gene was
amplified by PCR, using the primers listed in Data Set S2, and cloned into pMMB207 downstream of the
Ptac promoter to generate pZT-207-mic-ptsN (Data Set S1). In addition, the ptsN gene was mutated by
PCR to encode a substitution of alanine for the conserved histidine residue at position 67 (ptsNH674),
using the primers listed in Data Set S2, and cloned into pMMB207 downstream of the Ptac promoter to
generate pZT-207-mic-ptsNmut (Data Set S1). These two plasmids were then digested with Pstl and Ehel,
and the resulting fragment, containing either Ptac-ptsN together with the lac/ gene or Ptac-ptsNH67A
together with the lacl gene, was cloned into plasmids containing the lacZ fusions of the ceg19 and ceg21
genes digested with Pstl and Xmnl, resulting in the plasmids listed in Data Set S1.

To construct a deletion substitution in the L. pneumophila ptsO and pmrB genes, a 1-kb DNA fragment
located on each side of the planned deletions was amplified by PCR using the primers listed in Data Set
S2. The primers were designed to contain an Sall site at the place of the deletion. The four fragments that
were amplified were cloned into pUC-18 digested with suitable enzymes, and the inserts were sequenced
to generate the plasmids listed in Data Set S1. The resulting plasmids were digested with suitable
enzymes, and the inserts were used for a four-way ligation containing the Km resistance cassette
(Pharmacia) digested with Sall and the pUC-18 vector digested with EcoRl and BamHI. The correct
plasmids were identified by restriction digests. The generated plasmids (Data Set S1) were digested with
Pvull, which cuts on both sides of the pUC-18 polylinker, and the resulting fragments were cloned into
the pLAW344 allelic exchange vector digested with ECORV to generate the plasmids pEA-pmrB-Km-GR
and pSY-ptsO-Km-GR that were used for allelic exchange, as previously described (49).

To construct a nonpolar in-frame deletion mutation in the L. pneumophila ptsP gene, a 1-kb DNA
fragment located on each side of the planned deletion was amplified by PCR using the primers listed in
Data Set S2. The primers were designed to contain an Sall site at the place of the deletion. The two
fragments that were amplified were cloned into pUC-18 digested with suitable enzymes, and the inserts
were sequenced to generate the plasmids listed in Data Set S1. The resulting plasmids were digested
with suitable enzymes, and the inserts were used for a four-way ligation containing the Km resistance
cassette (Pharmacia) digested with Sall and the pUC-18 vector digested with EcoRl and BamHI. The
generated plasmid (Data Set S1) was digested with Pvull, and the resulting fragment was cloned into the
pSY100 allelic exchange vector digested with EcoRV to generate the plasmid pSY100-ptsP-Km, which was
then digested with Sall and self-ligated to generate pSY100-ptsP-GR, which was used for allelic exchange,
as previously described (44). To construct double deletion ptsP-ptsO, ptsP-pmrA, and ptsP-pmrB mutants,
the ptsP clean deletion mutant was used instead of the wild-type strain.

To overexpress the NPr, EINt, and the EIN' protein without its GAF domain (EINYAGAF) for jn vitro
phosphorylation assays, a fragment containing the L. pneumophila ptsO or ptsP gene or the ptsP gene
encoding a deletion of the GAF domain (ptsP2AF) was amplified by PCR using the primers listed in Data
Set S2. The resulting fragments were digested with Ndel and BamHI and cloned into the pET-21a vector
for ptsO and into pET-15b for ptsP and ptsPAGAF digested with the same enzymes to generate the
plasmids listed in Data Set S1. The resulting plasmids express the full-length NPr fused to a His, tag on
the C terminus, the full-length EINt fused to a Hisg tag on the N terminus, and the EINtAGAF protein fused
to a Hisg tag on the N terminus. The plasmid pZT-His-lpn-pmrA (Data Set S1) was used to overexpress
the His-tagged PmrA protein.

Growth analysis. Intracellular growth assays of L. pneumophila mutants were performed in Acan-
thamoeba castellanii (ATCC 30234) and HL-60-derived human macrophages (ATCC CCL-240), as previ-
ously described (28). In vitro growth assays were performed in AYE growth medium [N-(2-acetamido)-
2-aminoethanesulfonic acid (ACES)-buffered yeast extract]. Bacteria grown on plates were scraped and
resuspended to an optical density at 600 nm (ODy,,) of 0.10 for time zero measurement, and OD,
measurements were conducted in a Synergy HT2011 plate reader in triplicate.

B-Galactosidase assay. The levels of expression of the individual lacZ fusions were examined in the
L. pneumophila wild-type and mutant strains at stationary phase, as previously described (4).

In vitro phosphorylation assay. L. pneumophila Hisc-PmrA, Hisg-EINt, His -EINTAGAF and NPr-Hisg
were purified from E. coli BL21(DE3) containing the plasmid pZT-His-lpn-pmrA (4), pZT-His-ptsP, pZT-
His-ptsP-GAF, or pZT-His-ptsO, respectively. The four proteins were purified by nickel-affinity chroma-
tography using Ni-nitrilotriacetic acid (Ni-NTA) resin (Qiagen). Protein purification was performed as
previously described (4, 8). In vitro phosphorylation was carried out by incubating 10 mM PEP (Sigma)
with different combinations of purified 4 uM Hisg-PmrA, 1 wM His,-EINTAGAF and 10 wM NPr-Hisg at 37°C
for 20 min in a buffer containing 100 mM Tris-HCl, pH 7.5, 5 mM MgCl,, 1T mM EDTA, 5 mM KCl, and 0.5
mM dithiothreitol (DTT). The results presented were obtained with His,-EIN"AGAF and similar results
were obtained also with the full-length His.-EIN" as well as after treatment of the PmrA protein with a
phosphatase (data not shown). Samples were separated on 15% SDS-polyacrylamide gels, and phos-
phorylated proteins were detected by a Pro-Q Diamond phosphoprotein gel stain (Invitrogen), according
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to the manufacturer’s instructions. Bands were quantified by densitometry of the autoradiograms using
ImageQuant.
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