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Abstract

Dictyostelium discoideum amoebae produce and secrete multilamellar bodies (MLBs)
when fed digestible bacteria. The aim of the present study was to elucidate the proteic con-
tent of MLBs. The lipid composition of MLBs is mainly amoebal in origin, suggesting that
MLB formation is a protozoa-driven process that could play a significant role in amoebal
physiology. We identified four major proteins on purified MLBs using mass spectrometry in
order to better understand the molecular mechanisms governing MLB formation and, even-
tually, to elucidate the true function of MLBs. These proteins were SctA, PhoPQ, PonC and
a protein containing a cytidine/deoxycytidylate deaminase (CDD) zinc-binding region. SctA
is a component of pycnosomes, which are membranous materials that are continuously
secreted by amoebae. The presence of SctA on MLBs was confirmed by immunofluores-
cence and Western blotting using a specific anti-SctA antibody. The CDD protein may be
one of the proteins recognized by the H36 antibody, which was used as a MLB marker in a
previous study. The function of the CDD protein is unknown. Immunofluorescence and flow
cytometric analyses confirmed that the H36 antibody is a better marker of MLBs than the
anti-SctA antibody. This study is an additional step to elucidate the potential role of MLBs
and revealed that only a small set of proteins appeared to be present on MLBs.

Introduction

Multilamellar bodies (MLBs) are structures of lysosomal origin composed of multiple concen-
tric membrane layers [1]. They are produced by various types of eukaryotic cells, including
protozoa such as Dictyostelium discoideum, which are soil organisms that feed mainly on bacte-
ria by phagocytosis. They produce MLBs ranging in size from 0.5 to 2 um and secrete them
into the environment [2-4].
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D. discoideum MLBs are produced in abundance when the cells are grown in the presence of
digestible bacteria but are virtually absent when the cells are grown in nutrient liquid medium
[3, 5-7]. Contrary to what was suggested in the literature, MLBs do not appear to be a waste
disposal system that serves only to eliminate undigested bacterial remains. They are likely
formed by repetitive inward budding of the membrane of lysosomal compartments [6, 7].
Moreover, based on biochemical analyses of purified MLBs, it appears that lipids in MLBs are
mainly amoebal in origin rather than being similar to the bacterial lipid profile. These results
indicate that MLB membranes are the product of amoebal metabolism [3]. Hence, even if
digestible bacteria are required for D. discoideum to produce MLBs, the process depends largely
on the metabolic capability of the amoebae. MLBs may thus play a significant albeit unknown
role in amoebal physiology.

MLBs, which are also called expelled vesicles and fecal pellets, are produced by various types
of protozoa and are also involved in the bacteria packaging process, a phenomenon observed
when ingested bacteria can resist enzymatic degradation that normally occurs in the phago-
endocytic pathway before being packaged in MLBs or related structures. To date, viable pack-
aged bacteria have been observed in the case of five bacterial pathogenic species, including the
respiratory pathogen Legionella pneumophila (reviewed in [7]. Bacteria packaged in vesicles
are more resistant to a variety of stresses, including biocides and antibiotics [8-11]. The bacte-
ria packaging process may thus be involved in the persistence and transmission of some
pathogenic bacteria. It has been suggested that bacteria-containing MLBs would also be small
enough to be aerosolized and to be inhaled by humans [8].

Given that MLB formation is under the control of the protozoa, the elucidation of the
molecular mechanisms governing this process would provide a better understanding of the
bacteria packaging phenomenon. This objective cannot be achieved without a more extended
knowledge of the biochemical composition of MLBs and, more specifically of the protozoal
proteins associated with these structures. Identifying these proteins and their functions may
provide clues to the physiological roles of MLBs. Some proteins have already been identified on
D. discoideum MLBs, including discoidin I and a cysteine proteinase, as well as yet unidentified
glycosylated proteins [12-14]. However, discoidin I appears to be associated with MLBs solely
in specific circumstances related to multicellular development [12, 13].

In the present study, we used a proteomic approach to identify four major proteins on puri-
fied MLBs, including SctA and a protein containing a cytidine/deoxycytidylate deaminase
(CDD) zinc-binding region. Based on immunoprecipitation and mass spectrometric analyses,
the CDD protein may be one of the epitopes recognized by the H36 antibody [15]. This anti-
body has been used as an MLB marker [3], but its epitope is unknown.

Materials and Methods
Amoeba, bacteria, and antibodies

D. discoideum DHI1-10 cells [16] were grown at 21°C in HL5 medium supplemented with
15 pg/mL of tetracycline as previously described [15]. They were subcultured twice a week in
fresh medium to prevent the cultures from reaching confluence. They were also grown on bac-
terial lawns as described below.

K. aerogenes bacteria were grown on LB agar (Millipore, USA) at 37°C, typically for 24h,
before being used for the bacteria/amoebae co-culture experiments.

The H36 antibody (monoclonal mouse antibody) has been previously described [15]. The
anti-SctA antibody (B4.2) is a monoclonal mouse antibody [17]. Both antibodies were
kindly provided by P. Cosson. The AD7.5 mouse monoclonal antibody, which recognizes
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N-acetylglucosamine-1-phosphate, was a gift from Hudson H. Freeze (Sanford-Burnham Med-
ical Research Institute, La Jolla, CA, USA) [18].

Bacteria/amoebae co-cultures and purification of MLBs

2 x 10° D. discoideum cells were grown with K. aerogenes on HL5 agar in 15 cm Petri dishes for
7 days at 21°C to obtain large phagocytic plaques. Samples of the phagocytic plaques collected
using sterile pipette tips were diluted in fresh HL5 medium and were processed for immunoflu-
orescence as described below.

D. discoideum cells were grown in the presence of K. aerogenes to induce them to secrete
large amount of MLBs. The amoebae and bacteria were mixed in a proportion of 1:1000,
respectively. They were plated on HL5 agar and were incubated at 21°C. After 5 or 6 days, the
bacterial lawn was almost entirely consumed by the D. discoideum cells. At this point, the co-
culture was harvested using a sterile scraper, resuspended in 10 mL of starvation buffer (2 mM
Na,HPO,, 14.7 mM KH,PO,, 100 mM sorbitol, 100 uM CaCl,, and 1% HL5) [19], and centri-
fuged at 450 x g for 5 min to pellet the amoebae. The supernatant was mixed with 5 x 107 D.
discoideum cells freshly grown in liquid HL5. The new co-culture was shaken at 200 rpm over-
night at 21°C and was centrifuged at 450 x g for 5 min. The supernatant contained MLBs and
particles (<0.5 um) of various appearances. To concentrate the MLBs and separate them from
the particulate material, 1 mL of supernatant was deposited on a 6-mL sodium bromide gradi-
ent (pH 5) ranging in density from 1.0 to 1.5 g/mL in a glass tube. The tube was centrifuged at
3220 x g for 45 min at room temperature. The yellowish aggregate corresponding to the pure
MLB fraction [3] was collected using a Pasteur pipette and was transferred to a 1.5-mL tube.
The purified MLBs were washed twice with PBS by centrifuging them at 17,000 x g for 10 min
between each wash. The protein concentration of the pelleted MLBs was determined using the
Quick Start™ Bradford Protein Assay kit 1 (Bio-Rad, Canada). The purified MLBs were stored
at 4°C in a small volume of fresh 1x PBS. The purified MLBs were examined by transmission
electron microscopy (TEM) as previously described [3].

Protein extraction from purified MLBs

The pellet of purified MLBs was resuspended in denaturation solution to obtain a concentra-
tion of 0.5 pg/puL. Two different denaturation solutions (DS1 and DS2) were used to determine
whether the composition of the solution had an impact on the identification of the proteins.
The DSI solution was composed of 10 M urea, 2% CHAPS, 50 mM DTT, and 1 M thiourea.
The DS2 solution was composed of 10 M urea, 2% CHAPS, and 200 mM DTT. The proteins
were solubilized and denatured at 95°C for 5 min. The samples were mixed by inversion for 1 h
and were centrifuged at 17,000 x g for 10 min. One-half volume of 3x TEX loading buffer (0.22
M Tris, pH 6,8, 23.5% glycerol, 9% SDS and traces of Bromophenol blue) was added to obtain
a final concentration of 1x TEX. The lipidic structures were disrupted using a syringe and a
26G needle, and the mixture was heated at 95°C for a further 5 min. The heating steps were
omitted for samples that were to be assessed by Western blotting with the anti-SctA and H36
antibodies.

SDS-PAGE and Western blot analyses

The solubilized proteins were separated on 10% SDS-PAGE or 4-20% nUView Tris-Glycine
gradient gels (NuSep, USA) in reducing (5% (v/v) 2-mercaptoethanol added to the samples
loaded on the gel) or non-reducing conditions. Four major protein bands were excised from
the gels run in non-reducing conditions for mass spectrometric analyses (see below). Samples
were also separated on 12% SDS-PAGE gels for mass spectrometric analyses of total MLB
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proteins. Gels run in reducing conditions were used for Western blotting with the anti-SctA,
H36, and AD7.5 antibodies. Gels run in non-reducing conditions were also used for Western
blotting with H36 and AD7.5 antibodies.

Protein bands were electrotransferred to nitrocellulose membranes, which were immersed
in 50 ml TBS (10 mM Tris, pH 7.4, and 150 mM NaCl) for 5 min. The membranes were incu-
bated with TBSM (10 mM Tris, pH 7.4, 150 mM NaCl, and 7% skim milk) overnight at 4°C to
block non-specific binding. The membranes were washed five times for 5 min with TBST (10
mM Tris, pH 7.4, 150 mM NaCl, and 0.1% Tween 20) and were incubated for 90 min at room
temperature with the anti-SctA antibody (undiluted hybridoma supernatant), H36 (ascite
diluted 1:20,000 in TBST), or AD7.5 antibody (hybridoma supernatant diluted 1:50 in TBST).
They were washed three times for 5 min in TBST and were incubated for 1 h at room tempera-
ture with peroxidase-conjugated goat anti-mouse IgG (Sigma-Aldrich, Canada) or goat anti-
mouse IgG IRDye 680RD (Li-cor, USA). They were washed six times for 5 min in TBST. The
protein bands were revealed using an ECL chemiluminescent detection reagent (Millipore,
USA), and images were acquired using photosensitive films or were directly acquired with the
Odyssey Fc Imaging System (Li-cor, USA).

Immunofluorescence

Samples containing axenic cells or cells and material from the periphery of phagocytic plaques
resuspended in HL5 were allowed to adhere to glass coverslips for 60 min and were then fixed
for 30 min in 4% paraformaldehyde. The coverslips were rinsed with PBS containing 40 mM
NH,Cl and then with PBS. The samples were permeabilized for 5 min with PBS containing
0.1% saponin, and the coverslips were then immersed in PBS containing 0.2% bovine serum
albumin (PBS-BSA) at room temperature for at least 5 min to block non-specific binding sites.
The samples were incubated for 45 min with the appropriate primary mouse antibody (1:3
anti-SctA or 1:1000 H36 in PBS-BSA containing 1:200 Alexa 568-coupled phalloidin (Thermo
Fisher, Canada)). The samples were rinsed with PBS-BSA and were incubated with an Alexa
488-coupled mouse IgG secondary antibody (Thermo Fisher, Canada). The coverslips were
then mounted on glass slides using Prolong Gold (Thermo Fisher, Canada). Images were
acquired using an Axio Observer Z1 microscope equipped with an Axiocam camera (Carl
Zeiss, Canada).

For the flow cytometric analyses, purified MLBs were labeled with the primary anti-SctA or
H36 antibody and then the secondary Alexa 488-coupled antibody as described above. The
samples on the coverslips were suspended in PBS and were analyzed using a Guava easyCyte™
8HT Sampling Flow Cytometer (Millipore, Canada).

Immunoprecipitation using the H36 antibody

D. discoideum cells (approx. 2x10”) grown in liquid HL5 medium were centrifuged for 5 min at
1400 x g. They were resuspended in 5 mL of lysis buffer (PBS containing 1% NP-40, 1 mM
EDTA, and 1 mM phenylmethylsulfonyl fluoride [PMSF]) and were kept on ice for 20 min.
The cell lysate was centrifuged at 13,000 x g for 15 min at 4°C. Protein A sepharose beads or
Protein G sepharose beads (200 pL; Sigma-Aldrich, Canada) were washed three times with 1
mL of lysis buffer without PMSEF. The beads were resuspended in 300 pL of lysis buffer. A por-
tion of the beads (100 pL) was stored at 4°C while 200 pL was mixed with 800 pL of lysis buffer
and 50 pL of H36 antibody. The mixture was shaken for 1 h at 4°C and was then washed twice
with lysis buffer. The H36 antibody-bound beads were resuspended in a final volume of 200 uL
of lysis buffer and were mixed (50 pL of Protein A- or G sepharose beads) with 650 uL of cell
lysate or 650 pL of lysis buffer (control). An aliquot (50 pL) of the beads not bound to H36
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antibody was also mixed with 650 pL of cell lysate as a second control. The mixtures were pre-
pared in duplicate, incubated for 24 h at 4°C, and washed three times with lysis buffer.

Immunoprecipitated proteins were separated by SDS-PAGE on a 10% acrylamide gel under
non-reducing conditions without boiling the samples. The gel was stained with Coomassie
blue to reveal the proteins. Multiple bands were visible on the gels, with a major band at 47
kDa, as previously observed [15]. The 25-35, 47, and 75-kDa protein bands were excised.

Protein identification by mass spectrometry

The identity of the proteins excised from the SDS-PAGE gels (purified MLBs and H36 immu-
noprecipitation) was determined by matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF-MS) at the CHUL proteomic platform (CHUL, Quebec
City, QC, Canada). The MALDI-TOF-MS was performed twice following the immunoprecipi-
tation procedure using Protein A sepharose beads and once following the immunoprecipitation
procedure using Protein G sepharose beads to ensure the validity of the protein identification.
In the case of purified MLBs, the complete set of solubilized proteins was analyzed three times
with three different preparations of purified MLBs. Specific protein bands excised from the
SDS-PAGE gels were analyzed once or twice depending on the first result.

Results
Identification of proteins associated with MLBs

The extraction and solubilization of the MLB-associated proteins require the use of solutions
containing high concentrations of chaotropic agents such as urea because they were embedded
in compact multilamellar lipidic layers. MLBs are mainly composed of amoebal lipids [3] and,
as such, they could not be loaded on SDS-PAGE gels without undergoing a solubilization step
with the appropriate buffer. Several chaotropic agents and detergents were used based on the
denaturation solutions commonly used for protein electrophoresis. These agents break hydro-
gen and disulfide bonds and disrupt van der Waals forces and non-covalent interactions
between proteins and non-proteinaceous compounds such as lipids [20]. For example, urea
maintains proteins in their denatured state and keeps them soluble, while CHAPS promotes
solubilization and minimizes protein aggregation [21]. Thiourea was also added because it was
suspected that large amounts of protein would be solubilized and it was necessary to prevent
them from precipitating, which would have resulted in poor resolution due to smeared bands
[22]. The denaturation solution disrupted the 3-D conformation of the proteins and, more
importantly, enabled us to separate the proteins from the lipids without disturbing the amino
acid chains [20]. After solubilization, the MLB proteins were separated on SDS-PAGE gels and
were excised for mass spectrometric analyses.

The list of MLB proteins identified by mass spectrometry is given in Table 1. This table does
not include actin, tubulin, mitochondrial proteins, histones, peroxiredoxin, phosphoglycerate
mutase, ribosomal proteins, and elongation factors, which were intentionally left off the list.
These are the proteins that are most frequently detected in mass spectrometric analyses regard-
less of the sample type [23, 24] and would likely be false positives. The presence of actin was
still assessed by fluorescent phalloidin staining of purified MLBs, with negative results (data
not shown). The complete list of identified proteins is given in S1 Table. The remaining pro-
teins were ranked based on the number of times they were identified in three mass spectromet-
ric analyses of different preparations of purified MLBs. These proteins were detected with the
two denaturation solutions, suggesting that the proteomics results were consistent regardless of
the protein solubilization method used. Four proteins were found in the MLB preparations in
each analysis. These proteins were, in decreasing proportion, PonC (ponticulin-like proteins)
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Table 1. Major proteins associated with MLBs based on mass spectrometric analyses.

Protein
PonC

PhoPQ

SctA
CDD

Description Gene ID Molecular weight (kDa)
Ponticulin-like proteins DDB_G0286717 15
DDB_G0286715
DDB_G0286721
DDB_G0286719
DDB_G0286723

PhoPQ-activated pathogenicity- DDB_G0276897 56
related protein

Secreted Protein A DDB_G0278725 18

Cytidine/deoxycytidylate deaminase DDB_G0292096 35

zinc-binding domain-containing

protein

The table does not include ribosomal proteins, elongation factors, actin, tubulin, mitochondrial proteins, peroxiredoxin, phosphoglycerate mutase, or
histones, which commonly generate false positives in proteomic studies [23, 24]. Only proteins identified in three independent analyses are shown.

doi:10.1371/journal.pone.0158270.t001

(Q54LC2, Q54LC3, Q54LC0, Q54LC1, Q54LB9), PhoPQ (Q86]B6), SctA (077257), and the
product of gene DDB_G0292096 (Q54DP5), which will be referred to as CDD. PonC proteins
(PonCl1 to 5) are almost identical 15-kDa actin-binding proteins associated with the plasma
membrane [25]. Since all detected peptides were obtained in common regions of the PonC pro-
teins, it was not possible to distinguish between the five. PhoPQ is a hypothetical protein simi-
lar to AprA, an autocrine repressor of proliferation [26], and SctA is an 18-kDa protein with an
unknown function and a predicted peptide signal. The initial characterization of this protein is
shown in a companion article [17]. The fourth protein, based on the information in dictybase.
org, contains a cytidine and deoxycytidylate deaminase (CDD) zinc-binding region, a carbohy-
drate-binding domain, and a predicted peptide signal.

The protein profile of purified MLBs is shown in Fig 1. The molecular weights of the most
abundant proteins were less than 25 kDa. Four bands were excised from the gels for identifica-
tion by mass spectrometry. The band at ~10 kDa could not be identified while the band at ~18
kDa was composed of SctA and PonC. The CDD protein was identified in the 46 kDa band.
The slice at 56 kDa was also excised because it corresponded to the molecular weight of one of
the major proteins detected in the total MLB extract. As expected, the PhoPQ protein was iden-
tified in the 56 kDa band. The molecular weights of proteins did not necessarily correspond to
the molecular weights of the associated band. This may have been due to post-translational
modifications of the proteins (such as glycosylation or cleavage), which would have affected
their migration on the gel.

Confirmation of the presence of SctA on MLBs

Since SctA was identified in each of the mass spectrometric analyses and since a specific anti-
SctA monoclonal antibody was available [17], the association of SctA with MLBs was verified
by immunofluorescence and Western blot analyses. The cellular localization of the protein was
also assessed in axenic conditions and in the presence of digestible bacteria (K. aerogenes),
which are required for the production of MLBs. Fig 2A shows epifluorescence microscopic
images of D. discoideum cells grown axenically that were stained with DAPI and phalloidin
(actin), and labeled with anti-SctA antibody. Several SctA-positive dots were visible in the D.
discoideum cells (as described by Sabra et al. [17]), and some of these dots appeared to be
enclosed in actin-positive post-lysosomes. Post-lysosomes can be distinguished from lysosomes
since actin accumulates on the former but not on the latter [27, 28]. Interestingly, SctA-positive
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Fig 1. Protein profile of purified MLBs. Proteins were extracted from purified MLBs, solubilized with
denaturation solutions, and run on an SDS-PAGE gel. The gel was stained with Coomassie blue to reveal the
proteins. Most of the proteins had low molecular weights. Only a few major bands are visible on the gel.
Based on mass spectrometric results, the 18-kDa band was a mix of the SctA and PonC proteins, while the
46 and 56-kDa bands corresponded to the CDD and PhoPQ proteins, respectively. The 10-kDa band gave
inconclusive results.

doi:10.1371/journal.pone.0158270.g001

structures were also observed in the extracellular medium despite the fact that D. discoideum
does not produce MLBs in the absence of digestible bacteria. These structures are likely
pycnosomes, which are membranous materials that are continuously formed in endosomal
compartments and are secreted by the cells. SctA is known to be a marker of pycnosomes in D.
discoideum cells [17]. The strong fluorescence of the extracellular dots suggested that these
small structures contain large concentrations of SctA.

In the presence of K. aerogenes, D. discoideum produced SctA-positive extracellular MLBs,
which can be distinguished from pycnosomes by their larger size (Fig 2B). Several MLBs were
detected by differential interference contrast microscopy (DIC) but not all of them were SctA-
positive. SctA was also observed in dot-like structures inside the amoebae. Purified MLBs are
shown in Fig 2C. While most of the structures appeared to be SctA positive, the intensity of the
fluorescence was uneven. This might explain why some of the MLBs (produced in the presence
of K. aerogenes) shown in Fig 2B were not SctA-positive. In addition, in samples containing
amoebae, bacteria, and debris, it was harder to distinguish the weak signal of MLBs with fewer
SctA proteins. The SctA labeling was also concentrated in dots rather than being spread out
uniformly in the MLBs. It is possible that more or less compact pycnosomes are embedded in
the MLBs, which would explain the faint labeling of MLBs by the anti-SctA antibody. Indeed,
some MLBs exhibited regions of non-concentric membrane layers (Fig 3), which are similar to
the pycnosome structures inside the cells (See Sabra et al. [17]). It has been shown that SctA-
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DAPI Merge
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C D Molecular  MLBs lysate
Weight (kDa)
30 —
25 —
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Fig 2. SctA is an MLB-associated protein. Inmunofluorescence analyses using the anti-SctA antibody on (A) axenic cells, (B) cells grown with
bacteria, and (C) purified MLBs. The cell cultures and purified material were deposited on glass slides. Nuclei or bacterial DNA were stained with
DAPI, actin was stained with fluorescent phalloidin, and the cells were labeled using the anti-SctA antibody and a peroxidase-conjugated secondary
antibody. In axenic conditions, SctA was observed in dot-like structures within the cells and on secreted pycnosomes. In the presence of bacteria
(not visible on the photograph), SctA was found on extracellular MLBs, which are larger structures than pycnosomes. Some of the MLBs did not
appear to be SctA-positive. Purified MLBs were all labeled with the anti-SctA antibody but the intensity of fluorescence was uneven. The arrows
indicate MLBs and pycnosomes. (D) Western blot analysis with the anti-SctA antibody. The protein was detected in ~10 and 18-kDa bands in the
MLB sample and in 10 and 17-kDa bands in the cell lysate (500,000 axenically grown cells). The purified MLB and cell lysate samples contained 5%
2-mercaptoethanol and denaturation solution. Scale bar: Ato C =5 um.

doi:10.1371/journal.pone.0158270.9002

positive structures, likely pycnosomes, are incorporated into intraendosomal membranes in
cells treated with U18666A [17], a drug that induces the formation of multilamellar structures
in endosomes [6].

The presence of SctA on purified MLBs was also assessed by Western blotting. The anti-
SctA antibody (Fig 2D) detected two bands (~10 and 18 kDa), one of which corresponded to
the molecular weight of SctA (18 kDa). The mass spectrometric analysis confirmed that the
18-kDa band was indeed SctA. The Western blotting analysis also confirmed the presence of
the two bands associated with SctA in the cell lysate, although the protein was detected in
much lower quantity. This was not surprising given that, in axenic conditions, the protein is
mostly found in the supernatant (possibly associated with pycnosomes) while much less is
present in the cells [17]. One of the bands detected in the cell lysate was slightly lower than in

PLOS ONE | DOI:10.1371/journal.pone.0158270 June 24,2016 8/16



o ®
@ : PLOS | ONE Proteins Associated with D. discoideum MLBs

Fig 3. MLBs have different morphologies. Transmission electron microscopic images of MLBs composed of (A) concentric membrane layers, (B) a
mix of concentric membrane layers and amorphous material, and (C) amorphous material. Scale bar: Ato C=0.5 pm.

doi:10.1371/journal.pone.0158270.9003

the MLB sample. It is possible that post-translational modifications are added to the SctA pro-
tein when included in MLBs, which would change its apparent molecular weight.

The H36 antibody recognizes many proteins, including one on MLBs

An immunoprecipitation approach performed on total cell lysates combined with a mass spec-
trometry analysis was used to identify the nature of the antigen recognized by the H36 antibody.
The main protein detected by this analysis was cysteine proteinase 7 (CP7), or proteinase-1,
which is a 47-kDa protein encoded by the cprG gene [29]. However, CP7 was never detected by
the mass spectrometric analyses performed on purified MLBs (Table 1). CP7 is the principal
proteolytic enzyme in D. discoideum vegetative cells [18, 30] and is also the main protein recog-
nized by the AD7.5 monoclonal antibody, which binds to N-acetylglucosamine-1-phosphate
[18]. Since the H36 antibody also recognizes many proteins, a Western blot analysis of a total
extract of D. discoideum cells was performed in parallel using both antibodies. Interestingly, the
migration profiles of the proteins detected by the AD7.5 antibody were different in reducing
and non-reducing conditions [31]. In non-reducing condition, the antibody recognized two
major bands (47 and 55 kDa) while, in reducing conditions, multiple smaller molecular weight
bands were detected (Fig 4), as previously described [29, 31], suggesting that the two bands
detected in non-reducing conditions may contain many different proteins. As shown in Fig 4,
the H36 and AD?7.5 antibodies both generated the same band profiles in reducing and non-
reducing conditions, confirming that the antigen recognized by the H36 antibody is also N-acet-
ylglucosamine-1-phosphate, a post-translational modification that can be found on many pro-
teins. These results also suggested that a protein other than CP7 was detected on the MLBs by
the H36 antibody, which would explain why CP7 was not identified on MLBs by mass spec-
trometry. Interestingly, the CDD protein, which was one of the four major proteins associated
with purified MLBs, was also detected by immunoprecipitation with the H36 antibody.

A Western blot was performed on purified MLBs using the H36 antibody to determine
whether the CDD protein is the major epitope on MLBs recognized by this antibody. Unfortu-
nately, no band was detected in the MLB sample (data not shown). Many reasons could explain
this result, especially given that the epitope recognized by the H36 antibody is a post-transla-
tional modification. It is likely that the epitope on the CDD protein was altered during the solu-
bilization step used to extract the proteins from the MLBs.
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Fig 4. The H36 and AD7.5 antibodies recognize the same protein bands in reducing and non-reducing conditions. A
total cell extract of D. discoideum cells grown in liquid HL5 medium was prepared in the (A) absence or (B) presence of
2-mercaptoethanol (2-Me). The extract was separated by SDS-PAGE, transferred to nitrocellulose membranes, and two
tracks of each membrane were blotted with the H36 or AD7.5 antibody. This experiment was repeated twice with identical
results.

doi:10.1371/journal.pone.0158270.9004

Comparison of the anti-SctA and H36 antibodies as MLB markers

The H36 antibody may be a more suitable MLB marker than the anti-SctA antibody. The effi-
ciency of the two antibodies as MLB markers was compared by immunofluorescence and flow
cytometry. Fig 5 shows fluorescent microscopic images of purified MLBs labeled with the anti-
SctA (A) and H36 (B) antibodies. In the case of the anti-SctA antibody, the labeling was not
uniform and appeared as dots scattered throughout the MLBs. In the case of the H36 antibody,
the labeling remained at the surface of the MLBs, giving them a ring-like appearance. The fluo-
rescent signal was less intense for the anti-SctA antibody than for the H36 antibody.

The labeling efficiency and fluorescence intensity of the two MLB markers was also assessed
in flow cytometric experiments (Fig 5C). Unmarked MLBs were used as a control to determine
the gate delimiting unmarked and marked MLB. In the case of the anti-SctA antibody, only
~40% of the MLBs exhibited more intense fluorescence than the unlabeled MLB control. In the
case of the H36 antibody, 60% to 70% of the MLBs exhibited more intense fluorescence than
the unstained MLB control. In general, the fluorescence of the H36-labeled MLBs was more
intense than that of the anti-SctA-labeled MLBs. This may because there are more H36 anti-
body binding sites on the MLBs or because they are more accessible than the binding sites of
the anti-SctA antibody. The avidity of the H36 antibody for its epitope may also be higher than
that of the anti-SctA antibody. These results confirmed the immunofluorescence results in that
the labeling with the H36 antibody was more intense and more evenly distributed than that of
the anti-SctA antibody.

Discussion

The aim of the present study was to investigate the protein composition of MLBs in order to
better understand the molecular mechanisms governing MLB formation in D. discoideum.
Four major proteins associated with MLBs were identified (PonC, PhoPQ, SctA, and CDD).
The presence of SctA was confirmed by Western blot and immunofluorescence analyses using
an anti-SctA antibody. The protein was concentrated in aggregates in some MLBs while others
appeared to contain less SctA. The CP7 protein was also identified as the main epitope of the
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Fig 5. Comparison of the anti-SctA and H36 antibodies as MLB markers. Immunofluorescence analyses of purified MLBs using the (A) anti-SctA
and (B) H36 antibodies. SctA labeling was not uniform and the protein appeared to be concentrated in aggregates in the MLBs. H36 labeling was only
seen on the surface of MLBs, creating a ring-like appearance. The purified MLBs were deposited on glass slides and were processed for
immunofluorescence using the anti-SctA or H36 antibodies. (C) Flow cytometric analysis of purified MLBs labeled with the anti-SctA or H36 antibody.
Approximately 40% of the MLBs were labeled with the anti-SctA antibody while 60—70% were labeled with the H36 antibody. The fluorescence of the
labeled MLBs was much more intense with the H36 antibody than with the anti-SctA antibody. Scale bar: Aand B =5 pm.

doi:10.1371/journal.pone.0158270.9005

H36 antibody, which was used as an MLB marker in a previous study [3]. However, CP7 was
not detected on the MLBs. The H36 antibody likely binds to N-acetylglucosamine-1-phosphate
given the high degree of similarity of the protein profiles detected by it and the AD7.5 antibody,
which binds to N-acetylglucosamine-1-phosphate [18]. Other proteins were identified by the
H36 antibody, including the CDD protein, which may be the epitope recognized on MLBs by
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this antibody. We showed that the H36 antibody was a better MLB marker that the anti-SctA
antibody based on immunofluorescence and flow cytometric analyses.

To ensure that mass spectrometry is a reliable way to identify the MLB proteins, the analyses
were performed three times and only proteins that were identified more than once were
retained. This kind of filtering is necessary since multiple identifications by repeated analyses
increases the confidence in the protein identifications and results in fewer false positives [32].
Proteins with a low peptide count were eliminated in order to reduce the number of false posi-
tives, a practice supported by experimental data [32]. Several protein categories that are more
likely to give rise to false positives were also eliminated because they are commonly detected in
proteomic studies. These categories include heat shock proteins, ribonucleoproteins, actin,
ATP synthase, peroxiredoxins, tubulin, elongation factors, and phosphoglycerate mutase [23,
24]. Since many of the listed proteins are part of the minimal cellular stress proteome, it has
been proposed that proteins that are detected by mass spectrometric analyses and that overlap
this list should only be used as biomarkers for cellular stress [23].

As mentioned above, the aim of the present study was to better understand the formation
of MLBs and their physiological role in D. discoideum by identifying proteins associated with
MLBs. However, many of the proteins we detected have unknown functions or have not been
well characterized. For example, the function of SctA is unknown, but was described in a
study by Sabra et al. as a constitutively secreted protein associated with membranous materi-
als (pycnosomes) [17]. They reported that SctA is mostly found in the extracellular medium
rather than inside the cells. This finding and the fact that we were unsuccessful in our attempt
to overexpress SctA in cells (data not shown) suggested that high intracellular concentrations
of the protein may be toxic and that the cells may use pycnosomes or MLBs to secrete excess
SctA. As observed in the present study and as Sabra et al. showed, SctA is present in dot-like
structures within endosomal compartments, especially in post-lysosomes, in axenically
grown cells. Given that intra-endosomal budding associated with MLB formation occurs in
lysosomes and post-lysosomes, it is reasonable to conclude that some SctA-rich structures
may be present in MLBs. This may explain why it is difficult, in immunofluorescence analy-
ses, to distinguish between constitutively secreted SctA-rich pycnosomes and the smaller
SctA-containing MLBs formed in the presence of digestible bacteria. In addition, the intra-
endosomal pycnosomes described by Sabra et al. have a non-concentric multilamellar mor-
phology similar to that of some MLBs containing regions of tangled lamellae (Fig 3). It is
thus possible that the SctA proteins detected on MLBs may be associated with non-concentric
membranes that may be remnants of pycnosomes. However, it is difficult to conclude that
MLBs are a way of disposing of undesirable proteins since SctA can be secreted in the absence
of MLBs.

As with SctA, the presence of the CDD protein on MLBs does not provide a clear indication
about the role of these structures. The CDD protein contains a cytidine and deoxycytidylate
deaminase region and a carbohydrate-binding domain according to a gene ontology annota-
tion, but no further information is available in the literature or the databases. Since the CDD
protein does not possess a transmembrane domain, it may be associated with MLBs through
interactions with other glycosylated MLB proteins.

Ponticulin-like proteins (PonC) are similar to the ponticulin coded by the ponA gene, which
is a membrane actin-binding protein with a nucleation capacity [33, 34]. It is tempting to assert
that the PonC proteins detected on MLBs may be involved in actin-dependent invagination of
lysosomes leading to the formation of MLBs. On the other hand, these PonC proteins may be
false positives given their association with actin. As such, the presence of PonC proteins on
MLBs should be verified using molecular tools such as specific antibodies. However, these tools
are not currently available.

PLOS ONE | DOI:10.1371/journal.pone.0158270 June 24,2016 12/16



@’PLOS ‘ ONE

Proteins Associated with D. discoideum MLBs

The presence of the PhoPQ protein on MLBs could, however, be of some significance.
PhoPQ is a hypothetical protein similar to AprA, which is an autocrine repressor of prolifera-
tion secreted by growing cells [26]. The AprA protein functions as a chemorepellant for vegeta-
tive cells but not for starved cells [35]. By homology to the role of AprA, PhoPQ may provide a
recognition signal of MLBs. For example, we do not know whether MLBs are reinternalized
after secretion or whether there is a molecular signal that induces or prevents the phagocytosis
of extracellular MLBs. We also do not know whether MLBs are intercellular communication
“devices” or simply waste disposal structures. PhoPQ may in fact provide a molecular signal to
the cells telling them what to do with extracellular MLBs. Future studies on reinternalization
may provide clues about the physiological role of MLBs.

As mentioned in the introduction, a cysteine proteinase (ddCP38B) may be associated with
secreted MLBs. Emslie et al. (1998) reported that MUD 62 and MUD 166 antibodies, which
recognize type 3 O-linked glycosylations on many proteins, including ddCP38B, immunolabel
intracellular and secreted MLBs [14]. Since ddCP38B was the main protein detected by the two
antibodies, the authors concluded that ddCP38B is associated with MLBs. However, their
results are very similar to ours with respect to the H36 antibody, which recognizes CP7, a pro-
tein that is not found on MLBs. It is possible that ddCP38B is not associated with MLBs and
that another protein with a type 3 O-linked glycosylation on MLBs is recognized by the MUD
62 and MUD 166 antibodies. This other protein may in fact be one of the major proteins we
detected in our analysis. We investigated this possibility using the DictyOGlyc 1.1 server [36].
It appeared that only the CDD protein has potential O-linked glycosylation sites. Based on this
information and on the molecular weight of the CDD protein, the protein reported by Emslie
et al. may in fact have been the CDD protein. Lastly, we did not detect a cysteine proteinase
based on our results from the mass spectrometric analysis of purified MLBs.

Discoidin I, an endogenous lectin involved in cell-substratum adhesion and ordered cell
migration [37], has also been detected on MLBs in a previous study [12]. This protein is syn-
thesized and secreted soon after the cells are starved and binds to glycoconjugates containing
N-acetylgalactosamine or galactose [38]. It was suggested that the MLBs may in fact serve as
vehicles for transporting discoidin I to the extracellular space where it exerts its function [12]
in a process similar to that of lung surfactant externalized in lamellar bodies by type II cells
[39]. We only detected discoidin I once in our three mass spectrometric analyses (data not
shown). However, since it is only present in cells entering the multicellular stage, it implies that
MLBs formed at the vegetative state will not contain it. The presence of discoidin I on MLBs
also depends on the ingestion of bacterial glycoconjugate ligands by the cells. Indeed, MLBs
produced by amoebae fed boiled Klebsiella pneumoniae cells (which retain their discoidin I
ligand) contained the lectin, while MLBs produced by amoebae fed boiled Escherichia coli cells
(which had lost their discoidin I ligand) did not [40].

The present study was limited by several aspects of secreted and transmembrane proteins.
These proteins are subject to glycosylation, which can affect peptide detection by mass spec-
trometry. It is thus likely that some proteins associated with MLBs were not detected due to
post-translational modifications. This is especially true for proteins with low molecular weights
whose identification is more susceptible to be affected by post-translational modifications, as it
may be the case for the 10 kDa band of the MLB protein profile (Fig 1). Moreover, MLBs are
highly resistant lipidic structures from which it is difficult to extract and solubilize transmem-
brane proteins. The denaturation and gel migration solutions may also have interfered with the
detection of peptides and the recognition of epitopes by the antibodies in the Western blot
analyses. Furthermore, the compact structures of MLBs may have reduced the accessibility of
epitopes in the immunofluorescence analyses. Lastly, fusing GFP genes or other tags with
secreted or transmembrane protein genes may alter protein functions or locations. In the
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present study, we produced a GFP-fused version of SctA but were unable to detect accumula-
tions of these proteins in cells or in MLBs, possibly due to the toxicity of the overexpressed pro-
tein (data not shown). For all these reasons, we do not consider that our list of MLB-associated
proteins is complete and other proteins may be identified in the future using other experimen-
tal strategies.

The present study provided new biochemical clues about the composition of MLBs. The
functional characterization of the four major MLB proteins that we identified is of great inter-
est. Elucidating the molecular mechanism governing MLB formation is essential to better
understand the bacteria packaging process and, as such, the transmission and persistence of
pathogenic bacteria. Future studies should also investigate whether the biochemical composi-
tion of MLBs varies with the food source given that the type of ingested bacteria can affect the
morphology of the MLBs [7].
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