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Abstract

Successful pathogens have evolved to evade innate immune recognition of microbial molecules by
pattern recognition receptors (PRR), which control microbial growth in host tissues. Upon
Legionella pneumophila infection of macrophages, the cytosolic PRR Nod1 recognizes anhydro-
disaccharide-tetrapeptide (anhDSTP) generated by soluble lytic transglycosylase (SItL), the
predominant bacterial peptidoglycan degrading enzyme, to activate NF-xB-dependent innate
immune responses. We show that L.pneumophila periplasmic protein EnhC, which is uniquely
required for bacterial replication within macrophages, interferes with SItL, to lower anhDSTP
production . L. pneumophila mutant strains lacking EnhC (4enhC) increase Nod1-dependent NF-
xB activation in host cells, while reducing SItL activity in a Aen/C strain restores intracellular
bacterial growth. Further, L. pneumophiladenhC is specifically rescued in Nod1-, but not Nod2-,
deficient macrophages, arguing that EnhC facilitates evasion from Nod1 recognition. These results
indicate that a bacterial pathogen regulates peptidoglycan degradation to control the production of
PRR ligands and evade innate immune recognition.

Introduction

The Gram-negative intracellular bacterium Legionella pneumophilais the causative agent of
Legionnaires’ disease (Fraser et al. 1977; McDade et al. 1977). Fresh water amoebae, which
support L. pneumaophila intracellular replication, form a natural bacterial reservoir that is
thought to result in selective pressure for traits contributing to virulence in the human host
(Rowbotham 1980). Disease is caused by inhalation of aerosols from fresh water supplies
followed by ingestion of the bacteria by alveolar macrophages (McDade et al. 1977). Within
all cell types, L. pneumophila resides and replicates in a membrane-bound compartment
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surrounded by endoplasmic reticulum (ER), called the Legionella containing vacuole (LCV)
(Horwitz 1983; Swanson and Isherg 1995; Kagan and Roy 2002). The L. pneumophila lcm/
Dot Type IV protein system is required for formation of the LCV (Berger and Isherg 1993;
Segal and Shuman 1997; Segal et al. 1998; VVogel et al. 1998). Over 200 different protein
substrates have been identified as having recognition sequences that allow translocation into
host cells via the lcm/Dot system (Luo and Isberg 2004; de Felipe et al. 2005; Burstein et al.
2009; Huang et al. 2010).

As most of the selective pressures that gave rise to the pathogenic potential of L.
pneumaophila resulted from growth within amoebae, L. pneumophila should not express a
cadre of proteins specific for survival in macrophages (Rowbotham 1980). The L.
pneumaophila periplasmic protein EnhC appears to be an exception to this rule (Liu et al.
2008). A L. pneumaophila AenhC strain is selectively restricted by macrophages previously
exposed to bacteria, as the mutant grows with wild type kinetics in the amoebal
Dictyostelium discoideum species (Liu et al. 2008). Possibly related to this observation, the
absence of EnhC results in a compromised bacterial envelope, which may allow selective
sensitivity to cytokine-stimulated macrophages (Liu et al. 2008).

Innate immune recognitions of microorganisms by membrane bound Toll-like receptors
(TLR) and cytosolic Nod-like receptors (NLR) are primary strategies for controlling
pathogens (Roy and Mocarski 2007; Ishii et al. 2008). At least three classes receptors are
involved in recognition and restriction of L. pneumophila in both cultured macrophages and
mouse infection models (Archer and Roy 2006; Hawn et al. 2006; Archer et al. 2009; Archer
et al. 2010). Intracellular replication of L. pneumophilais restricted in macrophages from
C57BL/6 mice, due to coordinate recognition of L. pneumophila flagellin by NLR sensors
Naip5/Bircle and Ipaf (NIrc4/Card12) (Amer et al. 2006; Molofsky et al. 2006; Ren et al.
2006; Zamboni et al. 2006; Lightfield et al. 2008). In addition, Rip2 and MyD88, critical
components of peptidoglycan (PG)-dependent Nod signaling and TLR signaling
respectively, modulate host cell responses to L. pneumophila viaNF-xB (Losick and Isberg
2006; Shin et al. 2008; Bartfeld et al. 2009). Mice defective for MyD88 function are further
impaired for restriction of L. pneumophila if they lack either the Rip2-dependent signaling
or the Naip5/Ipaf signaling, indicating that cytosolic flagellin and PG recognition synergize
with TLR signaling to allow innate immune clearing of L. pneumophilain mice (Archer et
al. 2010). Therefore, the ability of L. pneumophilato modulate production of bacterial
products that stimulate pattern recognition should alter host cell recognition of the
microorganism.

Soluble lytic murein transglycosylase (Slt), the predominant enzyme involved in PG
degradation, generates N-acetylglucosamine (GIcNAc)-1,6-anhydro-A-acetylmuramic acid
(MurNAc)-peptide (G-anhM-peptide) by cleaving the glycosidic bond between MurNAc
and GIcNAc (Holtje 1996; Park and Uehara 2008). Slt activity generates pores for insertion
of newly synthesized PG fragments or protein complexes, facilitating bacterial growth and
division. The action of all PG degradation enzymes must be strictly regulated to maintain a
critical balance between PG synthesis and degradation (Scheurwater et al. 2008). The
mammalian Nod1 protein, one of the archetypal NLR proteins, recognizes the G-anhM-
peptide generated by Slt (Chamaillard et al. 2003a; Girardin et al. 2003b; Girardin et al.
2003a; Inohara et al. 2003). In contrast, the PG-sensing pathway controlled by Nod2 does
not recognize this product (Chaput et al. 2006; Nigro et al. 2008).

Here we show that EnhC binds to the L. pneumophila Slt and interferes with its function.
The primary consequence of EnhC activity is to facilitate intracellular growth of L.
pneumaophila by reducing host cell Nod1 innate immune recognition of bacteria
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Results

L. pneumophila EnhC directly interacts with soluble lytic murein transglycosylase (Slt)

There is little information that suggests a function for EnhC, although strains lacking the
protein are osmotically unstable (Liu et al. 2008). To identify binding partners of EnhC, a
His-tagged derivative of EnhC was purified (Supplemental Fig. S1A), coupled to Affigel-10
beads, and used to isolate proteins from L. pneumophila lysates (Experimental Procedures).
With beads linked to EnhC, we identified a 66 kDa band not present after elution from
control beads (Fig. 1A). The band identified by mass spectrometry was a 606 amino acid
protein annotated as soluble lytic murein transglycosylase (Slt; Lpg0663) (Chien et al. 2004)
because it shares 29% identity to Slt of £. coli. This L. pneumophila ortholog of the £. coli
protein will be referred to as SItL and is predicted to have a periplasmic locale, consistent
with previous localization data for EnhC (Liu et al. 2008).

1dudsnueiy Joyiny [INHH

To test whether SItL directly binds EnhC, we incubated purified EnhC with Glutathione-
Sepharose beads bound to GST-SItL and the amount of EnhC retained was analyzed by
Western blot (Experimental Procedures). The majority of EnhC was pulled down by GST-
SItL, whereas only trace amounts of EnhC were left in the supernatant (Fig. 1B). No such
binding of EnhC was observed with GST beads.

The E. coli Slt enzyme, which we will refer to as SItE, shows optimal cell wall hydrolysis at
pH = 4.5 (Holtje et al. 1975). As the activity of the enzyme is measured at pH = 4.5, but the
protein likely acts in the periplasm at neutral pH, we wanted to ensure that purified SItL
(Supplemental Fig. S1B) bound to EnhC at both acidic and neutral pH, using an enzyme-
linked immunosorbent assay (ELISA). Half-maximal binding of EnhC to SItL at pH = 7.4
was obtained at an EnhC concentration of 2 nM (Fig. 1C), while the half-maximal binding at
pH = 4.5 was similar (Fig. 1D). EnhC did not bind to bovine serum albumin (BSA)-coated
plates under both tested pH conditions (Fig. 1C,1D), indicating that the observed interaction
between SItL and EnhC was not dependent on the buffer. We also measured the binding of
purified £. coli SItE (Supplemental Fig. S1C) to EnhC. Although SItE bound to EnhC at
both pH conditions (Fig.1C, 1D, dashed lines), the half-maximal binding of SItE for EnhC
was 10 fold lower than that of SItL for EnhC.

1dudsnuey Joyiny [INHH

L. pneumophila SItL catalyzes transglycosylation of L. pneumophila peptidoglycan (PG)

SItE cleaves the p-1,4-glycosidic bond between MurNAc and GIcNAc and generates an
intramolecular 1,6-anhydro bond between the C1 and C6 positions in the sugar ring of
MurNAc (Fig. 2A). If the short peptide on MurNAc is not cross-linked, then GIcNAc-1,6-
anhydro-MurNAc-tetrapeptide (anhydro-disaccharide-tetrapeptide or anhDSTP) is
produced, a species of 921 Da (Fig. 2A) (Scheurwater et al. 2008). To determine that L.
pneumaophila SItL is a lytic murein transglycosylase, PG was prepared from a lysate of L.
pneumaophila (Experimental Procedures), incubated with purified SItL in pH 4.5 buffer for
16 hr at 37°C and analyzed by high performance liquid chromatography (HPLC)
(Experimental Procedures). Incubation of L. pneumophila PG with SItL, yielded a
prominent peak that overlapped with the elution peak of pure £. co/ianhDSTP. No such
peak was observed in absence of added SItL (Fig. 2B). MALDI-TOF mass spectrometry
(MS) analysis showed that the peak fraction consisted primarily of anhDSTPeNa™ (m/z944)
and anhDSTP«K™* (m/z960) (Fig. 2C). Therefore, SItL has lytic transglycosylation activity
against L. pneumophila PG.
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L. pneumophila EnhC inhibits the enzymatic activity of L. pneumophila SltL

As EnhC directly binds to SItL, we tested whether EnhC controls the production of
anhDSTP by SItL. Purified EnhC was added to the mixture of LegionellaPG and SItL
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(Experimental Procedures) at a 1:1 molar ratio of EnhC :SItL and Slt enzymatic activity was
measured at pH = 4.5. The addition of equimolar EnhC to SItL interfered with the
production of anhDSTP during a 1 hr reaction, whereas adding the same molar amount of
GST had no effect (Fig. 3A, Supplemental Fig. S2). To characterize further the effect of
EnhC on the activity of SItL, EnhC or GST was added to SltL-catalyzed reactions and the
amount of anhDSTP product was determined over time (Experimental Procedures). The
product of each reaction was separated by HPLC and the amount of anhDSTP was plotted as
a function of the time of reaction (Fig. 3B). After 30 min. of reaction time, equimolar
amounts of SItL and EnhC generated only 30% of the product observed when SItL was
incubated in the presence of GST (Fig. 3B).

Although L. pneumaophila SItL shares 29% identity and 47% similarity with £. coli SItE,
there is no apparent EnhC ortholog in £. coli. To determine whether inhibition by EnhC is
specific for SItL, the effect of EnhC on SItE-mediated hydrolysis of L. pneumophila PG was
tested. The SItL or SItE preparations were incubated with L. pneumophila PG for 16 hr and
the production of anhDSTP by SItL or SItE was quantified (Fig. 3C). As expected, SItE was
active on L. pneumophila PG and released anhDSTP from L. pneumophila PG.
Nevertheless, the generation of anhDSTP by SItL appeared more robust than that by SItE,
suggesting a lower activity of SItE on L. pneumophila PG. To examine whether EnhC
inhibits SItE, L. pneumophila PG was incubated with SItE for 1hr with or without EnhC
added (Fig. 3D). There was no effect on the production of anhDSTP. On the other hand,
adding equimolar amounts of EnhC to SItL still caused about 50% reduction of anhDSTP
during a 1hr reaction (Fig. 3D). This result supports the idea that EnhC shows species
specificity for inhibition of Slt activity.

Misregulation of SItL results in enhanced NF-kB activation and depressed growth within
macrophages

To determine if the observed lowered intracellular growth was the consequence of a
hyperactive SItL protein, we constructed deletions of s/fL (Supplemental Fig. S3). The As/tL
mutant was elongated relative to the wild type strain, grew slowly in broth culture and could
not reach post-exponential phase, which is required for optimal intracellular infection. This
prevented analysis of intracellular growth, so strains overexpressing SItL were analyzed
(Supplemental Fig. S3, WT/ps/tL*). Within mouse bone marrow derived macrophages
(BMDM), an SltL-overexpressing strain showed growth defects that were strikingly similar
to the AenhC mutant, (WT/ps/tL*; Fig. 4A). Furthermore, over-expression of SItL in the
AenhC mutant (AenhClpsitL™; Fig. 4A) enhanced the intracellular growth defect of AenhC,
indicating that the depression in intracellular growth was proportional to the level of SItL in
the cell.

SItL generates the iE-DAP moiety (Fig. 2A), which activates host cell NF-xB response via
the Nod1 sensor (Magalhaes et al. ; Chaput et al. 2006; Fritz et al. 2006; Hasegawa et al.
2006; Benko et al. 2008; Nigro et al. 2008). Unregulated SItL should result in excess
anhDSTP, consequently triggering a Nod1-dependent NF-xB response (Viala et al. 2004).
To test this hypothesis, activation of NF-xB in HEK 293T cells challenged with L.
pneumaophila was quantified by measuring luminescence produced by an NF-xB driven
luciferase reporter (Experimental Procedures). L. pneumophila overexpressing SItL (WT/
ps/tL*; Fig. 4B) or lacking EnhC (AenhC, Fig. 4B) caused hyperactivation of NF-xB when
compared to controls (WT or WT/pJB908, Fig. 4B). Therefore, overexpression of SltL
mimics a strain lacking EnhC in regard to NF-xB activation.

To examine whether hyperactivation of NF-xB was dependent on peptidoglycan sensing by
Nod1, siRNA knockdown of Nod1 was performed (Experimental Procedures). Depletion of
Nod1 in HEK 293T cells was confirmed by Western blot (Supplemental Figure, Fig. S3,
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pSiNod1construct2). As shown in Figure 4C, NF-xB activation elicited by the challenge of
WT bacteria was reduced by 50% in cells depleted of Nod1 (SiNod1) compared to cells
having a control siRNA knockdown (SIEGFP). Therefore, a significant portion of NF-xB
activation in response to L. pneumophila was triggered via Nod1l. Strikingly, hyper-
activation of NF-xB in response to either the AenhC strain or the strain overexpressing SItL
(WT/ps/tL*) was abolished in cells knocked down with SiNod1 (Fig. 4C). Hyperactivation
by the AenhC strain could also be reversed by introducing enAC on a plasmid (AenhCl
penhC*; Fig. 4B and 4C). To determine if a similar increase in NF-xB activation could be
seen in bone marrow macrophages, activation was measured using a different assay (Losick
and Isberg 2006), quantitating the fraction of infected C57BL/6 /myad88~~ macrophages that
had observable NF-xB p65 nuclear translocation. Bacterial strains used here were AflaA
(flagellin deficient) to prevent the Naip5/Bircle signaling that occurs in the C57BL/6 mouse
background. This assay did not detect an increase in p65 translocation when macrophages
from myd88~~ mice were used to limit the TLR signaling contribution (Fig. 4D). This is
either because these two readouts show different levels of sensitivity to changes in NF-xB
activation, MyD88 signals that collaborate with Nod1 in HEK 293T cells could not be
detected in these macrophages, or else the Nod1-dependent response observed in the HEK
293T is independent of NF-xB activation. The latter model will be treated in the Discussion.

Inhibition of SItL by EnhC is required to suppress Nod1l-dependent NF-kB activation
induced by L. pneumophila

To further demonstrate that lack of inhibition of SItL by EnhC is responsible for the
phenotype of the AenhC mutant, we tested whether lowering Slt activity in L. pneumophila
could bypass the EnhC requirement. As L. pneumophilaAsitL was defective for growth in
broth culture, deleting s/fL in a strain lacking EnhC was not feasible. Instead, s/fL was
substituted with £. coli s/tE gene on the L. pneumaophila chromosome to generate a new
strain predicted to have lowered St activity (MLL1001; As/tL::s/tE*) (Fig. 5A). The SItE
protein had lowered activity on L. pneumophila PG (Fig. 3C) and transcription of s/fEin L.
pneumophila was about 20% that of s/fL as monitored by gRT-PCR (Experimental
Procedures; Supplemental Fig. S4). When the As/tL..s/tE” strain was used to challenge
mouse BMDMs, it had the same intracellular growth rate as WT L. pneumophila, indicating
that there was sufficient Slt activity to support growth in a number of conditions (Fig. 5B).
This predicts that altering Slt activity in L. pneumophila should make EnhC dispensable for
intracellular growth and normal level of Nod1-dependent NF-xB activation. To test this
hypothesis, the As/tL.:sltE* replacement was moved into a AenhC background
(Supplemental Fig. S4). Nod1-dependent NF-xB activation in response to the AenhC
ASsItLsItE” strain was similar to that observed for either WT bacteria or the As/tL . sItE*
strain (Fig. 5C), indicating that hyperactivation resulting from loss of EnhC was dependent
on having a wild type s/tL allele.

Nod1 and products of soluble lytic transglycosylase are responsible for the intracellular
growth defect of the AenhC mutant

To evaluate the importance of EnhC and the reduced Nod1 sensing resulting from the
presence of EnhC, we monitored the intracellular growth of a variety of Legionella strains.
Intracellular growth of the AenhC mutant is known to be restricted at a time point roughly
corresponding to 24-48 hr post-infection (hpi) (Liu et al. 2008). To test whether the
restriction of AenhC strain was due to an inability to regulate the activity of SItL,
intracellular growth in BMDM s of both the AenAC and the AenhCAsItL . sItE” strains was
monitored (Fig. 6A). The AenhC mutant replicated at the same rate as WT in the first round
of intracellular growth (24 hpi) and showed a defect in growth at 48 hpi, consistent with
previous observations (Liu et al. 2008). In contrast, the AenhC strain harboring the
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As/tL ::s/tE* replacement grew as well as WT at 48 hpi (Fig. 6A). This result is consistent
with the dependence of the intracellular growth defect of AenhC on the s/tallele.

Results from Figs 5C and 6A indicated that reduced production of anhDSTP caused by a
low level of Slt was responsible for rescue of the AenhC mutant. To examine this further,
we tested whether overexpression of s/f£ had a similar phenotype to overproduction of SItL.
Plasmid-borne s/t£ was introduced into the AenhC As/tL::s/tE* replacement strain, and
overexpression of s/tE'was confirmed by gRT-PCR (Supplemental Fig. S4). Overexpression
of s/tEreduced intracellular growth at 48 hpi (Fig. 6B; AenhC AsltL.:sltE*IpsItE’). The
presence of an intact enAC gene did not alter these results, as the EnhC* replacement strain
overproducing SItE also showed a significantly reduced intracellular growth at 48 hpi (Fig.
6C; As/tL sItE*IpsltE). These results are consistent with unregulated production of
anhDSTP being responsible for the intracellular growth defect of AenAC. Furthermore, it is
unlikely that the mutant phenotype of a AenhC strain is due to SItL having a unique activity
not catalyzed by SItE.

As Slt activity appears tightly linked to the phenoytpe of a AenhC strain, we tested whether
EnhC promotes intracellular growth of L. pneumophila by limiting Nod1 sensing of
anhDSTP. Therefore, the intracellular growth of the mutant lacking EnhC was examined in
BMDM s from C57BL/6 mice having the Nod1™~, Nod2~~ and RIP2~/~ (defective for both
Nod1 and Nod2 signaling) genotypes. All bacterial strains used in this assay were AflaA
(flagellin deficient) to prevent the Naip5/Bircle signaling that occurs in the C57BL/6 mouse
background (Supplemental Fig. S5). In macrophages prepared from either RIP2 or Nod1
knockout mice, defective intracellular growth due to the AenhC mutation was no longer
apparent (Fig. 7; for nod1™~, P < 0.61; for rjp2™~, P < 0.64 by unpaired Student’s £test). In
contrast, the growth defect of AenhC was maintained in the Nod2 knockout macrophages,
which, unlike Nod1~/~ and RIP2"~ macrophages, still retain the ability to recognize
anhDSTP (P< 0.002). These observations support the model that EnhC promotes
intracellular growth of L. pneumophila by interfering with Nod1 signaling.

Discussion

In this study we showed that EnhC modulates the activity of SItL transglycosylase,
generating the identical anhydro-disaccharide-tetrapeptide (anhDSTP) produced by E. coli
soluble lytic transglycosylase. EnhC binding to L. pneumophila SItL interferes with PG
degradation, indicating that mutants lacking EnhC likely increase the amount of anhDSTP
available to host cells. Negative regulation of SItL by EnhC provides an explanation for the
previous observation that the absence of EnhC results in enhanced sensitivity to a variety of
stress-inducing reagents (Liu et al. 2008). Presumably, unregulated SItL results in a loss of
PG integrity.

The negative regulation of SItL activity by EnhC allows growth phase control of
peptidoglycan degradation. The levels of SItL protein are similar at all phases of L.
pneumophila growth (Supplemental Fig. S5), whereas EnhC is highly expressed in post-
exponential phase (Liu et al. 2008). During growth and division of L. pneumophila,
expression of SItL in the absence of EnhC may allow modulation of PG structure,
facilitating septation (Heidrich et al. 2002) and insertion of protein complexes in the cell
envelope (Koraimann 2003). When growth slows and bacteria enter post-exponential phase,
PG turnover becomes less important, and cell envelope integrity becomes paramount.
Although the transglycosylase could be regulated by proteolytic turnover, the presence of an
inhibitory protein offers a clear advantage. Proteolysis could remove the entire pool of SItL
from the periplasm, reducing enzyme concentration below the basal level necessary for
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maintaining PG homeostasis. In contrast, modulation by a protein inhibitor allows basal
levels of enzyme activity controlled by the concentration of EnhC.

Association of soluble lytic transgycosylase with periplasmic proteins has been
demonstrated previously. Slt from Pseudomonas aeruginosa has been found to associate
with PG synthase-PBP2 (Legaree and Clarke 2008) and Slt from Brucella suis was found to
interact with protein complexes of the Type 1V secretion system (Hoppner et al. 2005). Such
physical associations could, in the first case, allow coordination of PG degradation and
synthesis. In the second example, the association of Slt with the Type IV secretion system
may facilitate the assembly of this complex, allowing it to extend through PG layers by
generating space for its insertion (Koraimann 2003).

The data from the HEK 293T cell reporter assay are consistent with the Nod1 effects
associated with the en2C~ mutant being mediated v7a an NF-xB-dependent pathway. In
contrast, the link between NF-xB activation and Nod1 restriction in bone marrow
macrophages is not as clear. Although Nod1 was required to selectively restrict the enhC~
mutant in bone marrow macrophages, we did not observe enhanced kinetics of p65
translocation in response to the mutant bacterium (Fig. 4D). This is consistent with Nod1-
restriction acting v/a an alternate pathway in macrophages. It is now apparent that restriction
of bacterial growth resulting from Nod1 activation can occur independently of NF-xB
activation, as Shigella flexneriinfection stimulates a Nod1-associated NF-xB-independent
antimicrobial response that recruits a subset of cellular autophagy components (Travassos et
al. 2010). A similar strategy for restriction of L. pneumophila growth may be occurring in
macrophages, so that Nod1 activation results in different responses in different cell types.

The Nod1 response is stimulated by a variety of microorganisms (Girardin et al. 2001; Kim
et al. 2004; Viala et al. 2004; Travassos et al. 2005; Nigro et al. 2008; Archer et al. 2010),
arguing that EnhC impinges on an important arm of innate immunity. Pathogenic bacteria
manage to escape from Nod sensing using a variety of strategies, including modifying PG
components, changing the composition of PG and efficiently recycling muramylpeptides
back to the bacterial cytosol (Chamaillard et al. 2003b; Psylinakis et al. 2005; Chaput et al.
2006; Boneca et al. 2007; Davis et al. 2008; Nigro et al. 2008). Our data present another
strategy, which is to inhibit the major enzyme generating anhydro-muramylpeptides.

Nod1 signaling is associated with immune surveillance in multicellular eukaryotes, so the
selective pressures that resulted in the retention of EnhC function are not obvious. It is
thought that the pressures that sculpted the L. pneumophila genome selected for a bacterium
able to grow in a wide variety of amoebal species. Consistent with this model, there is little
evidence for L. pneumaophila directly interfering with host innate immune sensing pathways
(Shin et al. 2008), and it seems unlikely that the mammalian host immune system exerted
selective pressure. Rather, the enhanced stress resistance conferred by EnhC on post-
exponential phase bacteria is probably the primary selective advantage for retention of this
gene. Alternatively, EnhC may be important for survival in the presence of killing strategies
used by an amoebal host that is found in the environment but not interrogated in this work.

For bacteria with access to host cell cytosol, such as Shigella flexneri, muramylpeptides
resulting from PG turnover can be shed directly into cytosol and detected by Nod1 (Nigro et
al. 2008). For bacteria residing in vacuoles, such as L. pneumophila, it is unclear how
hydrophilic muramylpeptides can cross the vacuolar membrane and be sensed by Nod1.
Presentation of Helicobacter pylori muramylpeptides to cytosolic Nod1 is dependent on the
CagPAl-encoded Type IV secretion system (Viala et al. 2004), so it is possible that
muramylpeptides from L. pneumophila could be presented through the lcm/Dot secretion
system. Strains defective for Icm/Dot show very low activation of NF-xB in HEK 293T

Cell Host Microbe. Author manuscript; available in PMC 2013 June 11.



1dudsnueiy Joyiny [INHH

1dudsnuey Joyiny [INHH

L
L
=
>
=
=
e
<
)
S
c
*
Q
5

Liuetal.

Page 8

cells (Losick and Isberg 2006), indicating that muramylpeptide stimulation of host cells
requires a functional Type IV secretion system. In further support of this model, both NF-xB
activation and activation of multiple MAP kinases by the Nod signaling pathway require the
Icm/Dot system (Shin et al. 2008). It seems likely that release via lcm/Dot might act as the
mechanism for PG presentation.

It is not clear how Nod1 recognition leads to restriction of L. pneumophila. Nod1
recognition can trigger a variety of host immune responses, including macrophage priming
and the production of various cytokines, chemokines and antimicrobial peptides, as well as
autophagic response described above (Boneca 2005; Chaput and Boneca 2007; Travassos et.
2010). Previous work has shown that Nod1 activity plays a role in interfering with bacterial
survival in the presence of a variety of cell types, including fibroblasts (Travassos et al.
2005) and bone marrow-derived dendritic cells (Le Bourhis et al. 2009). In addition, Nod1
controls the expression of a subset of B-defensin anti-microbial peptides (Grubman et al.
2010). Strategies such as these, combined with the inherent increased instability of the
bacterial cell wall, could contribute to the reduced yield of the enhC~ mutants when exposed
to macrophages.

In summary, our work uncovers a mechanism for regulating the activity of soluble lytic
transglycosylase. This mechanism allows high viability of L. pneumophilain the presence of
increased stress and allows the integrity of the bacterial envelope to be maintained during
post-exponential phase in which a large number of bacterial products are poised to be
deposited in host cells.

Experimental Procedures

Bacterial strains, plasmids, reagents and cell culture

All bacterial strains and plasmids used in this work are listed in Table 1. All PCR primers
are listed in Supplementary Table S1. Charcoal Yeast Extract agar (CYE) and ACES
buffered Yeast Extract (AYE) broth were used to cultivate Legionella pneumophila in
culture as described (Feeley et al. 1979; Berger and Isberg 1993). Thymidine was added at a
concentration of 100 p.g/ml when needed.

Plasmids were constructed as described in Supplemental Data. pHis-SItE (pMLD204) was a
kind gift of Dr. Dominique Mengin-Lecreulx (University Paris-Sud, Orsay, France).

Mouse bone marrow derived macrophages (BMDM) were prepared from the femurs of
female A/J mice (Jackson Laboratories) or mouse strains-RIP27/~, Nod-1 ~~, and Nod-2 =/~
(generous gifts of Dr. Koichi S. Kobayashi, Dana Farber Cancer Center, Boston, MA)
(Dietrich et al. 1995) and cultivated in RPMI 1640 (Invitrogen-Gibco) with 10% heat-
inactivated fetal bovine serum(FBS) (Gibco). HEK 293T cells (ATCC CRL-11268) were
passaged in high glucose DMEM media containing 4.5g/L D-Glucose (Cat. 11995,
Invitrogen-Gibco) supplemented with 10% heat-inactivated Hyclone FBS (Thermo
Scientific).

Affinity Chromatography from Legionella lysates

200 ml of post-exponential phase (Aggg = 3.7~3.9) motile Legionella pneumophila culture
was pelleted at 9,000 x g for 15 min at 4 °C, then resuspended in 10 ml ice-cold lysis buffer
(PBS, 1 mM B-mercaptoethanol [B-ME], protease inhibitor cocktail [Roche]) and lysed by
French press at 1000 psi (Thermo Electron) and cleared by 2x centrifugation at 10,000 x g.
Lysate from approximately 7.4 x 1010 bacteria, was incubated with 75 I Affigel-10 beads
linked to approximately 90 g EnhC for 12 hr at 4°C. Beads were washed 4 or 5 times with
ice-cold lysis buffer, resuspended in 12 .l SDS sample buffer, and boiled for 5 min and
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analyzed by 10 % SDS-PAGE and silver staining (Invitrogen). Proteins were isolated from
gels and analyzed by high-performance liquid chromatography/mass spectrometry (HPLC/
MS) (Tufts University proteomics core facility).

Recombinant protein purification, anti-SItL antibody production and assay for binding of
purified proteins

Details of protein purification are found in Supplemental Data. Purified SItL was injected
into rabbits to raise anti-SItL serum (Pocono Rabbit Farm and Laboratory Inc.). Anti-SItL
antibody recognized a single protein band with predicted size from LP02 (WT) extract using
dilution of 1: 5000 when 5 x 107 bacteria were loaded, but did not recognize any protein
from As/fL extracts. To analyze binding to SItL, purified EnhC was incubated with GST-
SItL bound to GS beads for 12 hr at 4°C. Beads were washed 4 times with PBS, then
resuspended and boiled in SDS sample buffer before analysis by Western blot with
polyclonal antibody specific for EnhC (1: 10,000 dilution) (Liu et al. 2008).

1dudsnueiy Joyiny [INHH

Quantitative measurement of Slt and EnhC interaction

Interactions between purified EnhC and either purified SItL or purified SItE were measured
using ELISA. Each well of ELISA plates (Linbro) was coated with 100 .l of 200 nM SItL
or SItE or BSA in PBS at 4°C for over night. Wells were washed three times with PBS, then
were blocked with 3% BSA in PBS at 4°C for over night. Wells were washed once with
PBS before probing with sequential 3-fold dilutions of EnhC starting at a concentration of
1500 nM in either PBS buffer (pH =7.4) or PBS supplemented with 0.01 M sodium acetate
(pH =4.5) and 0.05 M MgClI; for 2 hr at room temperature. Wells were washed six times
with PBS. EnhC bound to wells was detected by probing wells with rabbit anti-EnhC
polyclonal antibody (Liu et a/., 2008) for 90 min at room temperature. Wells were subjected
to 6 washes with PBS before probing with goat anti-rabbit 1gG conjugated to alkaline
phosphatase (Zymed-Invitrogen) for 90 min at room temperature. Wells were washed 6
times with PBS before phosphatase activity was detected with 3 mM PNPP (Sigma 104
phosphatase substrate, Sigma) in 0.05 M Na,COs3 (pH = 8.5) and 0.05 mM MgCls,. The
reactions were stopped with 0.2 M NaOH after about 25 min.
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Preparation of peptidoglycan (PG) from Legionella pneumophila

Peptidoglycan was prepared as described (Uehara and Park 2003). Further details on its
isolation can be found in Supplemental Materials.

Digestion of L. pneumophila peptidoglycan (PG) by soluble lytic transglycosylase (Slt) and
high performance liquid chromatography (HPLC) analysis

50 pg of L. pneumophila PG was incubated with about 3 g of purified L. pneumophila or
E. coli Slt in 100 pl of reaction buffer (10 mM NaAc [pH=4.5], 50 mM MgCl,) at 37°C.
The undigested PG was cleared by ultracentrifugation at 130, 000 x g for 55 min and the
supernatant was separated by Sunfire™ C18 reverse-phase column (4.6 x 150 mm; particle
size, 5 um; Waters Co., Milford, MA) using a Waters 1525 binary HPLC pump. The column
was equilibrated by solvent A at a flow rate of 0.5 ml/min for 15 min. Then samples were
injected and separated at a flow rate of 0.5 ml/min with a linear gradient of 0 to 10% solvent
B over a period of 5 min, followed by a linear gradient of 10 to 50% solvent B over a period
of 25 min. Solvent A: 25mM formic acid (HCOOH), 12.5mM ammonium hydroxide
(NH4OH), pH = 3.75. Solvent B: 25mM HCOOH, 12.5mM NH40H and 80% Methanol
(MeOH). For mass spectrometry (MS), 150 g of PG instead of 50 j.g was digested for 16
hr and separated by HPLC. The main fraction was collected, lyophilized, and identified by
MS with a Voyager DE Pro matrix-assisted laser desorption ionization—time-of-flight
(MALDI-TOF) mass spectrometer (Applied Biosystems) at Tufts University Core Facility.
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NF-kB activation assays

For NF-xB activation, assays in HEK293T cells were performed as described, challenging
cells with bacteria for 8 hours at MOI = 0.05 or = 1 (Losick et al. 2010). For NF-xB assays
in siRNA-treated HEK293T cells, cells were transfected with 100ng endotoxin-free psiRNA
(ie SIEGFP or SiNod1) per well using 0.25u1 Lipofectamine 2000 in total 50l OPTI-MEM.
After 20 hrs, cells were observed under fluorescence microscope to ensure there was
efficient transfection by determining that greater than 75% of the cells showed GFP
fluorescence. Media were changed and cells were transfected with endotoxin-free pNF-xB-
luciferase reporter plasmid (Losick et al. 2010). 18 hrs later, cells were infected with
bacteria at M.O.1. = 1. L. pneumophila uptake into HEK293T cells was monitored in all NF-
kB assays to ensure that the NF-xB activation measurements were not affected by bacterial
load. For p65 translocation assays, bone marrow macrophages were challenged with bacteria
at M.O.1. = 1.0 and p65 nuclear translocation was determined by indirect
immunofluorescence microscopy, probing fixed cells with anti-p65 (Losick and Isberg
2006). 100 cells per coverslip were counted visually.
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Nod1 psiRNA constructs and assay for testing the efficiency of knockdown constructs

Construction of siRNA plasmids can be found in Supplemental Data. To test the knockdown
efficiency of psiNodl, HEK293T cells were cotransfected with 10ng pmyc-Nod1 and 200ng
of psiEGFP or psiNod1. 48 hrs later, cells were lysed and analyzed by Western blot with
anti-myc to determine steady state protein level of myc-Nod1.

Quantitative Real-time PCR (QRT-PCR) assay of slt transcripts in L. pneumophila

Primers for QRT-PCR are listed in Supplemental Table 2. RNA and genomic DNA (gDNA)
from L. pneumophila were extracted using the RNeasy and DNeasy miniprep kits (Qiagen).
QRT-PCR reactions were set up in 96 well polypropylene plates (Strategene) using real-time
PCR machine Mx3005 model (Strategene). DNA-free RNA samples in the absence of
reverse transcriptase incubation were also included in QRT-PCR to ensure that there was no
gDNA contamination in cDNA samples. All QRT-PCR reactions were normalized with 16s
ribosome RNA as the internal control. Means + s.d. were generated from triplicate QRT-
PCR reactions.

1dudsnuey Joyiny [INHH

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. L. pneumophila EnhC directly binds L. pneumophila soluble lytic peptidoglycan
transglycosylase (SIitL)

(A) SItL specifically binds EnhC-coated beads. Lysates of L. pneumophila were incubated
with EnhC-Affigel beads. Bound proteins were released from the beads by boiling in SDS,
separated by 10 % SDS-PAGE and visualized by silver staining (Experimental Procedures).
Left lane: L. pneumophila extract incubated with control Affigel; Middle lane: L.
pneumaophila extracts incubated with EnhC-Affigel; Right lane: boiled beads from buffer
incubated with Affigel-EnhC. (B) EnhC directly binds SItL. GST-SItL- or GST-Glutathione-
Sepharose beads were incubated with purified EnhC and proteins associated with the beads
were analyzed by Western blot using anti-EnhC. T: Total input of EnhC; B: EnhC bound to
beads; S: EnhC in the supernatant after incubation with beads. (C) EnhC binds L.
pneumaophila St (SItL) with higher affinity than £. coli Slt (SItE). ELISA plates coated with
SItL or SItE or BSA were probed with increasing concentrations of EnhC. Shown are mean
+/- standard deviation (s.d.) of triplicate wells. The experiment was repeated 3 times. (D).
High affinity binding of SItL is maintained at pH = 4.5. Experiment performed exactly as in
panel C, probing wells coated with proteins noted in the legend. See also Fig. S1.
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Figure 2. Transglycosylation of L. pneumophila peptidoglycan (PG) by SitL

(A) Slt cleaves the p-1,4-glycosidic bond between MurNAc and GIcNAc in the glycan
strand and generates an intramolecular 1,6-anhydro linkage between the C1 and C6 positions
in the sugar ring of MurNAc, releasing GIcNAc-1,6-anhydro-MurNAc-tetrapeptide (MW =
921Da). (B) Identification of a product generated by SItL incubation with PG. L.
pneumophila PG was incubated with SItL and subjected to HPLC (black line). The elution
time of purified GIcNAc-1,6-anhydro-MurNAc-tetrapeptide (anhDSTP) is indicated by the
asterisk and overlaps with the SItL product (inserted image). (C) Peak in 2(B) was subjected
to MALDI-TOF mass spectrometry. Four forms of modified anhDSTP were identified.
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Figure 3. EnhC specifically inhibits the enzymatic activity of L. pneumophila SitL

(A) EnhC interferes with SItL activity. Equimolar amounts of EnhC and SItL were incubated
with L. pneumophila PG at pH = 4.5 and production of anhDSTP was monitored by HPLC
fractionation. (B) EnhC causes severe reduction in the level of anhDSTP produced by SItL.
EnhC or GST was added to SItL in equimolar amounts and the production of anhDSTP was
followed over time. (C) £. coli SIE cleaves L. pneumophila PG. SItE was incubated with L.
pneumaophila PG for 16 hr and the amount of anhDSTP was quantified based on the HPLC
elution peak of anhDSTP. Means +/- s.d. from triplicate reactions are shown. (D) EnhC
does not interfere with SItE activity. Displayed is the amount of SItE activity in the presence
of EnhC compared to its absence. Production of anhDSTP was determined as in panel A.
Data represent the mean value from two independent reactions for a typical experiment. See
also Fig. S2.
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Figure4. Overexpression of SItL resultsin aberrant Nod1-dependent NF-xB activation and
defectiveintracellular growth in host cells

(A) Overexpression of SItL is detrimental to the intracellular growth of L. pneumophilain
mouse bone marrow derived macrophages (BMDMs). Fold growth = (CFU at 48 hr post-
infection)/(CFU at 2 hr post-infection). WT: L. pneumophila LP02; AenhC. MLL101; WT/
ps/tL*: MLL801; AenhChsltL*: MLL901; pJB908: empty vector. ***: P <0.0005; **: P <
8.17E-06; *: P <0.005. (B) Overexpression of SItL stimulates NF-xB activation in
HEK293T cells challenged by L. pneumophila. AenhChenhC*: MLL201. NF-xB activation
was measured using luciferase fused to NF-xB sensitive promoter (Experimental
Procedures). Data are represented as luciferase units from infected samples/ luciferase units
in uninfected controls. **: £< 0.003; *: £< 0.003. (C) Overexpression of SItL causes Nod1-
dependent NF-xB activation. NF-xB activation was measured as above in HEK293T cells
depleted of Nod1 (SiNod1) or with control (SIEGFP). Fold activation = luciferase units from
infected samples/ luciferase units of uninfected sample. **: £< 0.002; *: £< 0.004. See also
Fig. S3. (D)Time course of p65 translocation. Bone marrow macrophages from C57BL/6
mya88~~ mice were challenged with noted bacterial strains at MOl = 1 and NF-xB p65
nuclear localization was determined (Losick and Isberg 2006). For panels A and D, mean +/
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- s.d. from 3 samples are shown. For panel B and C, means +/- s.d. from 6 samples are
shown. Pvalue was calculated by unpaired two-tailed Student’s #test.
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Figure 5. The AenhC phenotyperequires SIitL function

(A) Construction of L. pneumophila strain with s/tL replaced by s/tE (MLL1001;
AsltL . sltE). A DNA fragment containing the ORF of s/t flanked by L. pneumaophila
chromosomal DNA was cloned into suicide vector pSR47S. Selection for integration and
recombination is as described (Experimental Procedures). (B) MLL1001 (As/tL . :sItE")
grows as well as WT in mouse bone marrow derived macrophages (BMDMs). The
intracellular growth of L. pneumophila was monitored by measuring CFU every 24 hr
during a 3 day incubation (Experimental Procedures). (C) Replacement of s/tL with s/tE
bypasses the AenhC defect. NF-xB activation was determined by luciferase reporter assay.
WT: LP02. AenhC: MLL101. As/tL.:sltE*: MLL1001. AenhC AsltL.:sltE*: MLL1101. *: P
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< 0.001. For panel B and C, a representative experiment is shown; experiment was repeated
3 times. For panel B, means +/- s.d. from 3 samples are shown. For panel C, means +/- s.d.
from 6 samples are shown. Pvalue was calculated by unpaired two-tailed Student’s #test.
See also Fig. S4
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Figure 6. Theinhibition of SIitL by EnhC promotesintracellular growth of L. pneumophila

(A) Replacement of s/tL bypasses the AenhC defect for intracellular growth. WT: LPO2;
AenhC. MLL101; AenhC AsltL:sltE*: MLL1101. *: P <0.003. (B) Overexpression of SItE
in the absence of EnhC and SItL causes an intracellular growth defect. pJB908: empty
vector. WT/pJB908: MLL221; AenhC AsltL . :sitE*IpJB908: MLL1101/pJB908; AenhC
ASItLsItE psltEY: MLL1301. *: P< 0.01; **: P <0.012. (C) Overexpression of SItE in the
presence of EnhC causes an intracellular growth defect. As/tL.s/tE*pJB908: MLL 1001/
pIB08; AsftL . :sitE IpsltET: MLL1201. *: P <0.008; **: P <0.0004. For all panels, a
representative experiment is shown and the experiments were repeated 3 times. Means +/-
s.d. from triplicate samples are shown. Pvalue was calculated by unpaired two-tailed
Student’s #test.
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Figure 7. The absence of Nod1 allows proficient growth of the AenhC strain

C57BL/6J bone marrow derived macrophages from the indicated knockout mice were
challenged with L. pneumophilaand intracellular growth was determined by plating for
CFU after 48 hrs incubation. Af/aA strains were used to prevent the Naip5/Bircle signaling
that occurs in the C57BL/6 mouse background. AflaA: MLL099; AflaA AenhC. MLL111.
**. P <0.001; *: P <0.03. A representative experiment is shown and the experiment was
repeated 3 times. Data are expressed as mean +/- s.d. from triplicate samples. Pvalue was
calculated by unpaired two-tailed Student’s #test. See also Fig. S5.
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Bacterial strains and plasmids used in this work

Table 1

Strain/plasmid
pSRA47s oriTRP4
pJB908

pKB5

pGE148
pML701
pMLD204
pML101
pML201
pML301
pML601
pML801
pML1001
pML1201
LPO2

LPO3

MLL099
MLL101
MLL111
MLL201
MLL211
MLL221
MLL301
MLL601
MLL611
MLL801
MLL901
MLL1001
MLL1001/pJB908
MLL1101
MLL1101/pJB908
MLL1201
MLL1301

Genotype/ relevant characteristics
0riTpy OriPgg, SacB KanR suicide vector
PMMBG66EH 0riPgrsr1010 AoriT bla* tdA/l
PMMBG66EH 0riPRSF1010 tdAi bla*
pQE-32-His-tagged EnhC
pGEX-6P-1-GST-tagged L. pneumophila
pET-His-tagged £. coli Slt

pSRA47s AenhC

pJB908enhC*

pSR47s AsltL

pKB5s/tL*

pJB908s/L*

PSR47s As/tL :: sItE*

pJB908s/tE

Philadelphia-1 rpsL hsdR thyA™
LP02 dotA03

LP02AflaA

LP02A4ennC

LP02AflaAAenhC

LP02 AenhClpML201

LP02 AenhClpJB908

LP02/pJB908

LP02As/tL

LP02As/tL | pML601

LP02As/tL | pKB5

LP02/pML801

LP02 AenhClpML801

LPO2 As/tL :: sltE*

LP02 As/tL :: sltE'/pJB908
LP02AenhC AsltL :: sltE
LP02AenhC AsltL :: sltE*IpJB908
LP02 As/tL :: sltE*/pML1201
LP02AenhC AsltL :: sltE*/[pML1201

Reference

(Rankin et al. 2002)
(Laguna et al. 2006)
(Berger and Isberg 1993)
(Liu et al. 2008)

Slt this study
(Stenbak et al. 2004)
(Liu et al. 2008)
(Liu et al. 2008)
this study

this study

this study

this study

this study

(Berger and Isberg 1993)
(Berger et al. 1994)
(Ren et al. 2006)
(Liu et al. 2008)
this study

(Liu et al. 2008)
(Liu et al. 2008)
(Liu et al. 2008)
this study

this study

this study

this study

this study

this study

this study

this study

this study

this study

this study
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