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ABSTRACT: Within protozoa or human macrophages Legionella pneumo-
phila evades the endosomal pathway and replicates within an ER-derived
vacuole termed the Legionella-containing vacuole (LCV). The LCV
membrane-localized AnkB effector of L. pneumophila is an F-box protein
that mediates decoration of the LCV with lysine48-linked polyubiquitinated
proteins, which is essential for intravacuolar replication. Using high-
throughput LC−MS analysis, we have identified the total and
ubiquitinated host-derived proteome of LCVs purified from human
U937 macrophages. The LCVs harboring the AA100/130b WT strain
contain 1193 proteins including 24 ubiquitinated proteins, while the ankB
mutant LCVs contain 1546 proteins with 29 ubiquitinated proteins.
Pathway analyses reveal the enrichment of proteins involved in signaling,
protein transport, phosphatidylinositol, and carbohydrate metabolism on
both WT and ankB mutant LCVs. The ankB mutant LCVs are
preferentially enriched for proteins involved in transcription/translation and immune responses. Ubiquitinated proteins on
the WT strain LCVs are enriched for immune response, signaling, regulation, intracellular trafficking, and amino acid transport
pathways, while ubiquitinated proteins on the ankB mutant LCVs are enriched for vesicle trafficking, signaling, and ubiquitination
pathways. The complete and ubiquitinated LCV proteome within human macrophages illustrates complex and dynamic
biogenesis of the LCV and provides a rich resource for future studies.
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■ INTRODUCTION

Legionella pneumophila is a facultative intracellular pathogen
that causes a severe form of pneumonia termed Legionnaires
disease.1 L. pneumophila is primarily found in freshwater
environments where it infects a wide array of amoeba host.2,3

Through adaptation to the amoeba host, L. pneumophila has
evolved elaborate mechanisms to replicate within amoeba and
human macrophages.2,4 Upon inhalation of L. pneumophila-
containing aerosols, L. pneumophila enters alveolar macro-
phages, where it evades the endocytic pathway and resides in a
rough endoplasmic reticulum-derived vacuole referred to as the
Legionella-containing vacuole (LCV).1,5,6

Biogenesis of the LCV is governed by the Dot/Icm Type IV
secretion system7,8 that delivers ∼300 effector proteins into the
host cell.9−11 This repertoire of effector proteins manipulates a
myriad of host cellular processes including evasion of lysosomal
fusion, modulation of host cell pro-apoptotic and antiapoptotic
pathways, and acquisition of nutrients through manipulation of
host cell proteasome machinery.1,6,11−14 Loss of single
translocated Dot/Icm substrates rarely causes a detectable
defect in intravacuolar proliferation of L. pneumophila.11,15

However, intracellular replication in amoeba and human

macrophages is dependent on the eukaryotic-like F-box effector
protein AnkB in the AA100/130b and the Paris strain16,17 but
not in the Philadelphia-derived Lp02 strain.18 Despite the
presence of at least four additional F-box effector proteins in L.
pneumophila, the AnkB effector is essential for polyubiquitina-
tion of the LCV.17−19 AnkB is Dot/Icm-translocated and is
anchored into the LCV membrane through host-mediated
farnesylation,20,21 where the F-box domain of AnkB directly
interacts with the host SCF1 (SKP1/CUL1/F-box) E3
ubiquitin ligase complex17−19 on the LCV membrane,22 to
promote lysine48-linked polyubiquitination of the LCV.13 In
human cells and amoeba, the lysine48-linked polyubiquitinated
proteins on the LCV are degraded through ubiquitin-depend-
ent proteolysis by the proteasome, generating an increased level
of free cellular amino acids above the threshold required as a
source of carbon and energy for intracellular replication of L.
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pneumophila.13 The identity of the ubiquitinated proteins on
the LCV remains unknown.
Many intracellular pathogens form a replicative niche within

specialized vacuoles in the host cell.23,24 The proteomes of
Yersinia pseudotubercuolosis and Salmonella typhimurium-con-
taining vacuoles have been partially characterized from J774A.1
mouse macrophages.25 The LCV proteome of the JR32
Philadelphia-derived strain of L. pneumophila has been
generated using the mouse macrophage cell line Raw 264.7.26

In addition, the proteome of the LCV of the Corby strain of L.
pneumophila in the amoeba host Dictyostelium discoideum has
been profiled.26−28 The Raw 264.7 mouse macrophage cell line
is permissive for L. pneumophila despite originating from the
BALB/C mouse, whose primary macrophages are non-
permissive to L. pneumophila infection.29,30 Importantly, the
molecular bases of permissiveness of human and mouse
macrophages to infection by L. pneumophila are distinct.29,31−34

Therefore, it is important to determine the LCV proteome
within human macrophages, which are the only known
mammalian host for L. pneumophila. Because of the essential
requirement of the polyubiquitinated proteins on the LCV for
intracellular replication, their identification can be valuable to
decipher biogenesis and dynamic remodeling of the LCV.
We determined the complete and the ubiquitinated

proteome of the LCV in U937 human macrophage cell line
for the WT AA100/130b strain and the isogenic ankB mutant.
The intravacuolar proliferation defect of the ankB mutant is due
to its inability to decorate the LCV with lysine48-linked
polyubiquitinated proteins, but the mutant is localized within
an ER-derived LCV that evades lysosomal fusion similar to the
wild-type strain.16,19 Therefore, the ankB mutant is a unique
and useful genetic tool to analyze the total and ubiquitinated
proteome of nonreplicative LCV that is not decorated with
polyubiquitinated proteins and contrasts that with the
replicative polyubiquitinated LCV of the WT strain. We
identified 1193 host proteins localized to the WT strain LCV
and 1546 on the ankB mutant LCV with metabolism proteins,
in particular, phophatidylinositol and carbohydrate, cellular
signaling, and protein transport are significantly represented.
The ankB mutant LCV proteome contained >80% of the WT
strain LCV proteome. The additional 354 proteins on the ankB
mutant LCV are primarily involved in transcription/translation
and the immune response. Of the 24 ubiquitinated proteins on
the WT strain LCV, a large portion (25%) are involved in
immune response signaling and regulation (interferon regu-
latory factor 7 and interleukin-1 receptor-associated kinase 1),
while proteins involved in transport and intracellular trafficking
were also identified. In contrast, the ankB mutant LCV
contained 29 ubiquitinated proteins primarily involved in
signaling (integrin beta-1, beta-2, and alpha-5) and vesicle
trafficking (Rab1A, Rab14). The WT and ankB mutant
ubiquitinated proteomes each contained p97, tubulin, and the
neutral amino acid transporter SLC3A2. Further analysis of the
identified nature of native ubiquitinated host proteins on the
LCV within human macrophages could prove valuable to
determine how L. pneumophila exploits human macrophages.

■ METHODS

Bacterial Strains and Cell Culture

L. pneumophila strain AA100/130b (ATCC BAA-74) and the
isogenic ankB mutant16 were grown on BCYE agar plates for 3
days at 37 °C prior to use in infections as described

previously.16 U937 cells were cultured using RPMI1640
media as we described previously.19

Legionella-Containing Vacuole Purification

A total of 6 × 108 U937 macrophages were plated in T175 cm
flask in 60 mL of RPMI media supplemented with 10% FBS. At
a multiplicity of infection of 50 bacteria per cell, Legionella-
containing vacuoles were formed by internalization of bacteria
diluted in 20 mL of RPMI media. Internalization of the bacteria
was performed for 30 min at 37 °C under 5% CO2. Cells were
washed three times in PBS and then incubated in growth media
for 4 h at 37 °C under 5% CO2. After 4 h, cells were washed
three times in PBS (4 °C) and scraped into a 50 mL screw cap
centrifuge tube and pelleted at 4 °C for 5 min at 450g. Cells
were resuspended in homogenization buffer (250 mM sucrose,
20 mM Hepes/KOH (pH 7.2) + 0.5 mM EGTA (pH 8.0) and
pelleted by centrifugation at 675g for 6 min at 4 °C. Cells were
then resuspended in homogenization buffer with protease
inhibitors (Roche cocktail) at 2 × 108/mL. Cells were lysed
with a dounce homogenizer on ice and visualized under light
and confocal microscopy to ensure effective cell lysing and
Legionella vacuole integrity. Whole cells and nuclei were then
pelleted in an1.5 mL tube for 3.5 min at 344g. The supernatant
was placed in a new 1.5 mL tube and centrifuged for 3.5 min at
344g, resulting in the postnuclear supernatant (PNS). The PNS
was brought to a final concentration of 39% sucrose. The
sucrose solutions for the gradient were made in w/v in 20 mM
Hepes/KOH (pH 7.2). The sucrose gradient was made by
layering the PNS (39% sucrose) onto 2 mL of 55% sucrose
layered onto 1 mL of 65% sucrose in a 14 mm × 89 mm
Beckman ultracentrifuge tube. We then layered 2 mL of 10%
sucrose onto 2 mL of 25% sucrose solution onto the PNS. The
sucrose gradient was centrifuged for 1 h at 100 000g at 4 °C in a
swinging bucket rotor (Beckman SW41). The LCVs were
isolated from the 55−65% interface using a 16g needle and not
disturbing any other fraction. LCVs were placed into 10 mL of
PBS (4C) and centrifuged at 40 000g (SW41) for 30 min at 4
°C. Pelleted LCVs were solubilized in 1% Triton X-100 in PBS
for 30 min on ice. Following centrifugation at 10 000g for 5 min
to pellet bacteria, the supernatant containing eukaryotic
proteins associated with the LCV was stored at −80 °C.

Antibodies and Confocal Microscopy

Isolated LCVs were plated onto 24-well coverslips pretreated
with poly-L-lysine and allowed to adhere for 1 h. Extravacuolar
L. pneumophila were labeled with a rabbit anti-L. pneumophila
antibody prior to permeabilization for 1 h. LCVs were then
permeabilized with methanol (−20 °C) for 5 min, blocked with
3% BSA for 1 h, and then labeled with a mouse anti-L.
pneumophila antibody for 1 h. Secondary antibodies used were
Alexa Flour goat antimouse 488 and Alexa Flour goat antirabbit
555. Polyubiquitinated proteins present on the LCVs were
labeled with a mouse antipolyubiquitin antibody (Enzo Life
Sciences) for 1 h prior to vacuole membrane permeabilization
and visualized with Alexa Flour goat antimouse 488.

Protein Digestion

For mass spectrometry analysis, TCA-precipitated proteins
were resuspended in 8 M urea and 50 mM Tris pH 8.5.
Resuspended peptides were diluted 1:1 with 50 mM Tris pH
8.5 to lower the urea concentration to 4 M prior to digestion
with endoproteinase Lys-C (10 ng/uL) for 8 h. Digestions were
further diluted 4:1 with 50 mM Tris pH 8.5 to lower the urea
concentration to 1 M urea prior to digestion with trypsin (5
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ng/uL) for 8 h. Peptides were desalted using a 50 mg tC18 Sep-
Pak (Waters).

Ubiquitinated Protein Immunoprecipitation

Ubiquitinated peptides were immunoprecipitated using ubiq-
uitin motif immunoaffinity beads (Cell Signaling Technology),
as recommended by the manufacturer with the following
modifications.35 Desalted peptides were dissolved in 1.0−1.4
mL of IAP buffer (50 mM MOPS-NaOH, pH 7.2, 10 mM
Na2HPO4, 50 mM NaCl). The pH was adjusted to 7.2 with 1
M NaOH. The peptide solution was cleared by centrifugation
for 5−10 min at 13 200g. The supernatant was transferred to a
new tube and cooled on ice for 10 min. The cooled peptide
solution was transferred to the tube with the antibody beads
and incubated on a rotator at 4 °C for 60 min. The beads were
washed four times with 1 mL of IAP buffer, followed by one
wash with 1 mL water. The peptides were eluted from the
beads by adding 55 μL of 5% formic acid (FA), mixed, and
incubated at room temperature for 10 min. The beads and
elution buffer were transferred to a Teflon spin column, and the
eluate was collected by centrifugation. The beads were washed
with 45 μL of 0.1% TFA and combined with the first eluate.35

The peptides were desalted using StageTips,36 and nanoLC−
MS2 data were collected.

nanoLC−MS2 Data Collection

In collaboration with Dr. Steve Gygi, Dr. Ryan Kunz, and Ross
Tomaino at the Harvard University Taplin Mass Spectometry
Facility, mass spectrometry data were collected on an Orbitrap
Fusion mass spectrometer equipped with an easy nano-LC
1000 for sample handling and liquid chromatography. Peptides

were separated on a 75 μm × 30 cm hand-pulled fused silica
microcapillary column with a needle tip diameter less than 10
μm and packed with 1.8 μm 120 Å GP-C18 beads from Sepax
Technologies. The column was equilibrated with buffer A (3%
ACN + 0.125% FA). An equal amount of proteins for all
samples with ∼2 μg/each was loaded onto the column at 100%
buffer A. Separation and elution from the column were
achieved using a 90 min 3−25% gradient of buffer B (100%
ACN + 0.125% FA). Survey scans of peptide precursors from
400 to 1400 m/z were performed at 120 K resolution (at 200
m/z); AGC, 50k; max injection time, 100 ms; monoisotopic
precursor selection turned on; charge state, 2−6; dynamic
exclusion, 45s with a 10 ppm tolerance. Tandem MS was
performed in top speed mode (2 s cycles) starting with the
most intense precursor having an intensity greater than 5k.
Parent ions were isolated in the quadrupole (0.7 m/z isolation
window). Collision-induced dissociation was performed in the
ion trap with a rapid scan rate; 35% collision energy; AGC, 10k;
max injection time, 35 ms; parallelizable time was turned on.

Mass Spectrometry Data Analysis

A suite of in-house software tools were used for .RAW file
processing, controlling peptide and protein false discovery
rates, and assembling peptide level data into protein level
data.35,37 The “in house software” refers to software used in the
Gygi laboratory. The MS/MS spectra were searched using the
SEQUEST algorithm38 against a composite protein database
consisting of all protein sequences from the Uniprot human
database (88 501 proteins) along with nonsense and common
contaminating proteins (111 proteins) in both the forward and

Figure 1. LCV purification using a discontinuous sucrose gradient. U937 macrophages were infected with WT L. pneumophila or the isogenic ankB
strain at an MOI of 50 for 30 min washed and the infection proceeded for 4 h. Cells were lysed through dounce homogenization, and the postnuclear
supernatant was used to isolate LCVs through density ultracentrifugation on a discontinuous sucrose gradient. (A) Diagram of the sucrose gradient
showing the isolated LCVs at 55−65% interface and (B) confocal microscopy of isolated LCVs labeled with mouse anti-L. pneumophila following
vacuole membrane permeabilization. (C) Confocal microscopy of isolated LCVs labeled with rabbit anti-L. pneumophila antiserum and mouse
antipolyubiquitin antibodies.
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reverse direction. Sequest parameters used to search the MS
data were: precursor tolerance, 50 ppm; fragment ion tolerance,
1 Da; fully tryptic; 2 missed cleavages; variable modifications of
oxidized methionine (15.9949 Da), alkylation of cysteine
(57.0214), and diGlycine motif on lysine (114.0429). A
target-decoy strategy was used to determine false discovery
rates.39 The peptide-level false discovery rate was restricted to
<1% by using linear discriminate analysis based on several
different SEQUEST parameters including Xcorr ≥1.0,
deltaXcorr, charge state, and a minimum peptide length of
seven amino acids.37 An algorithm similar to Ascore was used
for diGlycine localization and site quantification.35,40 The
localization score is based on the Ascore algorithm, where a
localization score ≥19 indicated >99% certainty in site
localization.40 Protein identifications for the complete pro-
teome of the WT strain and ankB mutant strain are based on
identification of at least two unique peptides. The proteome list
was obtained from analyses of two LCV samples of the WT

strain and the ankB mutant, and only the proteins that were
reproducible in both samples were included in our analyses.

MetaCore Software Analysis

MetaCore by Thomson Reuters is an integrated software suite
that is available online for functional analysis of various aspects
of screening data.41,42 MetaCore software determines the most
significant relationships among the proteins analyzed such as
Pathway Maps, GO Processes, Process Networks, and
Metabolomic Networks. For our analysis, the software
determined the most significant relationships shared among
the WT strain LCV proteome and a separate analysis for the
ankB mutant strain. The excel spreadsheet containing the
complete WT strain LCV proteome and the ankB mutant stain
LCV proteome were separately uploaded into the start page,
and an enrichment analysis workflow was generated.

Figure 2. Functional classification of eukaryotic proteins localized to the LCV. The 1193 eukaryotic proteins localized to the WT strain LCV and the
1546 localized to the ankB mutant LCV identified by high-throughput LC−MS were grouped according to their cellular function according to the
UniProt and GeneCards database sets.
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■ RESULTS

Purification of the LCV from Human Macrophages

To determine the identity of host proteins on the LCV, we
infected U937 human macrophages with L. pneumophila WT
strain AA100/130b or its isogenic ankB mutant strain. The
ankB mutant strain evades lysosomal fusion and is localized
within an ER-derived LCV, similar to the WT strain.16

However, the ankB mutant strain fails to replicate within
human macrophages and amoeba due to the levels of cellular
amino acids being below the threshold needed as the major
source of carbon and energy to support intravacuolar
proliferation of L. pneumophila.13,14,43 The U937 human
macrophage cell line is widely used in studies on Legionella-
human macrophage interaction and was used in this study
instead of primary human monocytes due to the need of a large
number of cells to isolate LCVs, because only ∼20% of the cells
become infected. Following a 4 h infection of 0.6 × 109 U937
macrophages by each of the strains, the LCVs were purified
according to previously reported protocols with minor
modifications.25,44 Cells were lysed through dounce homoge-
nization, and the PNS was used to isolate LCVs through
density ultracentrifugation on a discontinuous sucrose gradient,
which resulted in purified LCVs at the 55−65% interface
(Figure 1A). To ensure vacuole integrity following purification,
isolated LCVs were evaluated using confocal microscopy after
differential membrane permeabilization as well as vacuole
marker staining to ensure the LCV membranes were intact.
Vacuoles were labeled with a polyclonal anti-Legionella antibody
prior to vacuolar permeabilization, which resulted in ∼20% of
bacteria being labeled, while 100% of bacteria were labeled after
vacuolar membrane permeabilization, indicating that the LCV
membrane is intact on ∼80% of the isolated LCVs (Figure 1B).
We next evaluated the presence of polyubiquitinated proteins,
which showed that ∼70% of isolated LCVs were decorated with
polyubiqutinated proteins (Figure 1C). Isolated LCVs were
solubilized in 1% Triton X-100, and the eukaryotic proteins
associated with the LCV were identified by high-throughput
liquid chromatography coupled to tandem mass spectrometry
(LC−MS). The MS was loaded with 2 μg of protein for each
LCV sample. A positive protein identification for the proteome
was based on at least two unique peptides. Although numerous
proteins were identified, it is likely that some proteins present
with scarce quantities on the LCV are not detectable by our
analyses.
Total LCV Proteome

The proteome of WT strain AA100/130b LCV contained 1193
eukaryotic proteins, while the LCV of the ankB mutant strain
contained 1546 eukaryotic proteins (Suppl. Tables 1 and 2 in
the Supporting Information). We profiled the proteins
according to various cellular functions, including transcrip-
tion/translation, vesicle trafficking, immune response, riboso-
mal proteins, ubiquitination, proteasome machinery compo-
nents, signaling, cytoskeleton arrangement, and metabolism
(Figure 2). Using these categories we identified the largest
proportion of WT strain LCV proteins to be involved in
metabolism (21%) while cytoskeleton arrangement (12%),
signaling (12%), and transcription/translation (11%) were
highly represented (Figure 2). Proteins involved in immune
response (8%), ribosome machinery (6%), vesicle trafficking
(6%), and ubiquitin-dependent proteolysis (6%) were signifi-
cantly represented among the WT strain LCV proteome
(Figure 2). Despite the presence of additional proteins on the

ankB mutant LCV, the overall distribution of the proteins based
on cellular function was very similar to the WT strain LCV
proteome (Figure 2). The large numbers of shared proteins on
isolated LCVs of WT strain and the ankB mutant were
consistent with the findings that the ankB mutant strain is
localized in an ER-derived LCV that evades lysosomal fusion16

but lacks sufficient levels of amino acids for intravacuolar
proliferation.13 The ankB mutant LCV contained 80% of the
proteins on the WT strain LCV with an additional 354 proteins
primarily involved in regulation and initiation of translation,
transcription, apoptosis, and immune response signaling. It is
likely that degradation of lysine48-linked polyubiquitinated
proteins on the WT strain LCV renders them undetectable
by proteomic analysis. The degradation of lysine48-linked
polyubiquitinated proteins on the WT strain LCV also alters
the relative abundance of identifiable proteins in the proteome
of the two strains.
Proteome data of the WT strain LCV regarding metabolism

identified proteins involved in neutral amino acid transport
(SLC1A5, SLC38A2, SLC3A2), cationic amino acid transport
(SLC7A1), and monocarboxylate transport (SLC16A1,
SLC16A3) as well as a variety of ATPases involved in calcium,
sodium, and potassium transport. A large proportion of
metabolism-related proteins are involved in carbohydrate
metabolism, especially glycolysis or glucose transport (7%),
while 5% are involved in lipid metabolism. Both the ankB
mutant and WT strain LCV proteomes harbor phosphatidyli-
nositol phosphatases (INPP5D, INPPL1), kinases (PI4KA),
phosphatidylinositol 3,4,5-trisphosphate-dependent GTPase-
activating proteins (ARAP1, ASAP1), and guanine exchange
factors (SWAP70, PREX1, DEF6) (Suppl. Tables 1 and 2 in
the Supporting Information). There are also proteins that bind
to membranes or vesicles enriched in phosphatidylinositol that
function in early endosomal trafficking (CLINT1, RUFY1) and
receptor-mediated endocytosis (EPN1).
Consistent with the findings that the LCV of the WT strain

and the ankB mutant strain is RER-derived, the proteome data
revealed 70−80 (6%) 40S and 60S ribosomal associated
proteins present on WT and ankB mutant LCVs (Figure 2).
Our data identified 6 to 7% of the WT, and ankB mutant LCV
proteomes play a role in vesicular trafficking, which included
eight small Rab GTPases (Rab1, Rab2, Rab5, Rab6, Rab7,
Rab10, Rab11, Rab14) as well as four sorting nexins and
multiple ADP ribosylation factors involved in endocytic
recycling, vesicle transport, and vesicle budding (Suppl. Table
3 in the Supporting Information). The ankB mutant LCV had
four additional Rab GTPases (Rab8, Rab13, Rab27, and Rab35)
(Suppl. Tables 1 and 2 in the Supporting Information). The
high similarity in ribosomal and vesicular trafficking proteins in
WT and ankB mutant LCV proteomes is very consistent with
the findings that biogenesis of the ankB mutant LCV is very
similar to that of the WT strain.16

Proteins involved in apoptosis and immune responses, which
comprise 8% of the WT strain LCV proteome, include multiple
major histocompatibility complex proteins, ligands, and
receptors involved in T-cell adhesion (intercellular adhesion
molecule 1, 3) and signaling (leukocyte-associated immuno-
globulin-like receptor 1, HCLS1 binding protein 3), promoters
of cell apoptosis (BCL2-associated athanogene 6, caspase
recruitment domain family member 6), inhibitors of apoptosis
(defender against cell death 1, FAM129B), and TNF-α
regulators and proteins, which promote LPS-induced TNF-α
production (thymocyte selection associated family member 2)
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(Suppl. Tables 1 and 2 in the Supporting Information). The
proteome of the ankB mutant LCV contained 84 of the 92
immune response proteins on the WT strain LCV with an
additional 42 proteins. These include seven clusters of
differentiation molecules (CD109, CD47, CD58, CD63,
CD82, CD83, CD84), two BCL2-associated proteins (BAG3,
BAX), and two negative regulators of apoptosis (TNFAIP8 and
AVEN) (Suppl. Tables 1 and 2 in the Supporting Information).
Proteins involved in cellular signaling pathways on the WT

strain and the ankB mutant LCV include tyrosine-protein
kinases that play a role in the response to environmental stress
and cytokines such as TNF-α (MAP4), regulation of cell
growth, differentiation, migration and the immune response
(CSK), cytoskeleton remodeling in response to extracellular
stimuli, cell motility and receptor endocytosis (ABL2, ARAP1).
Additional signaling proteins included Rho GTPase activating
proteins (ARHGAP1, ARHGAP17, ARHGAP18), Rab GTPase
activating proteins (TBC1D10B, TBC1D15, TBC1D5), and
guanine nucleotide-binding proteins (G proteins).
The WT strain and ankB mutant LCV proteomes contained

proteins involved in cytoskeletal membrane integrity and
organization (actin, coronin) and proteins that regulate actin
and microtubule polymerization (ARP2/3 complex, KANK1,
LASP1). Interestingly, molecular chaperones that play a role in
the folding of actin and tubulin (CCT2-CCT8) were present
on the LCV, possibly indicating that following initial LCV
formation various cytoskeleton proteins are constantly recruited
to the LCV membrane.31

Validation of many of the proteins detected in the proteome
of the LCV in our analyses comes from many published studies
that showed that at least 17 of the proteins identified in our
proteome have been already shown to be localized to the LCV
using different strategies, such as confocal microscopy (Suppl.
Table 3 in the Supporting Information). The WT strain and
ankB mutant LCV contain a significant portion (6%) of
proteins involved in ubiquitination and proteosomal degrada-
tion (Figure 2). In agreement with findings of colocalization of
SKP122 and p9745 with the LCV by confocal microscopy, our
proteome data identified the SKP1 component of the SCF E3
ubiquitin ligase complex and the ATPase p97 on the LCV
(Suppl. Table 3 in the Supporting Information). In addition,
both proteomes contained RAD23A and RAD23B, which serve
as multiubiquitin chain receptors that bind to the 26S
proteasome and deliver lysine48-linked polyubiquitintated
proteins for proteasomal degradation. Four E2 ubiquitin
conjugating enzymes and eight E3 ubiquitin ligases were
identified on the WT strain LCV (Table 1). The E3 ubiquitin
ligases identified on the WT strain LCV regulate apoptosis, NF-
κβ activation, and IFN-β production,46,47 while the E2 ubiquitin
conjugation enzymes catalyze the synthesis of lysine48 and
lysine63-linked polyubiquitin chains48,49 (Table 1). The eight
ubiquitin-specific peptidases on the WT strain LCV can act as
deubiquitinases (VCPIP1(p97), USP14, USP15, USP9X),
which are able to remove ubiquitin moieties from polyubiquitin
chains, which prevent proteasomal degradation, or are involved
in lysine48-linked polyubiquitination disassembly (USP5)
(Table 1). The ankB mutant LCV contained 9 E3 ubiquitin
ligases of which three were found on the WT strain LCV
(Table 1). The E3 ubiquitin ligases on the ankB mutant LCV
are involved in regulation of DNA, p53 activation, and
mTORC1 signaling pathway.50,51 The ankB mutant LCV
contained four additional ubiquitin-conjugating enzymes
including two atypical ubiquitin-conjugating enzymes

(UBE2H, UBE2O) and UBE2M, which catalyze the attachment
of the ubiquitin like protein NEDD8 onto other proteins
(Table 1).

Table 1. Ubiquitin Conjugation and Degradation Enzymes

WT strain LCV

E3 Ubiquitin Ligase

ARIH1 ariadne RBR E3 ubiquitin protein ligase 1
BIRC6 baculoviral IAP repeat containing 6
HERC1 E3 ubiquitin protein ligase HERC1
HUWE1 E3 ubiquitin protein ligase HUWEI
NEDD4 E3 ubiquitin-protein ligase NEDD4
RNF31 ring finger protein 31
TRIM21 tripartite motif containing 21
UBR4 ubiquitin protein ligase E3 component n-recognin 4

E2 Ubiqutin-Conjugating Enzymes
UBE2K ubiquitin-conjugating enzyme E2K
UBE2L3 ubiquitin-conjugating enzyme E2L3
UBE2N ubiquitin-conjugating enzyme E2N
UBE2V1 ubiquitin-conjugating enzyme E2 variant 1

Ubiquitin Specific Peptidase
USP10 ubiquitin specific peptidase 10
USP14 ubiquitin specific peptidase 14
USP15 ubiquitin specific peptidase 15
USP47 ubiquitin specific peptidase 47
USP5 ubiquitin specific peptidase 5
USP8 ubiquitin specific peptidase 8
USP9X ubiquitin specific peptidase 9
VCP valosin containing protein (p97)

ankB LCV
E3 Ubiquitin Ligase

ARIH2 ariadne RBR E3 ubiquitin protein ligase 2
BIRC6 baculoviral IAP repeat containing 6
HUWE1 E3 ubiquitin protein ligase HUWEI
HECTD3 HECT domain containing E3 ubiquitin protein ligase 3
MYCBP2 MYC binding protein 2, E3 ubiquitin protein ligase
RNF130 ring finger protein 130
TRIP12 E3 ubiquitin protein ligase TRIP12
UBR4 ubiquitin protein ligase E3 component n-recognin 4
UBR5 ubiquitin protein ligase E3 component n-recognin 5

E2 Ubiqutin-Conjugating Enzymes
UBE2H ubiquitin-conjugating enzyme E2H
UBE2J1 ubiquitin-conjugating enzyme E2J1
UBE2K ubiquitin-conjugating enzyme E2K
UBE2L3 ubiquitin-conjugating enzyme E2L3
UBE2M ubiquitin-conjugating enzyme E2M
UBE2N ubiquitin-conjugating enzyme E2N
UBE2O ubiquitin-conjugating enzyme E2O
UBE2V1 ubiquitin-conjugating enzyme E2 variant 1

Ubiquitin Specific Peptidase
USP10 ubiquitin specific peptidase 10
USP14 ubiquitin specific peptidase 14
USP15 ubiquitin specific peptidase 15
USP19 ubiquitin specific peptidase 19
USP24 ubiquitin specific peptidase 24
USP34 ubiquitin specific peptidase 34
USP47 ubiquitin specific peptidase 47
USP5 ubiquitin specific peptidase 5
USP8 ubiquitin specific peptidase 8
USP9X ubiquitin specific peptidase 9
VCP valosin containing protein (p97)
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MetaCore Analysis of the Total LCV Proteome

Bioinformatic analysis of the LCV proteome was performed
using MetaCore by Thomson Reuters software.41,42 MetaCore
software determined the most significant relationships among
pathway maps, process networks, go processes, and metab-
olomic pathways from eukaryotic proteins localized to the LCV.
The top pathway maps identified in WT and ankB mutant LCV
proteomes include regulation of the actin cytoskeleton by Rho
GTPases, the role of PKA in cytoskeleton remodeling, and
integrin-mediated cell adhesion. Signaling pathways including
G-protein signaling - RhoA regulation pathway and G protein-α
12 signaling pathways were also identified in the proteome
pathway enrichment analysis. The generated pathway maps
correlate with the proteome data that reveal a large proportion
(12%) of LCV proteins are involved in cytoskeletal formation
of the LCV.
Bioinformatic analysis of metabolic networks in the WT

strain LCV proteome revealed the phosphatidylinositol-4,5-
diphosphate pathway and phosphatidylinositol-3,4,5-triphos-
phate pathway as two of the top five (Figure 3). These data
reflect the aforementioned results of a wide array of
phosphatidylinositol-dependent proteins in the WT strain and
the ankB mutant LCV proteomes. This is also consistent with
findings that have shown the LCV is decorated with
phospatidylinositol-4 phosphate (PI(4)P) to which multiple
effector proteins (SidC, SidM, SdcA, RidL) bind on the LCV
membrane.26,52 Carbohydrate metabolism (glycolysis, gluco-
neogenesis, and glucose transport) was the third most abundant

metabolomic network identified, while valine, tryptophan, and
methionine synthesis and transport were identified in the top
eight metabolic pathways represented in the LCV proteome
(Figure 3).
When proteins found only on the WT strain LCV but not on

the ankB mutant LCV were analyzed through MetaCore many
of the pathways were consistent with the total WT strain LCV
proteome. The finding that the ankB mutant proteome
contained 80% of the proteins present in the WT strain LCV
proteome is consistent with the MetaCore analysis of very
similar pathways in both of the proteomes. Interestingly,
Ubiquitin-proteosomal proteolysis was identified as the second
most abundant process network involved in WT strain LCV-
specific proteins despite the findings that the ankB mutant LCV
proteome contains a majority of the proteins found in the WT
strain LCV proteome. These results are consistent with the
requirement of polyubiquitination of the WT strain LCV for
intracellular replication.

Ubiquitinated Proteome of the LCV

To identify ubiquitinated proteins on the WT and ankB mutant
LCV, the solubilized LCV proteins were immunoprecipitated
with antiubiquitin antibodies and identified by LC−MS. We
identified 24 ubiquitinated proteins on the WT strain LCV such
as Annexin A2, plasminogen activator inhibitor, Rab5 GDP/
GTP exchange factor, and transitional endoplasmic reticulum
ATPase (p97) (Table 2). The polyubiquitinated proteins
identified on the LCV were lysine6-, lysine11-, lysine27-, and
lysine48-linked as evident from the findings that ubiquitin was

Figure 3. MetaCore enrichment analysis of metabolic networks in the WT STRAIN LCV proteome. The complete WT strain LCV proteome was
analyzed through MetaCore software, using the enrichment analysis function, to identify the most significant metabolic networks.
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ubiquitinated on the four lysine residues K6, K11, K27, and K48.
Interestingly, 6 (25%) ubiquitinated proteins play a role in the
immune response such as interleukin-1 receptor-associated
kinase 1 and Interferon regulatory factor 7, which play a key
role in the signaling and regulation of the immune system
against pathogens. Furthermore, we identified two amino acid
transporters (SLC3A2 and SLC1A4) and a sodium bicarbonate
transporter (SLC4A7) to be ubiquitinated on the WT strain
LCV. We analyzed these proteins through the Mammalian
Ubiquitination Site Database,53 which contains a comprehen-
sive list of all ubiquitination sites on mammalian proteins. The
search revealed that 17 of the identified ubiquitinated proteins
have been shown to be ubiquitinated on the same lysine
residues, as identified in our LC−MS analyses. However, three
of the ubiquitinated proteins identified (plasminogen activator
inhibitor 2, mast cell-expressed membrane protein 1, isoform
13 of sodium bicarbonate cotransporter 3) were not in the
database, while four (vimentin, target of Myb protein 1,
receptor-type tyrosine-protein phosphatase C, transient re-
ceptor potential cation channel subfamily V member 2) were in
the database but have been previously shown to be
ubiquitinated on other lysine residues than the ones we
identified in our analysis. The ankB mutant LCV contained 29
ubiquitinated proteins primarily involved in signaling (Integrin
beta-1, beta-2 and alpha-5, Rho GDP-dissociation inhibitor 2)
and ubiquitination (cullin-5, the E3 ubiquitin ligase LAPTM5,
and the E2 ubiquitin-conjugating enzyme E2N) (Table 3). The
ankB mutant LCV had multiple ubiqutinated transporters,
including the monocarboxylate transporter (SLC16A3), the
glucose transporter (SLC2A3), and neutral amino acid
transporters (SLC3A2, SLC1A5) as well as 2 ATPases
(ATP2B4 and ATP13A3) (Table 3).

While the WT strain and ankB mutant LCV had some
common ubiquitinated proteins (p97, SLC3A2, tubulin), there
was a significant difference in the ubiquitinated proteome
among the two strains, as can be seen by the bolded proteins in
the WT strain ubiquitinated proteome table. The ankB mutant
LCV had multiple ubiquitinated proteins involved in intra-
cellular trafficking (Rab1A, Rab14) and two GTPases (Rac1,
RhoG), while the WT strain contained only one ubiquitinated
protein involved in intracellular trafficking (Rab5 GDP/GTP
exchange factor). Proteasomal degradation of lysine48-linked
polyubiquitinated proteins on the WT strain LCV may explain
the major differences in the modified host proteins between the
two strains.

■ DISCUSSION

During the past several years characterization of the LCV,
through cellular and biochemical studies, has provided some
insights into how L. pneumophila form a replicative niche in the
host cell. However, mechanisms of LCV biogenesis remain
elusive. In this study, we sought to identify the total LCV
proteome as well as the ubiquitinated proteins present on the
LCV within human macrophages. The cellular functions of the
identified proteins were widely distributed with cellular
metabolism proteins representing the largest proportion of
the WT strain and ankB mutant LCV proteome at ∼20%.
Signaling and cytoskeletal proteins were also highly repre-
sented. The ankB mutant LCV contained 80% of the proteins
on the WT strain LCV with 569 unique proteins primarily
involved in immune response, transcription and translation.
The additional proteins on the ankB mutant but not the WT
strain LCV could be due to proteasomal degradation of
lysine48-linked polyubiquitinated proteins in the WT strain
LCV.13 This may also explain the difference in the relative

Table 2. Ubiquitinated Proteome of the WT Strain LCVa

protein ubiquitination site localization score

ubiquitin 6, 11, 27, 48 all 1000
target of Myb protein 1b 452 1000
plasminogen activator inhibitor 2b 240 1000
annexin A2b 115 1000
4F2 cell-surface antigen heavy chain (SLC3A2) 21, 46 1000, 49.5
receptor-type tyrosine-protein phosphatase Cb 715 1000
vimentinb 223 1000
elongation factor 2b 239 1000
DNA-directed RNA polymerase II subunit RPB2b 847 1000
glycine-tRNA ligaseb 197 1000
neutral amino acid transporter A (SLC1A4)b 528 1000
interleukin-1 receptor-associated kinase 1b 397 1000
transitional endoplasmic reticulum ATPase (p97) 668 1000
myosin light polypeptide 6b 81 1000
tubulin beta chain 324 1000
mast cell-expressed membrane protein 1b 46 1000
interferon regulatory factor 7b 341 1000
histone H2A type 1-Cb 119 1000
peptide-N(4)-(N-acetyl-beta-glucosaminyl)asparagine amidaseb 419 1000
phosphatidylinositol 4-phosphate 5-kinase type-1 alphab 103 1000
transmembrane protein 59b 315 78.19
toll-interacting proteinb 63 1000
Rab5 GDP/GTP exchange factorb 263 1000
transient receptor potential cation channel subfamily V member 2b 103 1000
isoform 13 of Sodium bicarbonate cotransporter 3 (SLC4A7)b 1071 1000

aLocalization score≥19 is>99% certainty bWT strain LCV-specific ubiquitinated proteins.
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abundance of proteins in the two proteomes because the ankB
mutant LCV contained 14 additional ribosomal proteins and 8
additional clusters of differentiation molecules compared with
the WT strain LCV. However, this proteome analysis revealed
proteins present on the WT strain and the ankB mutant strain
LCV and not the relative abundance of the identified proteins.
In addition, scarce proteins may not be detectable in our
proteomic analyses of the LCV.
The LCV proteome contains a unique set of antiapoptotic

proteins that could enhance host-cell survival to enable
intracellular bacterial growth and may explain the inhibition
of apoptosis in L. pneumophila infected cells.12,54,55 We
identified the Inhibitor of Apoptosis (IAP) protein Birc6,
which binds and inhibits effector caspases 3 and 7.46 Because
caspase 3 has been shown to be triggered by L. pneumo-
phila,55−58 the role of Birc6 should be evaluated to determine
the effect Birc6 has during infection. This is of particular
importance because activation of caspase 3 does not lead to
apoptosis of L. pneumophila-infected macrophages,55 which
exhibit a strong antiapoptotic phenotype.12,54,55 Birc6 also
possesses E3 ubiquitin ligase activity that has been shown to
ubiquitinate apoptotic proteins resulting in their proteosomal
degradation.46,59 In addition to Birc6, we identified the protein
defender against cell death (DAD1), which has been implicated
in downstream effects of BCL2 to prevent cell death.60 Because
the LCV also harbors eukaryotic pro-apoptotic proteins
(BCL2-associated athanogene 6, apoptosis-inducing factor)
further investigation into the dynamics, balance, and functions

of these antagonistic proteins could prove valuable to
understand how L. pneumophila modulates a fine balance
between pro- and antiapoptotic events in the infected
cells.12,33,43,44 Further investigation into the function and
recruitment of antiapoptotic proteins on the LCV could
explain why permissive macrophages are particularly resistant
to exogenous apoptotic stimuli during L. pneumophila
infection.12,54,55,61,62

The WT strain and ankB mutant LCV contains a significant
portion (6%) of proteins involved in post-translational
modifications such as ubiquitination and farnesylation. It has
been shown that multiple L. pneumophila effector proteins
undergo host-mediated farnesylation, which enable their
anchoring into host membranes.20,63,64 There are no reports
of L. pneumophila effector proteins undergoing ubiquitination.
However, further characterization of the E3 ubiquitin ligases
identified on the LCV could prove valuable to determine if they
catalyze ubiquitination of L. pneumophila effector proteins
through lysine48 or non-lysine48-linked polyubiquitination.65

Lysine48-linked polyubiquitination of the LCV through the
AnkB effector is required for intracellular replication.13 Previous
studies have shown the valosin-containing protein (p97)
participates in the removal of polyubiquitinated proteins from
the LCV.45 Proteome data identified the SKP1 component of
the SCF1 E3 ubiquitin ligase complex on the LCV as well as
RAD23A and RAD23B, which serve as multiubiquitin chain
receptors that bind to the 26S proteasome and deliver lysine48-
linked polyubiquitintated proteins for protesomal degrada-

Table 3. Ubiquitinated Proteome of the ankB Mutant LCVa

protein ubiquitination site localization score

ubiquitin 6, 11, 27, 48 all 1000
membrane-associated progesterone receptor component 1 105 1000
carboxy-terminal domain small phosphatase 2 (CTDSP2) 20 1000
monocarboxylate transporter 4 (SLC16A3) 431 1000
fructose-bisphosphate aldolase A 28 1000
integrin beta-2 755, 765 1000
plasminogen activator inhibitor 2 335 1000
integrin beta-1 774, 784 1000
protein disulfide-isomerase 81 1000
transitional endoplasmic reticulum ATPase (p97) 668 1000
isoform 2 of 4F2 cell-surface antigen heavy chain (SLC3A2) 39 1000
integrin alpha-5 1042 1000
solute carrier family 2, glucose transporter member 3 (SLC2A3) 490 1000
CD44 antigen 715 1000
40S ribosomal protein S3 214 48.53
plasma membrane calcium-transporting ATPase 4 1194 1000
proteasome subunit alpha type-2 64 26.04
Rho GDP-dissociation inhibitor 2 63 1000
tubulin beta chain 324 1000
ubiquitin-conjugating enzyme E2N 82 1000
Ras-related protein Rab-14 193 1000
Ras-related protein Rab-1A 61 1000
Isoform B of Ras-related C3 botulinum toxin substrate 1 166, 185 1000, 69.81
Rho-related GTP-binding protein RhoG 130 1000
lysosomal-associated transmembrane protein 5 233, 248 1000
nascent polypeptide-associated complex subunit alpha 142 1000
isoform 2 of neutral amino acid transporter Member 5 (SLC1A5) 335 1000
cullin-5 724 1000
probable cation-transporting ATPase 13A3 128 1000
transmembrane protein 9B 171 1000

aLocalization score ≥19 is >99% certainty.
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tion.66,67 Four E2 ubiquitin-conjugating enzymes (UBE2K,
UBE2N, UBE2L3, UBEV1) were identified on the WT strain
LCV; however, only UBE2K and possibly UBE2L3 catalyze the
synthesis of lysine48-linked polyubiquitinated proteins.48 There-
fore, it could be speculated that the E2 ubiquitin-conjugating
enzyme UBE2K or UBE2L3 delivers ubiquitin moieties to the
SCF1 E3 ubiquitin ligase complex for lysine48-linked poly-
ubiquitination of the AnkB substrates and RAD23A or
RAD23B along with p97 delivers the polyubiquitinated proteins
to the proteasome to generate an increase in free cellular amino
acids.
L. pneumophila is auxotrophic for seven amino acids;

therefore, retrieval of host cell amino acids is essential for
intracellular replication.14,68 It is not known how L. pneumo-
phila transports amino acids through the LCV membrane to
provide the carbon and energy source for intracellular
replication.13 We have identified five amino acid transporters
(SLC7A5, SLC3A2, SLC38A2, SLC1A5, SLC1A4)69 in the
LCV proteome. It has been shown that the amino acid
transporter SLC1A5 is required for L. pneumophila replication
in human macrophages.70 Because of the essential need for the
acquisition of host cell amino acids, further investigation into
the localization and function of the host SLC amino acid
transporters and the specific amino acid transporter they import
into the LCV lumen could provide insightful information on
how intravacuolar L. pneumophila import amino acids from the
host cell cytosol through the vacuolar membrane.
Although amino acids are the major sources of carbon and

energy for L. pneumophila, the organism utilizes the Entner−
Doudoroff pathway to convert exogenous glucose to
pyruvate.71,72 L. pneumophila mutants deficient in the
Entner−Doudoroff pathway have a significant defect in
intracellular growth in A549 human epithelial cells, A/J
mouse macrophages, and Acanthamoeba culbertstoni.71 The
presence of the glucose transporters (SLC2A1, SLC2A14,
SLC2A3) on the LCV is consistent with the import and
utilization of glucose by intravacuolar L. pneumophila as a
potential source of carbon and energy during intravacuolar
growth.71,72

The LCV proteome contained two monocarboxylate trans-
porters (SLC16A1, SLC16A3) that transport pyruvate across
eukaryotic membranes.73 Interestingly, pyruvate supplementa-
tion rescues the ankB mutant for intracellular replication in
human macrophages and amoeba.13 Therefore, host-derived
pyruvate may constitute an important source of carbon and
energy for intravacuolar L. pneumophila, and import of pyruvate
by the LCV is likely mediated by SLC16A1 and SLC16A3
identified in the LCV proteome.
We identified 24 ubiquitinated proteins on the WT strain

LCV and 29 on the ankB mutant LCV. Ubiquitination of these
proteins could have a wide range of effects due to the
complexity and altered location or function of proteins
modified by various ubiquitin polymer linkages. Of the 24
ubiquitinated proteins on the WT strain LCV, 6 are involved in
the immune response (T cell activation, IL-1, and Toll-like
receptor signaling). Ubiquitin was found to be ubiquitinated on
four lysine residues (K6, K11, K27, and K48), which indicates
polyubiquitin chains are formed on some of these ubiquitinated
proteins through linkages other than lysine48.13 Interestingly,
the transitional endoplasmic reticulum ATPase (p97) that
participates in the removal of lysine48-linked polyubiquitinated
proteins from the LCV45 was found to be ubiqutinated on the
LCV. Some of the 21 ubiquitinated proteins specific to the WT

strain are likely to be substrates for AnkB. In addition, the
ubiquitinated proteins on the LCV are likely ubiquitinated by
various L. pneumophila ubiquitin ligases (F-box, U-box) and
host E3 ligases identified in the proteome. A previous study
analyzed ubiquitinated proteins from Raw 264.7 macrophage
whole cell lysates during L. pneumophila infection.74 Impor-
tantly, our ubiquitinated proteome is of the LCV; however,
there were some common ubiquitinated proteins (vimentin,
SLC4A7, elongation factor 2).74 Further studies are needed to
determine the lysine48-linked polyubiquitinated proteins as well
as the lysine6-, lysine11-, and lysine27-linked polyubiquitinated
proteins localized to the LCV to assess their role in the
intracellular infection.
The small GTPase Rab5 is a crucial regulator of early

endosomes.75 Rab5 is activated by the guanine nucleotide
exchange factor (Rabex-5), which was found to be ubiquiti-
nated on the WT strain LCV. The L. pneumophila effector
VipD interacts with activated endosomal Rab5 and is required
for endolysosomal evasion.76,77 Because of the importance of
Rab5 during L. pneumophila infection, the ubiquitination of
Rabex-5 could pose another strategy for endolysosomal evasion
by L. pneumophila.
The LCV proteome has been generated for the JR32

Philadelphia-derived strain of L. pneumophila in the mouse
macrophage cell line Raw 264.7,26,27 which identified 1156
proteins.26 Proteins involved in cellular metabolism are the
most abundant in our proteome as well as the previously
characterized JR32 strain proteome.26 However, in our LCV
proteome within human macrophages, proteins involved in
metabolism (∼20%) were less abundant compared with
previous reports (∼50%).26 Solute carriers, 40S and 60S
ribosomal proteins and proteins involved in vesicular trafficking
(sorting nexins, Rab GTPases), were very similar in the LCV
proteomes of the JR32 and AA100/130b strains within mice
and human macrophages, respectively.26 The LCV proteome of
the JR32 strain in mouse macrophages had a larger number of
28S and 39S mitochondrial ribosomal proteins as well as
NADH dehydrogenase proteins26 compared with the AA100/
130b strain in human macrophages. While phophatidylinositol-
dependent proteins have been identified (Sac1, Ship1) in the
JR32 strain LCV;26 we identified phophatidylinositol-depend-
ent GTPase activating proteins and guanine exchange factors
that were not detectable in the LCV proteome of the JR32
strain within mouse macrophages. Interestingly, the E3
ubiquitin ligases and E2 ubiquitin-conjugating enzymes we
identified have not been detected in the LCV of the JR32
proteome within Raw 264.7 mouse macrophages.26 The
differences between the LCV proteome of the JR32 and
AA100/130b strains could be attributed to the different L.
pneumophila strains that exhibit plasticity in ∼30% of the
genome78,79 or more importantly the difference in the LCV
between mouse and human macrophages or both.
This report outlines the total and novel ubiquitinated

proteome of the LCV that include E2 ubiquitin-conjugating
enzymes and E3 ubiquitin ligases. The phosphatidylinositol-
dependent proteins in our LCV proteome and the MetaCore
bioinformatic analysis of metabolomic networks in the WT
strain LCV proteome clearly show the phosphatidylinositol-4,5-
diphosphate pathway as the most abundant, while amino acid
synthesis and transport are also highly represented in the LCV
proteome. The amino acids, pyruvate, and glucose transporters
in the LCV proteome show a unique mechanism of import of
host sources of carbon and energy for intravacuolar nutrition
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and metabolism of L. pneumophila. Further investigation into
the ubiquitinated proteins and the various nutrient transporters
localized to the LCV could prove valuable to understanding
how L. pneumophila manipulates host cell machinery to acquire
nutrients and circumvent a starvation response during
infection.13,22 Our findings should provide a rich resource for
future investigations of numerous cellular processes and
pathways involved in biogenesis and dynamic remodeling of
the LCV within human macrophages.
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