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Abstract

The intracellular pathogen, Legionella pneumophila, relies on numerous secreted effector
proteins to manipulate host endomembrane trafficking events during pathogenesis, thereby
preventing fusion of the bacteria-laden phagosome with host endolysosomal compart-
ments, and thus escaping degradation. Upon expression in the surrogate eukaryotic model
Saccharomyces cerevisiae, we find that the L. pneumophila LegC7/YIfA effector protein dis-
rupts the delivery of both biosynthetic and endocytic cargo to the yeast vacuole. We demon-
strate that the effects of LegC7 are specific to the endosome:vacuole delivery pathways;
LegC7 expression does not disrupt other known vacuole-directed pathways. Deletions of
the ESCRT-0 complex member, VPS27, provide resistance to the LegC7 toxicity, providing
a possible target for LegC7 function in vivo. Furthermore, a single amino acid substitution in
LegC7 abrogates both its toxicity and ability to alter endosomal traffic in vivo, thereby identi-
fying a critical functional domain. LegC?7 likely inhibits endosomal trafficking during

L. pneumophila pathogenesis to prevent entry of the phagosome into the endosomal matu-
ration pathway and eventual fusion with the lysosome.

Introduction

Legionella pneumophila are ubiquitous aquatic bacteria and obligate intracellular pathogens
that infect a variety of phylogenetically diverse aquatic amoebae and protists [1, 2]. Legionella
are opportunistic pathogens of humans, able to infect and invade human alveolar macrophages
if contaminated water is aerosolized and inhaled, causing a severe form of pneumonia known
as Legionnaires’ disease, as well as the milder, self-limiting infection, Pontiac fever [3, 4].
Legionella pneumophila requires a type IVb secretion system (Dot/Icm; defective in
organelle trafficking/intracellular multiplication) for intracellular survival [5], which allows
the translocation of nearly 300 known and predicted effector proteins into the host cell [6-9].
Many of these proteins are thought to directly disrupt normal host membrane trafficking
pathways in order to both prevent the lysosomal degradation of Legionella, and to promote
the synthesis of the specialized intracellular replicative niche termed the Legionella-containing
vacuole (LCV) [10-12]. The LCV is composed of both plasma membrane and ER membrane
components, which requires both a major diversion of ER-derived vesicles from normal
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trafficking pathways, and the aberrant SNARE protein-dependent fusion of those
membranes [12-15].

A number of the Legionella effector proteins contain motifs with high similarity to eukaryot-
ic proteins, and are thought to function by manipulating eukaryotic host cell events by mimick-
ing or modulating host proteins. [16-18]. Some of the effectors thought to directly alter host
cell membrane trafficking events contain coiled coil motifs (LegC) including LegC2, LegC3,
and LegC7 [11, 12, 19]. LegC7/YIfA was originally identified as a Legionella effector protein
that resulted in cell death upon expression in the budding yeast Saccharomyces cerevisiae [19].
It was also found that expression of LegC7 resulted in vesicular accumulations on the yeast vac-
uole and aberrant secretion of CPY-Invertase, inducing an apparent a yeast class E vacuolar
protein sorting (VPS) phenotype [11, 19, 20]. As there is a high degree of conservation amongst
genes involved in cellular transport and fusion across eukaryotic biology, these studies provid-
ed essential information into the function of LegC7/YIfA during Legionella pathogenesis.

The yeast endosomal trafficking pathway serves as an important hub that links the process-
es of endocytosis and vacuole-directed biosynthetic traffic; vesicles derived from the Golgi or
plasma membrane fuse to establish early endosomes that undergo a conserved maturation
process, which ultimately concludes with the fusion of late endosomes with the degradative
vacuole (reviewed in [21]). To solve the topology “problem” in the degradation of integral
membrane proteins, the yeast multivesicular endosome/body (MVB) is a specialized late-
stage maturing endosome characterized by the presence of intraluminal vesicles (ILVs) that
contain membrane proteins bound for degradation in the yeast vacuole [22]. ILVs are formed
due to the action of a highly conserved protein-sorting complex called the endosomal sorting
complex required for transport (ESCRT) complex (reviewed in [23]), which functions by rec-
ognizing and packaging ubiquitin modified membrane proteins into ILVs for degradation in
the vacuole lumen [24, 25]. Deletion of many of the ESCRT genes, or class E VPS genes, re-
sults in a malformed MVB and aberrant secretion of CPY-Invertase, a normally vacuolar di-
rected protein [20, 26, 27].

As expression of LegC7 results in an apparent class E phenotype in yeast cells, we hypothe-
sized that LegC7 exerts its toxic effect at some point in the endosomal trafficking pathway and
that likely one or more of the class E genes are required for the toxicity of LegC7. Herein, we
show that deletion of the yeast ESCRT-0 gene, VPS27, results in a decrease in LegC7 toxicity.
Furthermore, we see that LegC7 causes a severe disruption of both vacuole-directed biosynthet-
ic traffic and endocytic cargo pathways, while not disrupting alternative vacuolar transport
pathways. Localization to, and formation of, class E compartments, disruption of both biosyn-
thetic and endocytic traffic, and genetic interaction with an ESCRT protein all indicate that
LegC7 functions to modulate endosomal traffic. These data help provide a deeper understand-
ing of LegC7 function in eukaryotic cells.

Materials and Methods
Yeast strains and plasmid construction

Yeast strain SEY6210 (MATo his3-4200 trp1-A901 leu2-3,112 ura3-52 lys2-801 suc2-A49) was
used for GFP-Vam3 and Ste3-GFP localization studies. Yeast strain BY4742 (MATao his3A1
leu2A0 lys2A0 ura3A0) was used for all other studies, and a full list of strains and plasmids
used are included in Table 1.

The creation of a galactose inducible yeast expression vector in pYES2/NTc for LEGC7 ex-
pression, pVJ]S52, was previously described [12]. For some experiments, the URA3 locus on
this plasmid was converted to LYS2 via standard lithium acetate transformation methods and
homologous recombination with HindIII-digested pM2660 [28], resulting in pV]S53.
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To create GFP-LegC7 expression vectors via gap repair, LEGC7 was amplified using primers
GFPC7_R and GFPC7_F, and the resulting amplicon was co-transformed with linearized
pGO36 plasmid (a generous gift from Dr. Alexey Merz, University of Washington-Seattle) [29]
into BY4742, creating pV]S59. GFP-Vps27 was created in the same manner, using primers
GFPVps27_F and GFPVps27_R.

A plasmid for the purification of GST-Vps27 was constructed by amplifying VPS27 from
BY4742 genomic DNA using primers Vps27BamHI_F and Vps27Xhol_R, digested with
BamHI and Xhol, and ligated into plasmid pET-42a (Novagen) digested with the same en-
zymes, resulting in pVJS56.

Recombinant protein purification

LegC7ATM protein was purified as previously described [12], except that the final elution from
chitin beads was performed for 48 h at 22°C. Eluted protein was dialyzed into PS buffer

Table 1. Strains and plasmids used in this study.

Strain

BY4742
SEY6210
BY4742 vps27
BY4742 hsel

BY4742 vps27A
hset

BY4742 srn2
BY4742 vps36
BY4742 snf8
BY4742 vps25
BY4742 vps20
BY4742 vps24
BY4742 did4
BY4742 vps4
BY4742 vps28
BY4742 snf7
BY4742 bro1
BY4742 vps23
BWY640
BWY2858
BWY3400

Plasmid
pVJS52
pVJS53
pVJS54
pVJS55
pGO36
pMM134
pGO45
pVJs47
pVJS56
pVJS57
pMM2660
pVJS59

Genotype

MATa his3A1 leu2A0 lys2A0 ura3A0

MATa his3-A200 trp1-A901 leu2-3,112 ura3-52 lys2-801 suc2-A9
BY4742 vps27 ::KANMX6

BY4742 hse1 ::KANMX6

BY4742 vps27 ::KANMX®6 hsel ::NATMX

BY4742 srn2 :KANMX6
BY4742 vps36 ::KANMX6
BY4742 snf8 :KANMX6
BY4742 vps25 ::KANMX6
BY4742 vps20 ::KANMX6
BY4742 vps24 ::KANMX6
BY4742 did4 ::KANMX6
BY4742 vps4 ::KANMX6
BY4742 vps28::KANMX6
BY4742 snf7 ::KANMX6
BY4742 bro1 ::KANMX6
BY4742 vps23 ::KANMX6
SEY6210 vam3 ::HIS3 pPRS306 GFP-GFP-Vam3
SEY6210 Ste3-GFP::KAN

SEY6210 ent1A::LEU2 ent2AHIS3 yap1801A::HIS3 yap1802A::LEU2
Ste3-GFP::KAN +pBWO0778[pRS414::ent1(aal-151)]

Characteristics

pYES2/NT C, legC7, ura3
pYES2/NT C, legC7, lys2
pYES2/NT C, legC7N242l, ura3
pYES2/NT C, legC7N242I, lys2
pRS416, URA3

pRS416, Sna3-GFP

pRS416, GFP-CPS

pTYB12 LEGC7ATM

pET42a, GST-VPS27
GFP-Vps27 (pGO36)

ura3 to lys2 converter
GFP-LegC7(pGO36)

doi:10.1371/journal.pone.0116824.t001

Source

[60]

[26]

GE Healthcare Dharmacon
GE Healthcare Dharmacon
This Study

GE Healthcare Dharmacon
GE Healthcare Dharmacon
GE Healthcare Dharmacon
GE Healthcare Dharmacon
GE Healthcare Dharmacon
GE Healthcare Dharmacon
GE Healthcare Dharmacon
GE Healthcare Dharmacon
GE Healthcare Dharmacon
GE Healthcare Dharmacon
GE Healthcare Dharmacon
GE Healthcare Dharmacon
(58]

[33]

[33]

Source
[12]

This Study
This Study
This Study
[29]

[30]

[29]

[12]

This Study
This Study
GE Healthcare Dharmacon
This Study
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Table 2. Primers used in this study.

Primer Name
LegC3-Kpnl
LegC3-Xbal
GFPC7_F
GFPC7_R
C7N242_F
C7N242_R
Vps27BamH1_F
Vps27Xho1_R
C7N242Q_F
C7N242Q_R
C7N242R_F
C7N242R_R
C7N242D_F
C7N242D_R
C7N242L_F
C7N242L_R
C7N242A_F
C7N242A_R
Vps27GFP_F
Vps27GFP_R

(20mM PIPES-KOH, pH 6.8, 200mM sorbitol) containing 300mM KCI. Antibodies against
LegC7ATM were raised in rabbits using a standard protocol and subsequent serum used for
Western blots at a 1:5000 dilution (Rockland Immunochemicals, Inc).

GST-Vps27 was purified by standard glutathione affinity chromatography, using pV]S56 as
the expression vector. Eluted protein was dialyzed into PS buffer containing 150mM KCIL.

Random mutagenesis of LEGC7

In order to locate regions of LEGC? required for toxicity in yeast, BY4742 harboring pVJS52
was grown in selective media at 30°C for 18 h, and 1 ODgq unit was harvested by centrifuga-
tion. This pellet was washed with 1M sterile sodium phosphate buffer, pH 7.0, suspended in
ImL of the same buffer, and the chemical mutagen ethyl methanesulfonate (EMS) was added
to 2% (v/v). After shaking at 30°C for 1 h, 1 mL of 1M sodium thiophosphate was added, and
the cells were plated directly to CSM-uracil plates containing 2% galactose. Plasmids were iso-
lated from each resulting colony. These plasmids were re-introduced into BY4742; plasmids
that were no longer inhibitory, but expressed full length LegC7 by immunodetection, were se-
quenced (Georgia Genomics Facility, University of Georgia).

Site-directed mutagenesis of pVJS52 was carried out via standard PCR techniques with the
following primer pairs: C7N242_F/C7N242_R (LegC7"***"), C7N242D_R/C7N242D_F
(LegC7™**2P), C7N242Q_R/C7N242Q_F (LegC7"***9), C7N242L_F/C7N242L_R (LegC7"**?"),
C7N242A_F/C7N242A_R (LegC7"****), or C7N242R_R/C7N242R_F (LegC7"****) (Table 2).

Lucifer Yellow uptake assay

Cells were grown for 18 hours at 30°C in CSM-uracil with 2% glucose, collected by centrifuga-
tion, washed with sterile water, suspended in CSM-uracil with 2% galactose and grown for 16

Sequence*

5'-GTAGAAGGTACCCGTGATTATGTTTTTGGCCAAC-3'
5'-GGTGGTTCTAGAGCTCCATTGAAATTTTATTGACAG-3'
5'-ATGGATGAACTATACAAGTCCGGACTCAGATCTATGGCTACTAATGAAACAG-3'
5-GCTTTAGTCAATTAAAGATCTCGAGCTCAAGCTTCGAATTCTGCAGTCGAC-3'
5'-CTGATTTATTGGAAAAAATTCAAAAGGAATTGTCAAAA-3
5'-CTGATTTATTGGAAAAAATTCAAAAGGAATTGTCAAAA-3
5'-GGAGGAGGATCCGACAGTATGTCCGTTAGCACGCC-3
5'-GGAACTGCTAATAGAGCTTTAATACTCGAGGGAGGA-3'
5'-CTGATTTATTGGAAAAACAACAAAAGGAATTGTCAAAA-3
5'-CTGATTTATTGGAAAAACAACAAAAGGAATTGTCAAAA-3
5-CTGATTTATTGGAAAAACGTCAAAAGGAATTGTCAAAA-3
5'-CTGATTTATTGGAAAAACGTCAAAAGGAATTGTCAAAA-3
5'-CTGATTTATTGGAAAAAGATCAAAAGGAATTGTCAAAA-3
5'-CTGATTTATTGGAAAAAGATCAAAAGGAATTGTCAAAA-3
5'-CTGATTTATTGGAAAAACTTCAAAAGGAATTGTCAAAA-3
5'-CTGATTTATTGGAAAAACTTCAAAAGGAATTGTCAAAA-3

5'- CTGATTTATTGGAAAAAGCTCAAAAGGAATTGTCAAAA-3'

5'- CTGATTTATTGGAAAAAGCTCAAAAGGAATTGTCAAAA-3'
5'-ATGGATGAACTATACAAGTCCGGACTCAGATCTATGTCCGTTAGCACGCCAAG-3'
5'-GGAACTGCTAATAGAGCTTTAAAGATCTCGAGCTCAAGCTTCGAATTCTGCAGTCGAC-3'

*|talics denote introduced restriction sequences

doi:10.1371/journal.pone.0116824.t002
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hours at 30°C. 1.0 ODgq unit of cells were harvested by centrifugation and suspended in
100pL fresh CSM-uracil containing 2% galactose. Lucifer Yellow was added to 8mg/mL and
samples were incubated for 2 h at 30°C. Ice-cold Lucifer Yellow stop buffer (50mM potassium
phosphate, pH 7.5, 10mM sodium azide) was added with mixing, and cells were pelleted. Sam-
ples were washed 3 additional times with Lucifer Yellow stop buffer to ensure removal of extra-
cellular dye. Samples were suspended in 100puL Lucifer Yellow stop buffer, mixed with an equal
volume of a 0.6% agar solution, and mounted for fluorescence microscopy.

Results
LegC7 N242l is no longer toxic when expressed in yeast

As LegC7 expression is known to be toxic upon expression in yeast [19], identification of
residues critical for this activity in vivo would likely be important for understanding the mecha-
nism of LegC7-mediated toxicity. Therefore, we mutagenized yeast containing a galactose-in-
ducible LEGC7 plasmid using ethyl methanesulfonate (EMS). Plasmids that were no longer
inhibitory were sequenced, and one plasmid contained a single nucleotide transversion at posi-
tion 725 that produced a mutant protein substituting an isoleucine for asparagine at amino
acid position 242 (LegC7">**"). This single nucleotide transversion strongly reduced the toxici-
ty of LEGC7 expression in vivo (Fig. 1A); immunoblots confirmed that LegC7"***' was express-
ed to levels similar to (or greater than) LegC7 expression (Fig. 1B).

In attempt to dissect the function of N242 in LegC7, we used site directed mutagenesis to in-
troduce a number of other amino acids into this position, including a conservative change
(N242Q), charged residues (N242R and N242D), and hydrophobic residues (N242A or
N242L). Interestingly, only mutation of N242 to hydrophobic residues (N242I or N242L) re-
sulted in abrogation of LegC7 toxicity; N242A shows a very slight reversal phenotype (Fig. 1C).
This particular residue (N242) is predicted to be one of the first residues of the second putative
coiled coil region, based on in silico models (Fig. 1D). Just prior to the second coiled coil do-
main of LegC?7, probability models of coiled coil structure predict a sharp decrease in coiled
coil domain formation probability (Fig. 1E, left panel, red arrow). When replacing asparagine
242 with isoleucine, however, this in silico model predicts that the disordered region is elimi-
nated (Fig. 1E, middle panel, red arrow); replacing N242 with a residue that did not reduce
LegC7 toxicity showed coiled coil probabilities similar to the wild type protein (Fig. 1E, right
panel, red arrow). Based on these coiled coil prediction methods, asparagine 242 may be essen-
tial for the proper folding of either the second coiled coil domain or small loop region just up-
stream of this domain. A previous report identified that this coiled coil domain is essential for
LegC7 toxicity, but was based on large deletions in this region [19]. Therefore, we have identi-
fied a single residue in LegC7 responsible for LegC7 function in vivo.

LegC7 disrupts endosome to vacuole traffic

It is known that expression of LegC7 in yeast induces a vacuolar protein-sorting defect based
upon the observed mis-sorting and extracellular secretion of a vacuole-directed CPY-invertase
fusion protein when LEGC7" is expressed [11]. In order to further characterize the protein
sorting defects induced by LegC7 in yeast, we examined the endosomal trafficking patterns of
several well-defined yeast proteins upon LEGC7" expression. Carboxypeptidase S (CPS) is a
vacuolar protease known to traffic to the vacuole via the CPY (Golgi-endosome-multi-vesicular
body) route [29]. Accordingly, yeast cells harboring GFP-tagged CPS protein in the absence of
LegC7 show a distinct localization of GFP-CPS to the vacuole lumen (Fig. 2A). Upon expres-
sion of LEGC7, however, GFP-CPS is strongly localized to the cell periphery in a diffuse punc-

tate pattern (Fig. 2A, S1A Fig.). In confirmation that the LegC7"***' protein is no longer active
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Figure 1. Residue N242 is required for LegC7 toxicity in yeast. (A) BY4742 yeast strains harboring the
galactose-inducible control plasmid pYES2/NT C, pVJS52 (LEGCT*), or pVJS54 (LEGC7V2#2') were spotted
onto CSM-uracil medium supplemented with either 2% glucose or 2% galactose with 10-fold serial dilutions
from a starting culture of ODggo = 1.0. Plates were incubated for 72 h at 30°C. (B) Strains from (A) were grown
in for 24 h in CSM-uracil supplemented with 2% glucose at 30°C, washed in ddH,O, suspended in fresh
CSM-uracil/2% galactose, and incubated at 30°C for 16 h. Equal fractions of each strain were harvested, total
protein was extracted [55], and 30ul from each sample was separated by SDS-PAGE. Samples were
immunoblotted for LegC7 (rabbit 1:5000) or Sec17p (Rabbit, 1:1000) [56] (loading control). (C) The LEGC7*
plasmid, pVJS52, was mutagenized via site-directed mutagenesis (Materials and Methods), transformed into
BY4742, and spotted onto CSM-Ura medium containing either 2% glucose or 2% galactose in 10-fold serial
dilutions. (D) Diagram of the predicted LegC7 protein structure indicating transmembrane domain (TM, red)
and three predicted coiled coil domains (CC, blue). Transmembrane prediction was calculated with TMHMM
Serverv.2.0 (http://www.cbs.dtu.dk/services/TMHMM/,) and coiled coil predictions were calculated with
COILS (http://toolkit.tuebingen.mpg.de/pcoils) with a window size of 21, weighting, and an iterated matrix.

(E) Coiled coil probability prediction of LegC7 containing either N, I, or D at position 242 were run as in (D).
Probabilities at each position were plotted and the predicted disordered region between predicted coiled coil
regions 1 and 2 is marked (red arrow).

doi:10.1371/journal.pone.0116824.9001

in vivo, cells expressing LegC7"*** deliver GFP-CPS to the vacuole lumen, as in wild type
strains (Fig. 2A, S1A Fig.).

In order to confirm delivery of GFP-CPS was disrupted in strains expressing LegC7, we
took advantage of the fact that the GFP-CPS protein is known to be cleaved upon delivery to
the proteolytic vacuole, resulting in an easily-detectable size shift upon immunoblot for GFP
[30]. Strains expressing LegC7 show a clear accumulation of the full length GFP-CPS fusion
protein (Fig. 2B). In contrast, strains harboring the inactive LegC7">**' protein or vector con-
trol plasmid show complete conversion of the GFP-CPS protein to the lower molecular weight
GFP (Fig. 2B), confirming the observation that delivery of GFP-CPS to the vacuole is drastical-
ly altered in LEGC7" strains (Fig. 2A).

In order to examine LegC7’s effect on the delivery of another well characterized membrane
protein to the vacuole, we examined the trafficking of the Sna3p protein, which is sorted to the
MVB membrane via its close association with, and ubiquitination by, the ubiquitin ligase
Rsp5p [31]. Sna3p is then packaged into ILVs at the MVB and localized to the vacuole lumen
upon MVB:vacuole fusion [30]. As expected, Sna3-GFP was localized to the vacuole lumen in
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Figure 2. LegC7 induces endosome:vacuole trafficking defects. (A) BY4742 yeast strains harboring
GFP-CPS and either the vector control, LEGC7*, or LEGC7"2#?' plasmids were grown in selective media
supplemented with 2% glucose at 30°C, washed in ddH,O, suspended in fresh CSM-uracil/2% galactose,
incubated at 30°C for 16 h, then visualized. (B) Equal portions of total proteins were extracted from strains in
(A), then immunoblotted for GFP and Sec17p (loading control). (C) BY4742 yeast strains containing GFP-
Sna3 and either the vector control, LEGC7*, or LEGC7"24?' plasmids were grown as in (A), then visualized.
(D) Cells containing the vector control, LEGC7*, or LEGC7"2#?' plasmids were incubated with Lucifer Yellow
(Materials and Methods), and then visualized. (E) Strains from (D) were grown in selective media
supplemented with 2% glucose at 30°C, washed in ddH,0, suspended in fresh CSM-uracil/2% galactose,
incubated at 30°C for 16 h, then stained with the yeast vacuolar marker FM4—64 [57] and visualized. (F) Wild
type SEY6210 or 4+ENTH (Table 1) strains harboring Ste3-GFP and either the vector control or LEGC7*
plasmids were grown as in (A) and then visualized.

doi:10.1371/journal.pone.0116824.9002

yeast strains lacking LegC7 (Fig. 2C). Expression of LegC7, however, resulted in the striking ac-
cumulation of Sna3-GFP in either peripherally-localized punctae, or in a diffuse cytosolic stain-
ing pattern (Fig. 2C, S1B Fig.). Expression of LegC7">**', does not affect normal vacuolar
localization of Sna3-GFP (Fig. 2C, S1B Fig..), confirming that this mutant derivative of LegC7
has lost in vivo function.

LegC7 expression is known to induce a class E phenotype in yeast upon expression, leading
to vacuole protein sorting defects and aberrant protein secretion of biosynthetic traffic through
the MVB [11]. Therefore, we hypothesized that LegC7 may also induce defects in the delivery
of endocytic cargo to the vacuole. In order to assay for endocytic defects in the presence of
LegC7, we measured the ability of yeast to accumulate the soluble fluorescent dye, Lucifer Yel-
low (LY). LY is known to enter yeast via endocytosis, and is delivered to the vacuole where it
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accumulates [32]. Under galactose growth conditions, yeast accumulates LY in the vacuole, as
expected (Fig. 2D). In contrast, strains expressing LegC7 fail to accumulate LY in the vacuole,
but rather display a cytoplasmic accumulation phenotype (Fig. 2D, S1C Fig.); LegC7™>**' does
not block endocytic delivery of LY to the vacuole (Fig. 2D, S1C Fig.). Furthermore, when we at-
tempted to stain the yeast vacuolar membrane of LegC7-expressing strains with the fluorescent
styryl dye, FM4-64, we observed accumulations of the dye in punctate structures lining the
plasma membrane, staining not seen in either vector control or LegC7™***'-expressing strains,
highly reminiscent of the structures seen to accumulate GFP-CPS and Sna3-GFP (Fig. 2E,

S1D Fig.). These results strongly suggest a defect in endocytic delivery of FM4-64 to the vacu-
ole in strains expressing LegC7. Recent work from our laboratory has shown normal FM4-64
staining patterns of the vacuole in LegC7-expressing strains [12], however those images were
taken three hours post-induction. After a 16h galactose induction, strains harboring LegC7 dis-
play these clear defects in FM4-64 delivery to the vacuole. Taken together, these data show
that LegC7 either delays or inhibits normal endosomal traffic to the vacuole, from both biosyn-
thetic and endocytic pathways.

In order to examine the effects of LegC7 on the disruption of receptor-mediated endocyto-
sis, we utilized the a-factor pheromone receptor, Ste3p, fused to GFP [33]. Without the appro-
priate ligand, Ste3 is constitutively endocytosed and delivered to the vacuole [34]. Under
galactose growth conditions Ste3-GFP accumulates in the vacuole as expected (Fig. 2F). When
LegC7 is expressed, however, Ste3-GFP accumulates in a single, small compartment on the vac-
uolar periphery, reminiscent of a class E compartment (Fig. 2F, S1E Fig.). In order to more ex-
plicitly define whether LegC7 prevents the endocytic uptake of Ste3-GFP, we utilized a strain
with the 4 clathrin-binding adaptor proteins (Entlp, Ent2p, Yap1801p, and Yap1802p) deleted
and complimented with an epsin N-terminal homology domain (4A + pENTHL1), a strain pre-
viously shown to be defective in the uptake of Ste3-GFP from the plasma membrane via endo-
cytosis [33, 35]. In this strain background, Ste3-GFP accumulated at the plasma membrane as
expected (Fig. 2F). The clear distinction between the plasma membrane accumulations of Ste3-
GFP in the strain defective for endocytic uptake (4A + pENTHI) and the strain expressing
LegC7 show that LegC7 does not disrupt the physical process of endocytosis, but rather pre-
vents the proper vacuolar delivery of the endocytosed Ste3-GFP cargo.

In order to determine if the disruption in endosomal trafficking was due simply to LegC7-
induced cell death, we stained cells with propidium iodide (PI) which is only internalized upon
cell membrane disruption after cell death [36]. We found that after the standard 16 hour galac-
tose induction period, cells expressing the vector control plasmid showed that approximately
94% of the cells excluded PI, compared to nearly all of the yeast cells subjected to excess heat
(S2A Fig.). Strains expressing LegC7 show PI staining levels indistinguishable from vector con-
trol strains, suggesting that the observed endosome trafficking defects are not due to wide-
spread cell death induced by LegC7 (S2A Fig.).

LegC7 does not inhibit endosome-independent traffic to the vacuole

The yeast vacuole receives cargo from at least 3 pathways (Reviewed in [37]): the endocytic/
vacuolar protein-sorting pathway (CPY pathway) [20], directly from the Golgi in an AP-3
adapter complex-dependent manner (ALP pathway) [38], and directly from the cytosol via
autophagic processes [39]. Of these three pathways, however, only the endocytic/CPY pathway
utilizes endosomal intermediate vesicles for vacuolar delivery, and we therefore sought to mea-
sure the effects of LegC7 on vacuolar trafficking pathways that do not require endosomal
intermediates.
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Figure 3. LegC7 does not delay non-endosomal vacuolar traffic. (A) Wild type yeast strains expressing
GFP-Vam3 [58] and expressing either LEGC7* or LEGC7V2#? were grown in selective media supplemented
with 2% glucose at 30°C, washed in ddH,0O, suspended in fresh CSM-uracil-lysine/2% galactose, incubated
at 30°C for 16 h, then visualized. (B) Wild type oratg79 cells expressing either LEGC7* or LEGC7?*? were
grown in selective media containing 2% glucose at 30°C, washed in ddH,0, suspended in fresh CSM-uracil/
2% galactose, incubated at 30°C for 16 h, and total proteins were extracted from equal fractions. Proteins
were separated and immunoblotted for Ape1p (Rabbit 1:2000) [39] and LegC?7.

doi:10.1371/journal.pone.0116824.9003

The vacuolar SNARE, Vam3p, traffics directly from the Golgi to the vacuole through the
AP-3/ALP pathway; no interaction with the endocytic pathway is observed [40]. Yeast strains
expressing GFP-Vam3p show a clear localization of Vam3p to the vacuolar membrane
(Fig. 3A). Strains expressing LegC7 show no obvious defect in GFP-Vam3 trafficking (Fig. 3A,
S2B Fig.), in contrast to our previous data showing disruption of known endosomal traffic
from the Golgi to the vacuole (Fig. 2A,C).

As a marker for the delivery of cytosolic components to the vacuole via a specialized autop-
hagic process known as cytosol-to-vacuole targeting (Cvt), we measured the maturation of the
vacuolar aminopeptidase, Apelp. This protein is produced in a cytosolic proenzyme form, se-
lectively encapsulated by an autophagosomal membrane, and delivered to the vacuole for pro-
teolytic processing and enzymatic activation [39]. This processing can be easily observed via
immunoblot, and wild type yeast shows the expected maturation of the Apelp polypeptide,
confirming normal Cvt trafficking. Expression of LegC7 does not disrupt the maturation of
Apelp while strains lacking Atg19p, the Apel receptor required for proper Apel delivery to
the vacuole, result in an accumulation of unprocessed precursor (Fig. 3B) [41, 42]. These data
indicate that the inhibitory effects of LegC7 on trafficking pathways are specific to endosomal
traffic, and not the result of general trafficking or vacuolar defects.
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Figure 4. Deletion of VPS27 reduces LegC7 toxicity. (A) BY4742 or vps27 strains harboring either the
control or LEGC7" plasmids were spotted onto CSM-Ura plates containing 2% glucose or 2% galactose in 10-
fold serial dilutions (starting ODgg = 1.0) and grown at 30°C for 96h. (B) BY4742 or vps27 strains expressing
GFP or GFP-LegC7 were grown in selective media supplemented with 2% glucose at 30°C, stained with
FM4-64, and visualized for GFP and FM4—-64 fluorescence. (C) Yeast vps27 strains expressing either GFP-
CPS or Sna3-GFP harboring the LEGC7* expression plasmid or vector control were grown in selective media
supplemented with 2% glucose at 30°C, washed in ddH,O, suspended in fresh CSM-uracil-lysine/2%
galactose, incubated at 30°C for 16 h, then visualized. (D) Cells expressing GFP-Vps27 and LegC7 were
grown as in (C), and localization of GFP-Vps27 was determined.

doi:10.1371/journal.pone.0116824.9004

Deletions in vps27 reduce LegC7 toxicity

Previous reports have indicated that low-level expression of LegC7 results in the formation of
so-called “class E” compartments, and that LegC7-GFP is localized to these compartments
[11]. Furthermore, LegC7 was reported to induce the aberrant secretion of CPY-Invertase, a
protein that should be directed to the vacuole via the CPY pathway [11, 19]. As these results
phenocopy known class E trafficking mutants in yeast, we hypothesized that one or more class
E VPS genes may be required for LegC7 toxicity, even though deletions of individual class

E genes did not cause major disruptions in LegC7-GFP localization [11].

We assayed LegC7 toxicity in each of the single deletions of the 13 originally-identified class
E mutants (vps4A, vps20A, vps23A, vps24A, vps25A, vps27A, vps28A, vps364, brolA, snf7A,
snf84, srn2A, and did4A) [20] and hselA. These genes define many of the proteins that com-
prise the various ESCRT complexes and accessory factors which are required for both the bio-
genesis of the MVB, and in the proteolytic turnover of ubiquitinated proteins; their functions
in this pathway is highly ordered process. Interestingly, deletion of only the ESCRT-0 member
vps27 resulted in a partial reversal of toxicity of LegC7 (Fig. 4A); no other single class E gene
deletion affected LegC?7 toxicity (S3 Fig.).

As a member of the ESCRT-0 complex, Vps27p is a multifunctional protein that binds ubi-
quitinated proteins, binds to endosomal phosphatidylinositol 3-phosphate (PI3P) via its FYVE
(Fab-1, YOTB, Vacl, and EEA-1) domain, and recruits the ESCRT-I complex to the endosome
via direct interactions with Vps23p [43-45]. ESCRT-0 functions as 1:1 heterodimer of Vps27p
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and Hselp [46, 47]. Surprisingly, the hselA single deletion strain did not reduce the toxicity of
LegC7 (S3 Fig.), and the double deletion strain (hseIA vps27A) did not show any additional
reversal of LegC?7 toxicity beyond the effect of the vps27A deletion (SI3). Given that hselA
strains are not resistant to LegC7, nor are any ESCRT mutants downstream of Vps27 function,
the vps27-mediated reversal of LegC7 toxicity is likely due to a specific function, and not a di-
rect result of defective ESCRT complex activity.

As Vps27p functions to target ubiquitinated membrane proteins bound for vacuolar turn-
over, we hypothesized that suppression of LegC7 toxicity in vps27A strains may be due to either
mislocalization of LegC7, or altered proteolytic turnover of LegC7 in vivo. GFP-LegC7 localizes
to vesicular accumulations reminiscent of class E compartments, confirming a previous report
(Fig. 4B, [11]). The localization of GFP-LegC7 is not drastically altered in Avps27 strains,
which is also consistent with this report (Fig. 4B, S4A Fig. [11]). Given that ESCRT complex
proteins are important in regulating membrane protein turnover, we measured LegC7 turnover
in vps27A strains. After 60 minutes of incubation, LegC7 is near undetectable in wild type yeast
extracts (S4B Fig.). In vps27A strains, however, there appears to be less LegC7 present at all
timepoints taken (S4B Fig.), when compared to wild type. Therefore, LegC7 levels in vps27A
strains are reduced either through enhanced proteolytic turnover, or through a reduction in
expression. Interestingly, Sec18p, a protein that should degrade over the course of this assay
[48], also appears to degrade more quickly in vps27A strains, while Sec17p remains stable over
the assay in both strains (S4B Fig.). Therefore, it appears that some proteins may turnover
more quickly in vps27A strains, and lower levels of LegC7 in vivo may explain the resistance of
vps27A strains to LegC7 expression.

It is known that vps27A strains have defects in delivery of endosomal traffic to the vacuole,
presumably due to an aberrant MVB function [20]. When we observed the trafficking of the
endosomal cargoes Sna3-GFP and GFP-CPS in vps27A strains, we noted the expected punctate
trafficking defect of Sna3-GFP, similar to that seen in LegC7-expressing strains (Fig. 4C, S4C
and D Fig,, Fig. 2C). Additionally, GFP-CPS accumulated on the vacuolar membrane in
vps27A strains, and was not delivered to the vacuolar lumen (Fig. 4C, S4D Fig.). To measure
whether or not LegC7 and Vps27p interact directly, we purified GST-Vps27p and attempted to
pull-down recombinant LegC7ATM [12]. We did not detect an interaction between GST-
Vps27 and LegC7ATM in vitro (S5A Fig.), although either the transmembrane domain or
short N terminal region of LegC7 could be required for interaction of these two proteins, or
LegC7ATM may require ubiquitination for this interaction to occur. Consistent with the lack
of a direct biochemical interaction, LegC7 did not disrupt the overall localization of GFP-
Vps27 (Fig. 4D, S5B Fig.).

Interestingly, LegC7 expression in the vps27A background did not induce the fragmented
punctate pattern of GFP-CPS localization seen previously (Fig. 2A), suggesting that LegC7 may
function after Vps27p, as LegC7 is unable to induce additional trafficking defects downstream
of the relevant effects imparted by the deletion of vps27. Therefore, LegC7 appears to be direct-
ly involved in altering protein traffic via the endosome-MVB-vacuole route.

Discussion

In order to survive intracellularly, Legionella separates the LCV from the standard endosomal
maturation pathway thus avoiding LCV-lysosome fusion [5]. To this end, Legionella secretes a
number of effector proteins that appear to directly manipulate endolysosomal compartments.
For example, VipD misregulates the early endosomal Rab-family GTPase, Rab5, to promote
intracellular survival of the bacterium [49, 50]. Our lab has also characterized another Legio-
nella coiled coil containing protein, LegC3, that causes vacuolar fragmentation upon
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expression in yeast and prevents homotypic vacuole fusion in vitro pointing to this protein’s
probable role in manipulating host endolysosomal pathways [12]. Due to the importance of
separating the LCV from the endosomal pathway and Legionella’s broad host range we specu-
late that other uncharacterized Legionella effectors also function to manipulate different as-
pects of host endosomal systems.

When expressed in yeast, LegC7 disrupts biosynthetic vacuole-directed cargo that emanate
from the Golgi, such as CPS and Sna3p. In both cases, the predominant phenotype consists of
numerous punctate structures that localize to the cell periphery. Because these proteins are
trafficked via similar mechanisms, we suspect that both GFP-CPS and Sna3-GFP are accumu-
lating in the same physiological compartments; perhaps early endosomes that are unable to
either mature or fuse to downstream compartments. In addition, by following fluid-phase en-
docytosis with the soluble dye Lucifer Yellow, we find that yeast cells expressing LegC7 accu-
mulate this marker within the cytosol. Therefore, LegC7 does not completely prevent
endocytosis, as the dye is still able to enter the cell, but the LY-containing endosomes fail to de-
liver their cargo to the vacuole. Interestingly, strains deleted for vps2I and ypt52, the major
Rab-family GTPases of the early endocytic pathway, are also reported to display a similar LY
accumulation phenotype [51]; this phenotypic similarity to LegC7-expressing strains further
suggests that LegC7 may be capable of modulating the early endocytic pathway. It is unknown,
however, whether LegC7 directly manipulates these Rab GTPases or the fusion events they
catalyze, and therefore requires further study. Upon LegC7 expression, the fluorescent styryl
dye, FM4-64 was not seen to accumulate in yeast vacuole membranes, but instead was con-
tained within punctate structures around the cell periphery. The localization pattern observed
with FM4-64 mirrors the aberrant accumulation of GFP-CPS and Sna3-GFP in LegC7-
expressing cells, leading us to hypothesize that these structures represent the same physiologi-
cal compartment. Using a GFP tagged version of the a-Factor, Ste3p, we determined that
LegC7 also prevented proper vacuolar delivery of receptor mediated endocytic cargoes yet did
not disrupt the actual endocytic event.

Our data indicates that LegC7 manipulates traffic involving endosomal maturation, howev-
er we wondered if the effects of LegC7 were specific to the endosomal system, or rather repre-
sented a global disruption of traffic. As the yeast vacuole receives cargo from at least two other
pathways we sought to determine if LegC7 disrupted these pathways as well. In order the probe
the ALP pathway which moves cargo directly from the late Golgi to the vacuole in an AP-3 de-
pendent manner we utilized GFP-Vam3, a well-characterized vacuolar SNARE that is known
to traffic through the ALP pathway. Localization of GFP-Vam3 was not disrupted by LegC7
expression, nor was the processing of a Cvt-delivered protein, Apelp. These data indicate that
LegC7 specifically disrupts cargo that is required to traffic through endosomes to vacuoles,
while not disrupting global cellular trafficking events.

Mutation of the asparagine 242 of LegC7 to either isoleucine or leucine results in a non-
toxic derivative of LegC7 that also lacks the endocytic disruption phenotypes of wild type
LegC7. Based on in silico calculations, this residue is predicted to fall in the very beginning of
the putative second coiled-coil domain of LegC7. Furthermore, models predict that replacing
this residue with a large aliphatic amino acid alters the predicted linking region between coiled
coil region 1 and 2, suggesting that the presence of this domain is critical for proper LegC7
folding or function in vivo. In support of these data, early studies with LegC7 found that large
deletions of this central coiled-coil domain produced a non-toxic protein, and that the C-ter-
minal coiled-coil domain of LegC7 was not important for toxicity [19]. As the elimination of
LegC7 toxicity in our study is fairly specific, we suspect that significant structural changes are
induced in LegC7™***, but will not be fully appreciated until crystallographic data are
obtained. Recently, the N-terminal portion of a related Legionella effector protein, LegC3, was
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crystallized, resulting in a structure that did not share close homology with any currently
known structure [52]. As this crystal structure did not match in silico predictions, the structure
of LegC7 may provide a new role for the N242 residue in LegC7 function.

Finally, we find that deletions of VPS27, and ESCRT-0 complex member, partially reversed
the toxic effects of LEGCY expression. This effect is not the result of mislocalization of LegC7,
but could be explained by the reduction of LegC7 levels through enhanced proteolytic turn-
over or reduced LegC7 expression in vps27A backgrounds; direct interactions between Vps27p
and LegC7 in vitro were not detected. Furthermore, we were unable to detect any suppression
of LegC7 toxicity in hselA deletions, which may rule out a function of the intact ESCRT-0
complex in this reversal. It is also possible that Vps27p recruits either a secondary protein
required for LegC7 function in vivo, or Vps27p plays an as yet undescribed role in an endoso-
mal maturation pathway that LegC7 can exploit. There is a hypothesized link between the
ESCRT pathway, which removes membrane surface area of the MVB, and the endocytic fusion
pathway, which increases the surface area of the MVB [53, 54]. Perhaps Vps27p, with the earli-
est function in the yeast ESCRT pathway, serves a role in promoting endosomal fusion or mat-
uration to ensure sufficient surface area of the MVB for proper downstream ESCRT function.
It is clear, however, that no other class E protein activity is required for LegC?7 toxicity or local-
ization, and we therefore do not believe that LegC?7 is directly modulating overall ESCRT
function.

The modulation of host endosomal traffic would likely be an important goal for Legionella,
in both its attempt to evade the normal host endomembrane system, and in the construction of
the LCV during infection. It should be noted that Legionella strains lacking LegC7 are not de-
fective in macrophage proliferation studies [19], and therefore LegC7-specific activities during
Legionella infection remain unclear. Identification of the yeast target protein(s) of LegC7 will
likely provide essential insight into the role of this effector protein during the intracellular
lifecycle of Legionella.

Supporting Information

S1 Fig. Quantification of Fig. 2 Microscopy. (A) BY4742 yeast strains harboring GFP-CPS
and either the vector control, LEGC7", or LEGC7"***' plasmids were grown in selective media
supplemented with 2% glucose at 30°C, washed in ddH,O, suspended in fresh CSM-uracil-
lysine/2% galactose, incubated at 30°C for 16 h, then visualized. (B) BY4742 yeast strains con-
taining GFP-Sna3 and either the vector control, LEGC7*, or LEGC7"***' plasmids were grown
as in (A), then visualized. (C) Cells containing the vector control, LEGC7", or LEGC7N*#!
plasmids were incubated with Lucifer Yellow (Materials and Methods), and then visualized.
(D) Strains from (C) were grown in selective media supplemented with 2% glucose at 30°C,
washed in ddH,0, suspended in fresh CSM-uracil/2% galactose, incubated at 30°C for 16 h,
then stained with the yeast vacuolar marker FM4-64 [57] and visualized. (E) Wild type
SEY6210 or BWY3400 (A4+ENTH, Table 1) strains harboring Ste3-GFP and either the vector
control or LEGC7" plasmids were grown as in (A) and then visualized. Two separate trials,
each consisting of a minimum of 222 individual cells were counted for each set, and images
presented are lower magnification/larger fields of those presented in Fig. 2. % P<.0261,

#xxP <.0051, **x P<.0008, **x* P<.0001, unpaired two-tailed t Test.

(TIF)

S2 Fig. LegC7 does not induce cell death during expression or alter GFP-Vam3 traffic.

(A) BY4742 cells containing either a control or LEGC7" plasmid were grown in selective media
supplemented with 2% glucose at 30°C, washed in ddH,O, suspended in fresh CSM-uracil/2%

galactose, and incubated at 30°C for 16 h. A sample of the BY4742 cells were incubated at 100°
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C for 10 min for a dead cell control, then 25 pM propidium iodide was added, incubated at 30°
C for 30 minutes, washed, and visualized. At least 385 cells from each sample were scored for
propidium iodide retention; representative micrographs for each condition are shown.

(B) Wild type yeast strains expressing GFP-Vam3 [58] and expressing either LEGC7" or
LEGC7™?**" were grown in selective media supplemented with 2% glucose at 30°C, washed in
ddH,0, suspended in fresh CSM-uracil-lysine/2% galactose, incubated at 30°C for 16 h, then
visualized. Two separate trials, each consisting of a minimum of 300 individual cells were
counted. n.s.; not significant, unpaired two-tailed t Test. Images presented are lower magnifica-
tion/larger fields of those presented in Fig. 3.

(TIF)

S3 Fig. Most Class E VPS mutants do not reverse LegC7 toxicity. BY4742 or noted class E
deletion strains harboring either the control or LEGC7" plasmids were spotted onto CSM-Ura
plates containing 2% glucose or 2% galactose in 10-fold serial dilutions (starting ODggo = 1.0)
and grown at 30°C for 96 h. .

(TIF)

S4 Fig. Effects of vps27A on LegC7 function in vivo. (A) BY4742 or vps27A strains expressing
GFP or GFP-LegC7 were grown in selective media supplemented with 2% glucose at 30°C,
stained with FM4-64, and visualized for GFP and FM4-64 fluorescence. (B) BY4742 or vps27A
strains harboring either the control or LEGC7" plasmids were grown in selective media con-
taining 2% glucose at 30°C, washed in ddH,0, suspended in CSM-Ura 2% galactose, incubated
at 30°C for 16 h in order to induce LegC7 expression. Samples were diluted to ODggo = 1.0, and
cycloheximide was added to a final concentration of 0.5 mg/ml. Cultures were incubated at 30°
Cand 1 OD of cells were withdrawn at the noted timepoints, processed to extract proteins
[55], and separated using SDS-PAGE and immunoblotted using LegC7 antiserum, Sec17 anti-
serum, or Sec18 (Rabbit 1:1000) serum[59]. Yeast vps27A strains expressing either (C) GFP-
CPS or (D) Sna3-GFP harboring the LEGC7" expression plasmid or vector control were grown
in selective media supplemented with 2% glucose at 30°C, washed in ddH,0, suspended in
fresh CSM-uracil-lysine/2% galactose, incubated at 30°C for 16 h, then visualized. Two separate
trials, each consisting of a minimum of 214 individual cells were counted for microscopy.
#+xP<0.002, n.s.=not significant, unpaired two-tailed t Test. Images presented are lower mag-
nification/larger fields of those presented in Fig. 4.

(TIF)

S5 Fig. LegC7ATM does not interact with GST-Vps27. (A) 3uM LegC7ATM was mixed with
equimolar concentrations of GST or GST-Vps27 in 20 mM HEPES-NaOH pH 8.0, 10% glycer-
ol, 150mM NaCl, 2mM MgCI2, 1 mM PMSF, and 1 x protease inhibitor cocktail (Pierce). Sam-
ples were incubated at 4°C with mixing for 1 hour and input controls were removed. 25uL of
equilibrated glutathione resin was added and samples were incubated with mixing for 1 h at
4°C. Samples were washed 10 times with 1 ml of above buffer, suspended in 100pLL SDS-PAGE
buffer, boiled, and separated via SDS-PAGE. (B) Cells expressing GFP-Vps27 and LEGC7"
were grown in selective media supplemented with 2% glucose at 30°C, washed in ddH,O, sus-
pended in fresh CSM-uracil-lysine/2% galactose, incubated at 30°C for 16 h, then visualized.
Two separate trials consisting of a minimum of 300 individual cells were counted; n.s.=not sig-
nificant; unpaired two-tailed t Test. Images presented are lower magnification/larger fields of
those presented in Fig. 4.

(EPS)

PLOS ONE | DOI:10.1371/journal.pone.0116824 February 2, 2015 14/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0116824.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0116824.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0116824.s005

@' PLOS ‘ ONE

Legionella LegC7 Alters Endosomal Traffic

Acknowledgments

We would like to thank Drs. Daniel Nickerson, Alexey Merz, Derek Prosser, Daniel Klionsky,
Beverly Wendland, William Wickner, and Greg Odorizzi for thoughtful gifts of strains and
plasmids, as well as helpful comments.

Author Contributions

Conceived and designed the experiments: KMO VJS. Performed the experiments: KMO ELL.
Analyzed the data: KMO V]JS. Wrote the paper: KMO V]JS.

References

1.

10.

11.

12

13.

14.

15.

Fields BS, Barbaree JM, Shotts EB Jr, Feeley JC, Morrill WE, et al. (1986) Comparison of Guinea Pig
and Protozoan Models for Determining Virulence of Legionella Species. Infection and Immunity 53:
553-559. PMID: 3744550

Fliermans CB, Cherry WB, Orrison LH, Smith SJ, Tison DL, et al. (1981) Ecological Distribution of
Legionella pneumophila. Applied and Environmental Microbiology 41: 9—-16. PMID: 7013702

Kaufmann AF, Mcdade JE, Patton CE, Bennett JV, Skaliy P, et al. (1981) Pontiac Fever: Isolation Of
The Etiologic Agent (Legionella Pneumophila) And Demonstration Of Its Mode Of Transmission. Ameri-
can Journal of Epidemiology 114: 337-347. PMID: 7304569

McDade JE, Shepard CC, Fraser DW, Tsai TR, Redus MA, et al. (1977) Legionnaires’ Disease: Isola-
tion of a Bacterium and Demonstration of Its Role in Other Respiratory Disease. The New England
Journal of Medicine 297: 1197—-1203. doi: 10.1056/NEJM197712012972202 PMID: 335245

Horwitz MA (1983) The Legionnaires’ Disease Bacterium (Legionella pneumophila) Inhibits Phago-
some-Lysosome Fusion In Human Monocytes. Journal of Experimental Medicine 158: 2108-2126.
doi: 10.1084/jem.158.6.2108 PMID: 6644240

Burnstein D, Zusman T, Degtyar E, Viner R, Segal G, et al. (2009) Genome-Scale Identification of
Legionella pneumophila Effectors Using a Machine Learning Approach. PLOS Pathogens 5. doi: 10.
1371/journal.ppat.1000508 PMID: 19593377

Luo ZQ, Isberg RR (2004) Multiple substrates of the Legionella pneumophila Dot/lcm system identified
by interbacterial protein transfer. PNAS 101: 841-846. doi: 10.1073/pnas.0304916101 PMID:
14715899

Heidtman M, Chen EJ, Moy MY, Isberg RR (2009) Large-scale identification of Legionella pneumophila
Dot/lcm substrates that modulate host cell vesicle trafficking pathways. Cellular Microbiology 11:
230-248. doi: 10.1111/j.1462-5822.2008.01249.x PMID: 19016775

Lifshitza Z, Burstein D, Peerib M, Zusmana T, Schwartzc K, et al. (2013) Computational modeling and
experimental validation of the Legionella and Coxiella virulence-related type-IVB secretion signal.
PNAS: E707-E715. doi: 10.1073/pnas.1215278110

Kagan JC, Stein MP, Pypaert M, Roy C (2004) Legionella Subvert the Functions of Rab1 and Sec22b
to Create a Replicative Organelle. The Journal of Experimental Medicine 199: 1201-1211. doi: 10.
1084/jem.20031706 PMID: 15117975

de Felipe KS, Glover GT, Charpentier X, Anderson OR, Reyes M, et al. (2008) Legionella Eukaryotic-
Like Type IV Substrates Interfere with Organelle Trafficking. PLOS Pathogens 8: 16. doi: 10.1371/
journal.ppat.1000117 PMID: 18670632

Bennett TL, Kraft SM, Reaves BJ, Mima J, O’Brien KM, et al. (2013) LegC3, an Effector Protein from
Legionella pneumophila, Inhibits Homotypic Yeast Vacuole Fusion In Vivo and In Vitro. PLOS ONE 8:
15. doi: 10.1371/journal.pone.0056798 PMID: 23437241

Paumet F, Wesolowski J, Garcia-Diaz A, Delevoye C, Aulner N, et al. (2009) Intracellular Bacteria En-
code Inhibitory SNARE-Like Proteins. PLOS ONE 4: e0007375. doi: 10.1371/journal.pone.0007375
PMID: 19823575

Tilney LG, Harb OS, Connelly PS, Robinson CG, Roy C (2001) How the parasitic bacterium Legio-
nella pneumophila modifies its phagosome and transforms it into rough ER: implications for conver-
sion of plasma membrane to the ER membrane. Journal of Cell Science 114: 4637—-4650. PMID:
11792828

Swanson MS;, Isberg RR (1995) Association of Legionella pneumophila with the Macrophage Endo-
plasmic Reticulum. Infection and Immunity 63: 3609—-3620. PMID: 7642298

PLOS ONE | DOI:10.1371/journal.pone.0116824 February 2, 2015 15/18


http://www.ncbi.nlm.nih.gov/pubmed/3744550
http://www.ncbi.nlm.nih.gov/pubmed/7013702
http://www.ncbi.nlm.nih.gov/pubmed/7304569
http://dx.doi.org/10.1056/NEJM197712012972202
http://www.ncbi.nlm.nih.gov/pubmed/335245
http://dx.doi.org/10.1084/jem.158.6.2108
http://www.ncbi.nlm.nih.gov/pubmed/6644240
http://dx.doi.org/10.1371/journal.ppat.1000508
http://dx.doi.org/10.1371/journal.ppat.1000508
http://www.ncbi.nlm.nih.gov/pubmed/19593377
http://dx.doi.org/10.1073/pnas.0304916101
http://www.ncbi.nlm.nih.gov/pubmed/14715899
http://dx.doi.org/10.1111/j.1462-5822.2008.01249.x
http://www.ncbi.nlm.nih.gov/pubmed/19016775
http://dx.doi.org/10.1073/pnas.1215278110
http://dx.doi.org/10.1084/jem.20031706
http://dx.doi.org/10.1084/jem.20031706
http://www.ncbi.nlm.nih.gov/pubmed/15117975
http://dx.doi.org/10.1371/journal.ppat.1000117
http://dx.doi.org/10.1371/journal.ppat.1000117
http://www.ncbi.nlm.nih.gov/pubmed/18670632
http://dx.doi.org/10.1371/journal.pone.0056798
http://www.ncbi.nlm.nih.gov/pubmed/23437241
http://dx.doi.org/10.1371/journal.pone.0007375
http://www.ncbi.nlm.nih.gov/pubmed/19823575
http://www.ncbi.nlm.nih.gov/pubmed/11792828
http://www.ncbi.nlm.nih.gov/pubmed/7642298

@' PLOS ‘ ONE

Legionella LegC7 Alters Endosomal Traffic

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Chen J, de Felipe KS, Clarke M, Lu H, Anderson OR, et al. (2004) Legionella Effectors That Promote
Nonlytic Release from Protozoa. Science 303: 1358—1361. doi: 10.1126/science.1094226 PMID:
14988561

de Felipe KS, Pampou S, Jovanovic OS, Pericone CD, Ye SF, et al. (2005) Evidence for Acquisition of
Legionella Type IV Secretion Substrates via Interdomain Horizontal Gene Transfer. Journal of Bacteri-
ology 187:11.doi: 10.1128/JB.187.22.7716-7726.2005 PMID: 16267296

Neunuebel MR, Mohammadi S, Jarnik M, Machner MP (2011) Legionella pneumophila LidA Affects Nu-
cleotide Binding and Activity of the Host GTPase Rab1. Journal of Bacteriology 194: 1389-1400. doi:
10.1128/JB.06306-11 PMID: 22228731

Campodonico EM, Chesnel L, Roy CR (2005) A yeast genetic system for the identification and charac-
terization of substrate proteins transferred into host cells by the Legionella pneumophila Dot/lcm sys-
tem. Molecular Microbiology 56: 16. doi: 10.1111/j.1365-2958.2005.04595.x PMID: 15853880

Raymond CK, Howald-Stevenson |, Vater CA, Stevens TH (1992) Morphological Classification of the
Yeast Vacuolar Protein Sorting Mutants: Evidence for a Prevacuolar Compartment in Class E vps
Mutants. Molecular Biology of the Cell 3: 1389—-1402. doi: 10.1091/mbc.3.12.1389 PMID: 1493335

Huotari J, Helenius A (2011) Endosome Maturation. The EMBO Journal 30: 3481-3500. doi: 10.1038/
emboj.2011.286 PMID: 21878991

Nickerson DP, West M, Odorizzi G (2006) Did2 coordinates Vps4-mediated dissociation of ESCRT-III
from endosomes. The Journal of Cell Biology 175: 715-720. doi: 10.1083/jcb.200606113 PMID:
17130288

Schuh AL, Audhya A (2014) The ESCRT machinery: From the plasma membrane to endosomes and
back again. Critical Reviews in Biochemistry and Molecular Biology: 1549-7798. doi: 10.3109/
10409238.2014.881777 PMID: 24456136

Katzmann DJ, Babst M, Emr S (2001) Ubiquitin-Dependent Sorting into the Multivesicular Body Path-
way Requires the Function of a Conserved Endosomal Protein Sorting Complex, ESCRT-I. Cell 106:
145-155. doi: 10.1016/S0092-8674(01)00434-2 PMID: 11511343

Kolling R, Hollenberg CP (1994) The ABC-transporter Ste6 accumulates in the plasma membrane in a
ubiquitinated form in endocytosis mutants. The EMBO Journal 13: 3261-3271. PMID: 8045256

Robinson JS, Klionsky DJ, Banta LM, Emr SD (1988) Protein Sorting in Saccharomyces cerevisiae:
Isolation of Mutants Defective in the Delivery and Processing of MultipleVacuolarHydrolases. Molecular
and Cellular Biology 8: 13. PMID: 3062374

Rothman JH, Howland |, Stevens TH (1989) Characterizationofgenes requiredforproteinsorting and
vacuolar function in the yeast Saccharomyces cerevisiae. The EMBO Journal 8: 2057-2065. PMID:
2676511

Voth WP, Jiang YW, Stillman DJ (2003) New ‘marker swap’ plasmids for converting selectable markers
on budding yeast gene disruptions and plasmids. Yeast 20: 985-993. doi: 10.1002/yea.1018 PMID:
12898713

Odorizzi G, Babst M, Emr S (1998) Fab1p PtdIns(3)P 5-Kinase Function Essential for Protein Sorting in
the Multivesicular Body. Cell 95: 12. doi: 10.1016/S0092-8674(00)81707-9 PMID: 9865702

McNatt MW, McKittrick |, West M, Odorizzi G (2007) Direct Binding to Rsp5 Mediates Ubiquitin-inde-
pendent Sorting of Sna3 via the Multivesicular Body Pathway. Molecular Biology of the Cell 18:
697-706. doi: 10.1091/mbc.E06-08-0663 PMID: 17182850

MacDonald C, Stringer DK, Piper RC (2012) Sna3 Is an Rsp5 Adaptor Protein that Relies on Ubiquitina-
tion for Its MVB Sorting. Traffic 13: 586-598. doi: 10.1111/j.1600-0854.2011.01326.x PMID: 22212814

Riezman H (1985) Endocytosis in yeast: Several of the yeast secretory mutants are defective in endo-
cytosis. Cell 40: 1001-1009. doi: 10.1016/0092-8674(85)90360-5 PMID: 3886157

Prosser DC, Whitworth K, Wendland B (2010) Quantitative Analysis of Endocytosis with Cytoplasmic
pHluorin Chimeras. Traffic 11:9. doi: 10.1111/.1600-0854.2010.01088.x PMID: 20626707

Roth AF, Sullivan DM, Davis NG (1998) A Large PEST-like Sequence Directs the Ubiquitination, Endo-
cytosis, and Vacuolar Degradation of the Yeast a-Factor Receptor. The Journal of Cell Biology 142:
949-961. doi: 10.1083/jcb.142.4.949 PMID: 9722608

Maldonado-Baez L, Dores MR, Perkins EM, Drivas TG, Hicke L, et al. (2008) Interactions between
Epsin/Yap180 Adaptors and the Scaffold Ede1/Pan1 Is Required for Endocytosis. Molecular Biology of
the Cell 19:2936-2948. doi: 10.1091/mbc.E07-10-1019 PMID: 18448668

Krishan A (1975) Rapid Flow Cytofluorometric Analysis of Mammalian Cell Cycle by Propidium lodide
Staining. The Journal of Cell Biology 66: 188—193. doi: 10.1083/jcb.66.1.188 PMID: 49354

Reggiori F, Klionsky DJ (2013) Autophagic Processes in Yeast: Mechanism, Machinery, and Regula-
tion. Genetics 194: 341-361. doi: 10.1534/genetics.112.149013 PMID: 23733851

PLOS ONE | DOI:10.1371/journal.pone.0116824 February 2, 2015 16/18


http://dx.doi.org/10.1126/science.1094226
http://www.ncbi.nlm.nih.gov/pubmed/14988561
http://dx.doi.org/10.1128/JB.187.22.7716-7726.2005
http://www.ncbi.nlm.nih.gov/pubmed/16267296
http://dx.doi.org/10.1128/JB.06306-11
http://www.ncbi.nlm.nih.gov/pubmed/22228731
http://dx.doi.org/10.1111/j.1365-2958.2005.04595.x
http://www.ncbi.nlm.nih.gov/pubmed/15853880
http://dx.doi.org/10.1091/mbc.3.12.1389
http://www.ncbi.nlm.nih.gov/pubmed/1493335
http://dx.doi.org/10.1038/emboj.2011.286
http://dx.doi.org/10.1038/emboj.2011.286
http://www.ncbi.nlm.nih.gov/pubmed/21878991
http://dx.doi.org/10.1083/jcb.200606113
http://www.ncbi.nlm.nih.gov/pubmed/17130288
http://dx.doi.org/10.3109/10409238.2014.881777
http://dx.doi.org/10.3109/10409238.2014.881777
http://www.ncbi.nlm.nih.gov/pubmed/24456136
http://dx.doi.org/10.1016/S0092-8674(01)00434-2
http://www.ncbi.nlm.nih.gov/pubmed/11511343
http://www.ncbi.nlm.nih.gov/pubmed/8045256
http://www.ncbi.nlm.nih.gov/pubmed/3062374
http://www.ncbi.nlm.nih.gov/pubmed/2676511
http://dx.doi.org/10.1002/yea.1018
http://www.ncbi.nlm.nih.gov/pubmed/12898713
http://dx.doi.org/10.1016/S0092-8674(00)81707-9
http://www.ncbi.nlm.nih.gov/pubmed/9865702
http://dx.doi.org/10.1091/mbc.E06-08-0663
http://www.ncbi.nlm.nih.gov/pubmed/17182850
http://dx.doi.org/10.1111/j.1600-0854.2011.01326.x
http://www.ncbi.nlm.nih.gov/pubmed/22212814
http://dx.doi.org/10.1016/0092-8674(85)90360-5
http://www.ncbi.nlm.nih.gov/pubmed/3886157
http://dx.doi.org/10.1111/j.1600-0854.2010.01088.x
http://www.ncbi.nlm.nih.gov/pubmed/20626707
http://dx.doi.org/10.1083/jcb.142.4.949
http://www.ncbi.nlm.nih.gov/pubmed/9722608
http://dx.doi.org/10.1091/mbc.E07-10-1019
http://www.ncbi.nlm.nih.gov/pubmed/18448668
http://dx.doi.org/10.1083/jcb.66.1.188
http://www.ncbi.nlm.nih.gov/pubmed/49354
http://dx.doi.org/10.1534/genetics.112.149013
http://www.ncbi.nlm.nih.gov/pubmed/23733851

@' PLOS ‘ ONE

Legionella LegC7 Alters Endosomal Traffic

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Cowles CR, Snyder WB, Burd CG, Emr SD (1997) Novel Golgi to vacuole delivery pathway in yeast:
identification of a sorting determinant and required transport component. The EMBO Journal 16:
2769-2782. doi: 10.1093/emboj/16.10.2769 PMID: 9184222

Klionsky DJ, Cueva R, Yaver DS (1992) Aminopeptidase | of Saccharomyces cerevisiae is localized to
the vacuole independent of the secretory pathway. Journal of Cell Biology 119. doi: 10.1083/jcb.119.2.
287 PMID: 1400574

Darsow T, Burd CG, Emr SD (1998) Acidic Di-leucine Motif Essential for AP-3—dependent Sorting and
Restriction of the Functional Specificity of the Vam3p Vacuolar t-SNARE. The Journal of Cell Biology
142:913-922. doi: 10.1083/jcb.142.4.913 PMID: 9722605

Leber R, Silles E, Sandoval IV, Mazon MJ (2001) Yolo82p, a Novel CVT Protein Involved in the Selec-
tive Targeting of Aminopeptidase | to the Yeast Vacuole. The Journal of Biological Chemistry 276:
29210-29217. doi: 10.1074/jbc.M101438200 PMID: 11382752

Scott SV, Guan J, Hutchins MU, Kim J, Klionsky DJ (2001) Cvt19 Is a Receptor for the Cytoplasm-to-
Vacuole Targeting Pathway. Molecular Cell 7: 1131-1141. doi: 10.1016/S1097-2765(01)00263-5
PMID: 11430817

Raiborg C, Bremnes B, Mehlum A, Gillooly DJ, D’Arrigo A, et al. (2001) FYVE and coiled-coil domains
determine the specific localisation of Hrs to early endosomes. Journal of Cell Science 114:
2255-2263. PMID: 11493665

Bache KG, Raiborg C, Mehlum A, Stenmark H (2003) STAM and Hrs Are Subunits of a Multivalent
Ubiquitin-binding Complex on Early Endosomes. The Journal of Biological Chemistry 278:
12513-12521. doi: 10.1074/jbc.M210843200 PMID: 12551915

Lu Q, Hope LW, Brasch M, Reinhard C, Cohen SN (2003) TSG101 interaction with HRS mediates
endosomal trafficking and receptor down-regulation. Proceedings of the National Academy of Sciences
100: 7626—7631. doi: 10.1073/pnas.0932599100 PMID: 12802020

Prag G, Watson H, Kim YC, Beach BM, Ghirlando R, et al. (2007) The Vps27/Hse1 Complex Is a GAT
Domain-Based Scaffold for Ubiquitin-Dependent Sorting. Developmental Cell 12: 973-986. doi: 10.
1016/j.devcel.2007.04.013 PMID: 17543868

Ren X, Kloer DP, Kim YC, Ghirlando R, Saidi LF, et al. (2009) Hybrid Structual Model of the Complete
Human ESCRT-0 Complex. Structure 17: 406—416. doi: 10.1016/j.str.2009.01.012 PMID: 19278655

Belle A, Tanay A, Bitincka L, Shamir R, O’Shea EK (2006) Quantification of protein half-lives in the bud-
ding yeast proteome. Proceedings of the National Academy of Sciences 103: 13004—13009. doi: 10.
1073/pnas.0605420103 PMID: 16916930

Ku B, Lee KH, Park WS, Yang CS, Ge J, et al. (2012) VipD of Legionella pneumophila Targets Activat-
ed Rab5 and Rab22 to Interfere with Endosomal Trafficking in Macrophages. PLOS Pathogens 8:
€1003082. doi: 10.1371/journal.ppat.1003082 PMID: 23271971

Gaspar AH, Machner MP (2014) VipD is a Rab5-activated phospholipase A1 that protects Legionella
pneumophila from endosomal fusion. Proceedings of the National Academy of Sciences. doi: 10.1073/
pnas.1316376111 PMID: 24616501

Singer-Kruger B, Stenmark H, Dusterhoft A, Philippsen P, Yoo JS, et al. (1994) Role of Three Rab5—
1ike GTPases, Ypt51p, Ypt52p, and Ypt53p, in the Endocytic and Vacuolar Protein Sorting Pathways
of Yeast. The Journal of Cell Biology 125: 283-298. doi: 10.1083/jcb.125.2.283 PMID: 8163546

Yao D, Cherney M, Cygler M (2014) Structure of the N-terminal domain of the effector protein LegC3
from Legionella pneumophila. Acta Crystallographica Section D 70: 436—441. doi: 10.1107/
S$139900471302991X PMID: 24531477

Progida C, Malerad L, Stuffers S, Brech A, Bucci C, et al. (2007) RILP is required for the proper mor-
phology and function of late endosomes. Journal of Cell Science 120: 3729-3737. doi: 10.1242/jcs.
017301 PMID: 17959629

Solinger JA, Spang A (2012) Tethering complexes in the endocytic pathway: CORVET and HOPS.
The FEBS Journal 280: 2743-2757. doi: 10.1111/febs.12151 PMID: 23351085

von der Haar T (2007) Optimaized Protein Extraction for Quantitative Proteomics of Yeasts. PLOS
ONE: 8. PMID: 17957260

Wang L, Merz AJ, Collins KM, Wickner W (2003) Hierarchy of protein assembly at the vertex ring do-
main for yeast vacuole docking and fusion. The Journal of Cell Biology 160: 365—-374. doi: 10.1083/jcb.
200209095 PMID: 12566429

Vida TA, Emr SD (1995) A New Vital Stain for Visualizing Vacuolar Membrane Dynamics and Endocy-
tosis in Yeast. The Journal of Cell Biology 128: 779-792. doi: 10.1083/jcb.128.5.779 PMID: 7533169

Wang L, Seeley S, Wickner W, Merz A (2002) Vacuole Fusion at a Ring of Vertex Docking Sites Leaves
Membrane Fragments within the Organelle. Cell 108: 357-369. doi: 10.1016/S0092-8674(02)00632-3
PMID: 11853670

PLOS ONE | DOI:10.1371/journal.pone.0116824 February 2, 2015 17/18


http://dx.doi.org/10.1093/emboj/16.10.2769
http://www.ncbi.nlm.nih.gov/pubmed/9184222
http://dx.doi.org/10.1083/jcb.119.2.287
http://dx.doi.org/10.1083/jcb.119.2.287
http://www.ncbi.nlm.nih.gov/pubmed/1400574
http://dx.doi.org/10.1083/jcb.142.4.913
http://www.ncbi.nlm.nih.gov/pubmed/9722605
http://dx.doi.org/10.1074/jbc.M101438200
http://www.ncbi.nlm.nih.gov/pubmed/11382752
http://dx.doi.org/10.1016/S1097-2765(01)00263-5
http://www.ncbi.nlm.nih.gov/pubmed/11430817
http://www.ncbi.nlm.nih.gov/pubmed/11493665
http://dx.doi.org/10.1074/jbc.M210843200
http://www.ncbi.nlm.nih.gov/pubmed/12551915
http://dx.doi.org/10.1073/pnas.0932599100
http://www.ncbi.nlm.nih.gov/pubmed/12802020
http://dx.doi.org/10.1016/j.devcel.2007.04.013
http://dx.doi.org/10.1016/j.devcel.2007.04.013
http://www.ncbi.nlm.nih.gov/pubmed/17543868
http://dx.doi.org/10.1016/j.str.2009.01.012
http://www.ncbi.nlm.nih.gov/pubmed/19278655
http://dx.doi.org/10.1073/pnas.0605420103
http://dx.doi.org/10.1073/pnas.0605420103
http://www.ncbi.nlm.nih.gov/pubmed/16916930
http://dx.doi.org/10.1371/journal.ppat.1003082
http://www.ncbi.nlm.nih.gov/pubmed/23271971
http://dx.doi.org/10.1073/pnas.1316376111
http://dx.doi.org/10.1073/pnas.1316376111
http://www.ncbi.nlm.nih.gov/pubmed/24616501
http://dx.doi.org/10.1083/jcb.125.2.283
http://www.ncbi.nlm.nih.gov/pubmed/8163546
http://dx.doi.org/10.1107/S139900471302991X
http://dx.doi.org/10.1107/S139900471302991X
http://www.ncbi.nlm.nih.gov/pubmed/24531477
http://dx.doi.org/10.1242/jcs.017301
http://dx.doi.org/10.1242/jcs.017301
http://www.ncbi.nlm.nih.gov/pubmed/17959629
http://dx.doi.org/10.1111/febs.12151
http://www.ncbi.nlm.nih.gov/pubmed/23351085
http://www.ncbi.nlm.nih.gov/pubmed/17957260
http://dx.doi.org/10.1083/jcb.200209095
http://dx.doi.org/10.1083/jcb.200209095
http://www.ncbi.nlm.nih.gov/pubmed/12566429
http://dx.doi.org/10.1083/jcb.128.5.779
http://www.ncbi.nlm.nih.gov/pubmed/7533169
http://dx.doi.org/10.1016/S0092-8674(02)00632-3
http://www.ncbi.nlm.nih.gov/pubmed/11853670

-
@ ’ PLOS ‘ ONE Legionella LegC7 Alters Endosomal Traffic

59. Kato M, Wickner W (2001) Ergosterol is required for the Sec18/ATP-dependent priming step of homoty-
pic vacuole fusion. The EMBO Journal 20: 4035-4040. doi: 10.1093/emb0j/20.15.4035 PMID:
11483507

60. Brachmann BC, Davies A, Cost GJ, Caputo E, Li J, et al. (1998) Designer Deletion Strains derived from
Saccharomyces cerevisiae S288C: a Useful set of Strains and Plasmids for PCR-mediated Gene Dis-
ruption and Other Applications. Yeast 14: 18. PMID: 9483801

PLOS ONE | DOI:10.1371/journal.pone.0116824 February 2, 2015 18/18


http://dx.doi.org/10.1093/emboj/20.15.4035
http://www.ncbi.nlm.nih.gov/pubmed/11483507
http://www.ncbi.nlm.nih.gov/pubmed/9483801

