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Mycobacterium tuberculosis and Mycobacterium bovis
bacille Calmette-Guérin (BCG) alter the maturation of their
phagosomes and reside within a compartment that re-
sists acidification and fusion with lysosomes. To define
the molecular composition of this compartment, we de-
veloped a novel method for obtaining highly purified pha-
gosomes from BCG-infected human macrophages and
analyzed the phagosomes by Western immunoblotting
and mass spectrometry-based proteomics. Our purifica-
tion procedure revealed that BCG grown on artificial me-
dium becomes less dense after growth in macrophages.
By Western immunoblotting, LAMP-2, Niemann-Pick pro-
tein C1, and syntaxin 3 were readily detectable on the
BCG phagosome but at levels that were lower than on the
latex bead phagosome; flotillin-1 and the vacuolar ATPase
were barely detectable on the BCG phagosome but highly
enriched on the latex bead phagosome. Immunofluores-
cence studies confirmed the scarcity of flotillin on BCG
phagosomes and demonstrated an inverse correlation
between bacterial metabolic activity and flotillin on M.
tuberculosis phagosomes. By mass spectrometry, 447
human host proteins were identified on BCG phago-
somes, and a partially overlapping set of 289 human
proteins on latex bead phagosomes was identified. In-
terestingly, the majority of the proteins identified con-
sistently on BCG phagosome preparations were also
identified on latex bead phagosomes, indicating a high
degree of overlap in protein composition of these two
compartments. It is likely that many differences in pro-
tein composition are quantitative rather than qualitative
in nature. Despite the remarkable overlap in protein
composition, we consistently identified a number of pro-
teins on the BCG phagosomes that were not identified in
any of our latex bead phagosome preparations, includ-
ing proteins involved in membrane trafficking and signal
transduction, such as Ras GTPase-activating-like pro-
tein IQGAP1, and proteins of unknown function, such as
FAM3C. Our phagosome purification procedure and ini-
tial proteomics analyses set the stage for a quantitative

comparative analysis of mycobacterial and latex bead
phagosome proteomes. Molecular & Cellular Pro-
teomics 9:32–53, 2010.

Mycobacterium tuberculosis, the etiological agent of tuber-
culosis, is a facultative intracellular bacterium. In human mac-
rophages, M. tuberculosis resides in a membrane-bound pha-
gosomal compartment that resists fusion with lysosomes and
is only mildly acidified (1–5). In previous studies, using the
cryosection immunogold technique, we have found that the
M. tuberculosis phagosome exhibits delayed clearance of
major histocompatability complex class I molecules and rel-
atively weak staining for lysosomal membrane glycoproteins
CD63, LAMP-1,1 and LAMP-2 and the lysosomal acid prote-
ase cathepsin D (6–10). Studies by other investigators have
also demonstrated that M. tuberculosis and other mycobac-
terial species, including Mycobacterium bovis BCG, reside in
phagosomes that resist acidification, are less mature, and
less fusogenic with lysosomes than phagosomes containing
inert particles (11–13). These results are consistent with the
hypothesis that M. tuberculosis and M. bovis BCG retard the
maturation of their phagosomes along the endolysosomal
pathway and reside in a compartment that has not matured
fully to a phagolysosome (7). Although the phagosomes of
latex beads have been subjected to detailed proteomics anal-
ysis by Desjardins and co-workers (14), a detailed proteomics
study of the M. bovis BCG phagosome has not been reported
previously.
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1 The abbreviations used are: LAMP, lysosome-associated mem-
brane glycoprotein; Alix, programmed cell death 6-interacting protein;
Arf, ADP-ribosylation factor; Arl, ADP-ribosylation factor-like; BASP1,
brain acid-soluble protein 1; BCG, bacille Calmette-Guérin; BiP, Bind-
ing Protein; CAP1, adenylyl cyclase-associated protein 1; CHMP4b,
charged multivesicular body protein 4b; ER, endoplasmic reticulum;
GFP, green fluorescent protein; GNAI2, guanine nucleotide-binding
protein Gi, �-2 subunit; HB, homogenization buffer; HRP, horseradish
peroxidase; IPTG, isopropyl �-D-1-thiogalactopyranoside; LAM, li-
poarabinomannan; M6PR, mannose 6-phosphate receptor; Mtb-
iGFP, M. tuberculosis with inducible GFP expression; MVB, multive-
sicular body; NPC1, Niemann-Pick protein C1; PMA, phorbol
12-myristate 13-acetate; PNS, postnuclear supernate; RPMI, Roswell
Park Memorial Institute; SPFH, stomatin, prohibitin, flotillin, HflK/C;
ATPase, vacuolar ATPase; VAT-1, vesicle amine transport membrane
protein-1; VDAC, voltage-dependent anion channel; HI-FBS, heat-
inactivated fetal bovine serum; GDI, guanine dissociation inhibitor.
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We describe in this study a novel method for the purification
of the BCG phagosome from infected human macrophages, a
detailed proteomics analysis of the BCG phagosome, and a
comparison of the phagosome with latex bead phagosomes
isolated from human macrophages. This study is the first
comprehensive proteomics study of the M. bovis BCG pha-
gosome and the first mass spectrometry-based proteomics
study of the latex bead phagosome in human macrophages.
We showed by Western immunoblotting that, relative to latex
bead phagosomes, the BCG phagosome is relatively depleted
in LAMP-2, NPC1, flotillin-1, vATPase, and syntaxin 3. Re-
markably, by mass spectrometry, we documented a high
degree of overlap in the set of proteins on BCG and latex bead
phagosomes but also noteworthy differences. Novel proteins
detected on the BCG phagosome but not on the latex bead
phagosome include CD44, intercellular adhesion molecule 1,
protein FAM3C, Ral-A/Ral-B, stress-induced phosphoprotein
1, band 4.1-like protein 3, septin-7, Ras GTPase-activating
protein-like protein IQGAP1, Rab-6A, erlin-2, and tumor pro-
tein D54. Conversely, proteins identified on latex bead pha-
gosomes but not on the BCG phagosome are �-galactosid-
ase and sialate O-acetylesterase.

EXPERIMENTAL PROCEDURES

Primary and Secondary Antibodies—Monoclonal and polyclonal
antibodies were purchased from the following sources: goat anti-
rabbit IgG horseradish peroxidase (HRP) conjugate and rabbit anti-
goat IgG HRP conjugate from Bio-Rad; chicken antibody to vATPase
subunit 6E and goat anti-chicken IgY-Fc HRP conjugate from Gen-
Way; rabbit antibody to stathmin and goat anti-mouse IgG HRP
conjugate from Sigma; rabbit monoclonal antibody to flotillin-1, rabbit
polyclonal antibodies to the 60-kDa mitochondrial antigen, clathrin,
and Rab-11, and mouse monoclonal antibody to calnexin from Ab-
cam; mouse monoclonal antibodies to Ral-B and syntaxin 3 and
rabbit polyclonal antibody to Niemann-Pick protein C1 from Abnova;
mouse monoclonal antibody to voltage-dependent anion channel
(VDAC)-1 from MitoSciences; goat anti-galectin-1 antibody from R&D
Systems, Inc.; mouse monoclonal antibody to Binding Protein (BiP)
from BD Transduction Laboratories; mouse monoclonal antibody to
calreticulin and rabbit antibody to manganese superoxide dismutase
from Stressgen; mouse monoclonal antibody to LAMP-2 from the
University of Iowa Hybridoma Bank (Iowa City, Iowa); and mouse
monoclonal antibody to cathepsin D from Santa Cruz Biotechnology,
Inc. Mouse monoclonal antibody to lipoarabinomannan (LAM) (clone
CS35) was generously provided by Dr. John Belisle, Colorado State
University, Fort Collins, CO. Rabbit antibody to M. tuberculosis LAM
was prepared as described previously (15).

Bacterial Strains and Growth Conditions—Bacterial strains were
stored at �80 °C in Middlebrook 7H9 medium with 10% oleic acid,
albumin, dextrose, catalase enrichment additive for Middlebrook me-
dium enrichment and 20% glycerol. Recombinant M. tuberculosis
Erdman strain (ATCC 35801) expressing GFPUV, M. tuberculosis ex-
pressing an IPTG-inducible GFPUV, and recombinant M. bovis BCG
expressing GFPUV were prepared as described previously (15, 16);
grown on Middlebrook 7H11 agar at 37 °C in 5% CO2, 95% air
atmosphere; and scraped from agar plates immediately prior to use in
infection experiments. Prior to use of bacteria for infection of human
macrophages, bacterial aggregates were dispersed by sonication of
the bacteria in a water bath sonicator (Astrason Scientific) for eight
periods of 15 s with cooling of the suspension in an ice bath for 5 s

between sonications. Residual aggregates were removed by centri-
fugation at 200 � g for 10 min at 4 °C. The pellet of aggregated
bacteria was discarded, the supernatant suspension was centrifuged
again under the same conditions, and the process was repeated a
total of three times. Phase and fluorescence microscopy of the final
supernatant confirmed that the suspension consisted almost entirely
of single bacteria.

Preparation of Formalin-killed GFP-M. tuberculosis—GFP-express-
ing M. tuberculosis prepared as described previously (15) were plated
on 7H11 agar plates containing hygromycin; incubated at 37 °C in 5%
CO2, 95% air for 10–14 days; and scraped into Dulbecco’s PBS
(Irvine Scientific Co.), and aggregates were removed by water bath
sonication and low speed centrifugation as described above.
Paraformaldehyde was added to the bacterial suspension to a final
concentration of 4% paraformaldehyde. After 30 min at room tem-
perature, the formalin-killed bacteria were washed three times in PBS
by centrifugation at 10,000 � g for 10 min. Because washing by
centrifugation induces aggregation, bacterial aggregates were re-
moved by centrifugation at 200 � g for 10 min immediately prior to
use of the formalin-killed bacteria in an infection experiment.

THP-1 Cells—The human monocytic cell line THP-1 (ATCC, TIB-
202) was grown in RPMI 1640 medium (Mediatech, Herndon, VA)
supplemented with 2 mM glutamine, 10% heat-inactivated fetal bo-
vine serum (HI-FBS), 1000 IU/ml penicillin, and 100 �g/ml streptomy-
cin. Prior to use in an infection experiment, the THP-1 cells were
added to glass coverslips in 2-cm2 tissue culture wells (2 � 105

cells/cm2) or to 225-cm2 tissue culture flasks (30 million cells per
flask) and differentiated with phorbol 12-myristate 13-acetate (PMA;
100 nM) in RPMI 1640 medium with 10% HI-FBS for 3 days at 37 °C
in air containing 5% CO2.

Purification of 3-h BCG and Latex Bead Phagosomes—BCG-GFP
were plated on 7H11 agar plates; cultured at 37 °C for 10 days in a
5% CO2, 95% air environment; scraped into RPMI 1640 medium
containing 20 mM HEPES, pH 7.4; sonicated in a water bath; and
centrifuged to remove aggregates as described above. The bacteria
were adjusted to an optical density (540 nm) of 0.1 in 10% human
serum (blood type AB), and 15 ml of the bacterial suspension were
added to monolayers of THP-1 cells in each of 12 225-cm2 culture
flasks (multiplicity of infection of 80:1, bacteria to macrophage). Green
fluorescent latex beads (1-�m diameter, 2% solids; Polysciences)
were diluted 1:500 in 10% human serum (type AB) in RPMI 1640
medium, and 15 ml of the bead suspension were added to monolay-
ers of THP-1 cells in each of 12 225-cm2 culture flasks. The cultures
were incubated for 2 h at 37 °C, washed with RPMI 1640 medium to
remove non-adherent bacteria or beads, incubated for an additional
1 h at 37 °C in RPMI 1640 medium containing 10% HI-FBS, and
washed twice with PBS, and the monolayers were scraped into
homogenization buffer (0.25 M sucrose, 0.5 mM EGTA, 20 mM HEPES,
pH 7.4) containing protease inhibitors (Set III, Calbiochem; 1:1000
dilution) and 5 �g/ml cytochalasin. (Cytochalasin is added to de-
crease the clumping of organelles in a cytoskeletal meshwork.) The
cell suspension was homogenized with a motor-driven Teflon/glass
Dounce homogenizer, and the progress of cell disruption was fol-
lowed by phase and fluorescence microscopy. Homogenization was
stopped when at least 70% of the macrophages appear disrupted
(8–12 strokes). Benzonase was added to the homogenate (25,000
units/ml), and the homogenate was incubated at 37 °C for 5 min to
degrade DNA that can cause artifactual clumping of organelles. The
homogenate was centrifuged at 200 � g for 10 min, the supernatant
was removed and centrifuged again under the same conditions, and
the process was repeated for a total of three centrifugations; the
resulting supernatant was designated the postnuclear supernatant
(PNS). The PNS was transferred to a 50-ml centrifuge tube and
underlaid with a step gradient consisting of 5 ml each of 15% (w/w)
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and 50% (w/v) sucrose. These and all sucrose and iodixanol solutions
contained 0.5 mM EGTA and 20 mM HEPES, pH 7.4. The step gradi-
ents were centrifuged at 1000 � g for 45 min (BCG) or at 2000 � g for
1 h (latex beads), and fractions were collected from the bottom of the
tubes. Bacterial phagosomes and bead phagosomes were collected
from the 15–50% sucrose interface, and 50% (w/v) sucrose was
added to the samples to yield a final concentration of 40% (w/v)
sucrose. A step gradient consisting of 5 ml of 10, 25, and 35% (w/v)
sucrose was prepared, and the step gradient was underlaid with the
sample (40% sucrose, w/v). The sample was then underlaid sequen-
tially with 55% sucrose, 65% sucrose, and 50% iodixanol (50%
iodixanol is more dense than 65% sucrose). The gradient was cen-
trifuged at 10,000 � g for 20 h, fractions were collected from the
bottom of the tube, and fractions containing BCG-GFP and the fluo-
rescent beads were identified by fluorescence microscopy. The BCG-
GFP were found at the 40–55% sucrose interface, and the latex
beads were found at the 10–25% sucrose interface. The latex beads
from the 10–25% sucrose interface were diluted with 2 volumes of HB
and pelleted by centrifugation at 2000 � g for 60 min. The BCG-GFP
were mixed with 50% iodixanol to achieve a final concentration of
30% iodixanol, and the sample was underlaid beneath a 10–30%
linear iodixanol gradient and centrifuged at 50,000 � g for 5 h. The
gradient was fractionated from the bottom, and the location of GFP-
BCG bacteria was determined by fluorescence microscopy to be at a
region of the gradient corresponding to 18% iodixanol. The fractions
containing the BCG-GFP were mixed with 1 volume of HB and pel-
leted by centrifugation at 1000 � g for 45 min.

Purification of 1–5-day BCG and Latex Bead Phagosomes—PMA-
differentiated THP-1 cells were incubated overnight with either
fluorescent green latex beads (1:500 suspension of 2% solids) or
BCG-GFP at a multiplicity of infection of 80:1 as described above.
Non-adherent latex beads or BCG-GFP were washed away, and the
macrophages were incubated for an additional 3 h, 2 days, or 4 days
at 37 °C in 5% CO2 for the 1-, 3-, and 5-day time points, respectively.
The macrophage monolayers were washed twice with PBS and once
with HB, scraped into HB containing cytochalasin and protease in-
hibitors (1:1000 dilution), and homogenized with a Dounce homoge-
nizer, and a PNS was obtained as described above. For purification of
latex beads, the PNS was layered over a 25–50% (w/w) sucrose step
gradient and centrifuged at 2000 � g for 45 min, and fractions were
collected from the bottom. The latex bead phagosomes were col-
lected at the PNS/25% sucrose interface, and 50% (w/w) sucrose
was added to achieve a final concentration of 40% (w/w) sucrose. The
sample was transferred to a centrifuge tube, underlaid sequentially
with 55% sucrose and 50% iodixanol, and overlaid sequentially with
35, 25, and 10% sucrose. The step gradient was centrifuged at
100,000 � g for 2 h and fractionated from the bottom, and the
location of the latex beads at the 10–25% sucrose interface was
verified by phase and fluorescence microscopy. The fractions con-
taining the latex beads were diluted with 2 volumes of HB and
pelleted by centrifugation at 2000 � g for 45 min, and the pellet was
resuspended in SDS-PAGE sample buffer for analysis by Western
immunoblotting and mass spectrometry-based proteomics. For puri-
fication of BCG phagosomes, the PNS was transferred to a centrifuge
tube and underlaid with 5 ml of 15% sucrose (w/w), which in turn was
underlaid with 5 ml of 30% iodixanol. The step gradient was centri-
fuged at 1000 � g for 45 min and fractionated from the bottom, and
the bacterial phagosomes were collected from the 15% sucrose/30%
iodixanol interface. The sample was mixed with 50% iodixanol to
achieve a final concentration of 30–35% iodixanol. A linear 25–10%
iodixanol gradient was prepared in a new centrifuge tube and under-
laid sequentially with the sample (30–35% iodixanol) and 1 ml of 50%
iodixanol and centrifuged at 50,000 � g for 4 h, and fractions were
collected from the bottom of the gradient. The number of BCG-GFP

per fraction was determined by phase and fluorescence microscopy.
The peak fraction was mixed with 2 volumes of HB and layered over
a sucrose step gradient of 25, 30, 35, 40, 50, 55, and 65% (w/v)
sucrose and centrifuged at 10,000 � g for 12–14 h at 4 °C. The BCG
phagosomes (with a density of 35% sucrose) were diluted 2-fold with
HB and pelleted by centrifugation at 1000 � g for 45 min. The pellet
was resuspended either in SDS-PAGE sample buffer for proteomics
analysis and Western immunoblotting or mixed with 2.5% glutaralde-
hyde and 1% osmium tetroxide in 0.1 M sodium cacodylate, pH 7.3;
embedded in agarose; poststained with 2% uranyl acetate in 0.1 M

sodium acetate, pH 6.3; dehydrated through a graded series of
ethanol; infiltrated and embedded in Epon 828 epoxy resin; and
processed for transmission electron microscopy as described pre-
viously (17).

To obtain a quantitative assessment of purity of our 3-day BCG
phagosomes, we used the radioisotopic mixing method described by
Chakraborty et al. (18). Briefly, flasks of PMA-differentiated THP-1
cells were either left uninfected or were infected as described above.
Twelve hours prior to harvest, uninfected flasks and infected flasks
were either metabolically radiolabeled by addition of [35S]cysteine/
methionine (PerkinElmer Life Sciences; 0.25 mCi in cysteine/methio-
nine-free RPMI 1640 medium containing 10% HI-FBS) or not radio-
labeled. To determine the number of “false phagosome counts,” we
added a flask of radiolabeled, uninfected macrophages to non-radio-
labeled, infected macrophages. To determine the number of “true
phagosome counts,” we added a radiolabeled, infected flask with the
same amount of radioactivity to the same number of uninfected
macrophages as used in the “false phagosome count” preparation.
The phagosome purification protocol was followed identically for the
“true” and “false” phagosome count preparations. The degree of
purification was calculated as (T � F)/T where “T” represents true
phagosome counts and “F” represents false phagosome counts.

Western Immunoblotting—The proteins in the bacterial or latex
bead phagosome samples were separated by SDS-PAGE and elec-
trophoretically transferred onto a nitrocellulose membrane. The mem-
brane was incubated with mouse, rabbit, goat, or chicken primary
antibody to the antigen of interest, washed, incubated with the ap-
propriate HRP-conjugated secondary antibody, washed, and devel-
oped with SuperSignal West Pico chemiluminescent substrate
(Pierce), and the signal from immunoreactive protein bands was de-
tected by exposing the membrane to x-ray film.

Immunofluorescence Staining of Flotillin-1 in THP-1 Cells—Mono-
layers of differentiated THP-1 cells on coverslips were co-incubated
for 90 min with fluorescent blue latex beads (Polysciences; 1-�m
diameter, at a 4000-fold dilution of a stock suspension of 10% solids),
BCG-GFP, M. tuberculosis-iGFP, or formalin-killed GFP-M. tubercu-
losis suspended in RPMI 1640 medium containing 10% fresh AB
serum. Monolayers were washed with culture medium; incubated in
fresh medium with or without 1 mM IPTG at 37 °C for 48–72 h; fixed
in 4% paraformaldehyde in 0.075 M sodium phosphate buffer, pH 7.4
for 30 min at room temperature; permeabilized in 0.1% saponin in
PBS containing 10 mM glycine; and incubated with 5% goat serum in
PBS with 1% BSA to block nonspecific staining. Coverslips were
stained with rabbit monoclonal antibody to human flotillin-1 (1:50
dilution in the same buffer) overnight at 4 °C. Coverslips were washed
with PBS and incubated with Texas Red-conjugated goat anti-rabbit
IgG (diluted 1:50 in the same buffer) for 90 min at room temperature.
The coverslips were washed in PBS, incubated with mouse mono-
clonal antibody to LAM (5 �g/ml; CS35), washed in PBS, stained with
coumarin-conjugated goat-anti-mouse IgG (Sigma; 1:50 dilution),
post-fixed in 2% paraformaldehyde in PBS, incubated with 2.5 �M

4�-6-diamidino-2-phenylindole in PBS for 15 min at room temperature
to label host nuclei, washed in PBS, blotted, mounted with Prolong
Antifade mounting medium (Molecular Probes), and viewed by epif-
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luorescence microscopy with an Eclipse TE2000-S microscope
equipped with an X-Cite 120 light source (Nikon), and images were
acquired with a SPOT RT-KE monochrome camera and SPOT soft-
ware (Diagnostic Instruments, Sterling Heights, MI) and by confocal
scanning microscopy with a Leica TCS-SP confocal and two-photon
microscope and Leica confocal software. Texas Red, Oregon Green,
and 4�-6-diamidino-2-phenylindole fluorochromes were excited with
confocal krypton and argon lasers and two-photon scanning with a
short pulsed titanium-sapphire laser, respectively. Confocal micros-
copy was performed in the Carol Moss Spivak Cell Imaging Facility at
the University of California at Los Angeles Brain Research Institute.

In-gel Tryptic Digestion of Proteins—The final pellets of phago-
some preparations were resuspended in SDS-PAGE sample buffer,
boiled for 5 min, electrophoresed on precast polyacrylamide 8–16%
gradient gels (Bio-Rad), and stained by SYPRO Ruby protein stain
(Invitrogen) according to the manufacturer’s directions. The protein
bands visualized by SYPRO Ruby staining were labeled from top to
bottom in each lane, excised using a 1.5-mm gel picker (P2D1.5, The
Gel Co., San Francisco, CA), and processed with an automatic in-gel
digester robot, ProGest (Genomic Solutions, Ann Arbor, MI). Pro-
cessing steps consisted of destaining and dehydrating the excised gel
slices with acetonitrile, reduction with 10 mM DTT at 60 °C for 30 min,
alkylation of cysteine residues with 100 mM iodoacetamide (37 °C for 45
min), and proteolytic digestion using 125–250 ng of sequencing grade
trypsin (Promega, Madison, WI) at 37 °C for 4 h. The resulting tryptic
peptides were then extracted from the gel by aqueous/10% formic acid
extraction and analyzed by mass spectrometry (19).

Mass Spectrometry—The proteolytic peptide mixtures obtained
from digested gel spots were analyzed by reverse-phase nano-HPLC-
ESI-MS/MS. Briefly, peptides were separated on an Ultimate nano-
capillary HPLC system equipped with a Magic C18AQ nanocolumn
(75-�m inner diameter � 15 cm) and CapTrap Micro guard column of
0.5-�l bed volume (both Michrom Bioresources, Inc., Auburn, CA).
Peptide mixtures were loaded onto the guard column and washed
with the loading solvent (0.05% formic acid; flow rate, 20 �l/min) for
5 min, then transferred onto the analytical C18 nanocapillary HPLC
column, and eluted at a flow rate of 300 nl/min using the following
gradient: 2% solvent B in A (from 0 to 5 min) and 2–70% solvent B in
A (from 5 to 55 min). Solvent A consisted of 0.05% formic acid in 98%
H2O, 2% ACN, and solvent B consisted of 0.05% formic acid in 98%
ACN, 2% H2O. The column eluant was directly coupled to a “QSTAR
Pulsar i” quadrupole orthogonal TOF mass spectrometer (MDS Sciex)
equipped with a Protana nanospray ion source (Proxeon Biosystems).
The nanospray needle voltage was typically 2300 V in the HPLC-MS
mode. Mass spectra (ESI-MS) and tandem mass spectra (ESI-MS/
MS) were recorded in positive ion mode with a resolution of 12,000–
15,000 full-width half-maximum. For CID-MS/MS, the mass window
for precursor ion selection of the quadrupole mass analyzer was set
to �1 m/z. The precursor ions were fragmented in a collision cell
using nitrogen as the collision gas. Spectra were calibrated in static
nanospray mode using MS/MS fragment ions of a renin peptide
standard (His immonium ion with m/z at 110.0713 and b8-ion with m/z
at 1028.5312). Because a 1D SDS-PAGE separation approach excis-
ing contiguous gel bands with up to 50 gel slices per gel lane (and per
biological experiment) was used, subsequently after in-gel digestion,
long QSTAR pulsar HPLC run sequences were set up to account for
all samples (typically a non-interrupted MS run time of 2–3 days).

Database Searches—Mass spectrometric data were analyzed with
an in-house licensed bioinformatics database search engine system,
Mascot version 2.2.04 (Matrix Sciences, London, UK) (20). Peak lists
for the QSTAR pulsar i LC-MS/MS data sets were generated using the
Mascot.dll script version 1.6b19 for Analyst QS 1.0 (parameters used
were: remove peaks with intensity less than 0.1% of the highest peak;
centroid all MS/MS data; merge distance, 0.02). Files were submitted

to the Mascot search engine using Mascot Daemon version 2.2.2.
Mascot uses a probability-based “Mowse score” to evaluate data
obtained from tandem mass spectra. The following search parame-
ters were used: enzyme specificity was defined as trypsin; carbam-
idomethyl (Cys) was chosen as fixed modification; acetyl (protein
N-terminal), Gln 3 pyro-Glu (N-terminal Gln), and oxidation (Met)
were chosen as variable modifications; mass tolerance for precursor
ions was 250 ppm; and mass tolerance for fragment ions was 0.4 Da.
The publicly available Swiss-Prot database release version 56.2 (re-
lease September 23, 2008) was searched for most data obtained from
human samples with species restriction “human” (20,407 sequences);
some data obtained from mouse samples were searched with species
restriction “Mus musculus” (15,931 sequences). Ions scores are
[�10 � log(p)] where p is the probability that the observed match is a
random event. For human Mascot database searches, a cutoff ex-
pectation value of 0.05 (significance threshold) was chosen for indi-
vidual MS/MS spectra that resulted in a false discovery rate of 2.9%
(automatic decoy database search). All data sets were also searched
using the Mascot search engine against a custom database repre-
senting the complete proteome of M. bovis strain BCG/Pasteur
1173P2 (21). The number of protein entries with species code MYCBP
within the UniProt Knowledgebase was 3891. Very high false discov-
ery rates were calculated that consequently did not allow confident M.
bovis protein identification. In addition, we searched the M.
bovis_BCG_Pasteur_1173P2 database (total proteins used, 3952) us-
ing the Global Proteome Machine search engine. However, the Global
Proteome Machine engine reported only random matches. For mouse
Mascot database searches, a cutoff expectation value of 0.02 (sig-
nificance threshold) was chosen for individual MS/MS spectra that
resulted in a false discovery rate of 2.1% (automatic decoy database
search). For LC-MS/MS acquired data, a minimum of two observed
significant peptides that were selected for tandem mass spectrometry
was required to confirm protein identification. In the few cases where
only one unique peptide per protein was selected for MS/MS, the
MS/MS spectrum was inspected “manually” based on an adaptation
of previously published criteria (22), and the protein was thus con-
firmed or deleted from the identification list. Specifically, proteins with
only one observed peptide were validated and added to the list only
if the following criteria were satisfied. 1) The peptide represented a
unique peptide in the human proteome as confirmed by BLAST
searches. (2) Manual inspection of the spectrum verified the following
criteria: (a) good signal to noise (signal to noise ratio �3 for the
majority of fragment ions), (b) a minimum of three consecutive y- or
b-ions, (c) any y-ion with an N-terminal proline must be intense, and
(d) an immonium ion for Arg (m/z 175.12) or Lys (m/z 147.11) must be
present that is consistent with the expected C-terminal tryptic site. As
an additional criterion, we required that each specific protein assign-
ment based on a single peptide identification was observed in more
than one independent biological experiment either as part of a
regular protein assignment observed together with multiple other
peptides for that specific protein or as another single peptide-
based protein assignment.

RESULTS

Purification of BCG Phagosomes and Latex Bead
Phagosomes

We initially attempted to purify BCG phagosomes using
density gradient techniques described previously for bacte-
rial phagosomes (11, 23). However, we observed that the
buoyant density of BCG and of M. tuberculosis depends on
the culture conditions and that bacteria initially grown on agar
or in liquid medium become lighter after growth in macro-
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phages. Whereas M. tuberculosis and BCG grown on 7H11
agar plates or in detergent-free 7H9 broth sedimented into
55% (w/v) sucrose, M. tuberculosis and BCG grown for 1 or
more days within macrophages became much lighter and
sedimented in the range of 31–35% sucrose. Therefore, pu-
rification strategies that rely on sedimentation of bacterial
phagosomes through 55% sucrose as described previously
for intracellular parasite phagosomes (11, 23) were not appli-
cable to BCG or M. tuberculosis obtained from human mac-
rophage culture. The buoyant density of BCG, assessed in
iso-osmotic iodixanol density gradients, was also dramatically
decreased after growth in macrophages. Whereas BCG
freshly scraped from 7H11 agar plates exhibited a density of
1.114 on iodixanol gradients (corresponding to 20% iodixa-
nol; Fig. 1, “sham” BCG phagosome gradients), BCG har-
vested after 3 days of growth in human THP-1 macrophages
exhibited a much lighter density of 1.091 (corresponding to
12% iodixanol; Fig. 1, “live BCG-GFP”). Similarly, M. tuber-
culosis freshly harvested from agar plates exhibited a density
of 1.126 in iodixanol gradients, whereas bacteria harvested
after 1 day of growth in macrophage monolayers exhibited a
density of 1.106 on iodixanol gradients. Killed BCG phago-
somes exhibited a density similar to that of bacteria freshly
harvested from plates (Fig. 1). This phenomenon is not attrib-
utable to selective uptake of less dense bacteria by macro-
phages because, in a separate experiment in which THP-1
macrophage monolayers were infected with agar plate-grown
BCG that had been pelleted through 19% iodixanol (to re-
move less dense bacteria), the BCG harvested from the mac-
rophages after 3 days of growth exhibited a density of 1.094
(corresponding to 13% iodixanol).

Because BCG became lighter with growth in macrophages,
we purified BCG phagosomes from mouse J774 macro-
phages and from human THP-1 macrophages by using a

combination of differential centrifugation and flotation on io-
dixanol density gradients. After obtaining a PNS, we removed
the majority of contaminating organelles by low speed cen-
trifugation (1000 � g for 45 min) through 15% sucrose onto a
cushion of 30% iodixanol. Whereas mycobacterial phago-
somes sediment through the 15% sucrose under these con-
ditions, the majority of macrophage organelles and cytosolic
constituents do not (13, 18). A substantial portion of the
remaining contaminating organelles are removed by flotation
of the phagosomes on an iodixanol density gradient, a tech-
nique that exploits the relatively unique low density of the
mycobacteria in this iso-osmotic density gradient medium.
Additional purification is obtained by sucrose density gradient
sedimentation and the final low speed sedimentation, which
pellets the bacterial phagosomes. In comparisons of true
BCG phagosome and sham phagosome preparations run
simultaneously under the same conditions, we observed
relatively little contaminating protein in the sham phago-
some preparations prepared from the density gradient frac-
tions corresponding to those of the true BCG phagosome
preparations (prepared from infected macrophages) (Fig. 2).
We found that this technique also works well with mouse
J774 macrophages, yielding a BCG phagosome preparation
with more than 10-fold the protein content of that found in
the corresponding sham phagosome preparation (supple-
mental Fig. 1).

Proteins present in the SDS-PAGE gels of purified BCG
phagosomes are almost exclusively host macrophage (hu-
man) proteins. We found that M. tuberculosis and BCG pro-
teins are not extracted under the conditions that we use to
extract host phagosomal proteins (heating at 100 °C for 5 min
in SDS-PAGE sample buffer), and thus mycobacterial proteins
do not contribute significantly to the protein staining seen in
our SDS-PAGE gels of phagosomal preparations. This is

FIG. 1. Sedimentation of M. bovis BCG phagosomes from THP-1 cells on iodixanol density gradients 3 days postinfection. A, human
THP-1 macrophages were allowed to phagocytose live or killed M. bovis BCG-GFP or left untreated (SHAM), and a phagosomal fraction was
purified 3 days postinfection. The sham phagosome preparations were processed identically to the other phagosome preparations except that
M. bovis BCG was added to the macrophages at the end rather than the start of the incubation period and immediately prior to homogenization.
Macrophages from all preparations were homogenized, PNS fractions were obtained by low speed centrifugation, and a phagosomal fraction
was obtained by centrifugation through 15% sucrose onto 30% iodixanol. The BCG phagosomes (and free BCG in the case of the sham
preparation) were collected from the interface and applied to linear iodixanol gradients. Gradient fractions were collected from the bottom, and
aliquots representing equal fractions of the iodixanol gradient or the PNS (0.06% of the entire gradient or 0.06% of the total PNS, respectively)
were analyzed by one-dimensional SDS-PAGE and Western immunoblotting. The relative number of BCG-GFP per gradient fraction was
determined by mixing equal aliquots of each fraction with formaldehyde and counting the number of green fluorescent bacteria per 400� field
by fluorescence microscopy. The BCG phagosomes are lighter than the majority of the mitochondria and ER and go to higher numbered
fractions. Whereas LAMP-2 co-sediments with the BCG phagosomes, the mitochondrial antigen markers and the ER markers (calreticulin and
BiP) are predominantly found in denser fractions. Whereas the mitochondrial marker VDAC and the ER marker BiP are abundant in the PNS,
the majority of these organelles were removed in the purification step prior to the linear iodixanol gradient (low speed sedimentation through
15% sucrose) and thus are present at low levels in the iodixanol gradient fractions. S, sham; K, killed BCG; L, live BCG; M, molecular mass
marker lane. B shows an independent replication of the purification of live and sham BCG phagosomes on an iodixanol gradient with analysis
of gradient fractions by SDS-PAGE and Western immunoblotting for organelle markers. The BCG phagosomes co-elute with strong bands of
LAMP-2 and cathepsin D. As is the case in A, the majority of ER and mitochondria are removed at the step prior to the linear iodixanol gradient.
Some residual ER is apparent by calreticulin staining, mostly in fractions that are denser (lower numbered fractions) than the BCG phagosomes,
although some calreticulin does co-elute. The mitochondria (stained by the mitochondrial antigens manganese superoxide dismutase
(Mn-SOD) and VDAC) also elute in fractions that are denser than the BCG phagosomes. Clathrin (present on plasma membrane) and moesin
(a cytoskeletal marker) are abundant in the PNS but are not detected by immunostaining in the peak fractions containing the BCG phagosomes.
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probably attributable to the detergent-resistant, thick, waxy
cell wall present on the mycobacteria. Likewise, we did not
identify any mycobacterial proteins in our mass spectrometry-
based proteomics analysis, although mycobacterial LAM was
abundant in the preparations, and mycobacteria appeared to
constitute the majority of the biomass as seen by electron
microscopy of the purified phagosomes (Fig. 2).

To assess the purity of our BCG phagosome preparations
and to explore the presence or absence of selected antigenic
proteins, we analyzed gradient fractions by Western immuno-
blotting. We observed that whereas the late endosomal-lyso-
somal marker LAMP-2 (Fig. 1, A and B) and the acid hydrolase
cathepsin D (Fig. 1B) correspond well to the distribution of
BCG-GFP from infected macrophages on the iodixanol gra-
dient, the mitochondrial markers, VDAC (Fig. 1, A and B), the
60-kDa mitochondrial antigen (Fig. 1A), and manganese su-
peroxide dismutase (Fig. 1B), were found in lower (more
dense) fractions and were not detected by Western immuno-
blotting in the fractions containing the BCG phagosomes.
Although the peak of the ER marker calreticulin was found in
relatively dense fractions (Fig. 1A, fractions 12–16 of the live
BCG-GFP gradient, and Fig. 1B, fractions 19–23 of the live
BCG-GFP gradient), this marker consistently trailed into the
lighter fractions containing the BCG-GFP phagosomes (Fig.
1A, peak fraction 23 of the live BCG-GFP gradient and Fig.
1B, peak fraction 27 of the live BCG-GFP gradient). We ob-
served a similar trailing of calnexin into the 3-day BCG pha-
gosome fractions (data not shown) and a similar profile for
LAMP-2, mitochondrial VDAC, and calreticulin relative to BCG

phagosomes on iodixanol gradients prepared from THP-1
macrophages at 3 h postinfection (supplemental Fig. 2). We
also observed an association of calreticulin and other ER
markers with latex bead phagosomes purified by sucrose
density flotation (supplemental Fig. 2), consistent with prior
reports regarding highly purified latex bead phagosomes from
mouse J774 macrophages (14, 24). Whether the presence of
calreticulin and calnexin in regions of the iodixanol gradient
containing BCG phagosomes and latex bead phagosomes
reflects a specific contribution of ER to the phagosome, as
has been reported in the case of phagosomes containing
latex beads, killed bacteria, zymosan, (14, 24–26), Toxo-
plasma gondii (27), and M. tuberculosis (28), or instead re-
flects contamination (29) remains to be determined. Clathrin,
present on the plasma membrane and Golgi apparatus (30),
was detected in the PNS but was absent from the gradient
fractions containing the BCG phagosomes (Fig. 3B). Similarly,
the cytoskeletal component moesin was stained intensely in
the PNS but was relatively depleted in the gradient fractions
corresponding to the BCG phagosomes (Fig. 1B).

We also examined the purity of our BCG phagosome prep-
arations at the ultrastructural level by transmission electron
microscopy (Fig. 2, B and C) and observed that the BCG
phagosomes purified from THP-1 cells exhibit a high level of
purity with relatively little extraneous material (Fig. 2C) and a
high level of enrichment over the PNS starting material (Fig.
2B). In addition, we performed a quantitative analysis of the
phagosomal purity of our 3-day BCG phagosomes by using
the radioisotopic mixing method described by Chakraborty

FIG. 2. Analysis of BCG phagosomes purified 3 days postinfection from THP-1 cells by SDS-PAGE and electron microscopy. A, BCG
phagosomes purified from THP-1 cells 3 days after infection (BCG Phagosome) and sham phagosomes (Sham) prepared from identically
treated, non-infected THP-1 cells to which BCG bacteria were added at the end rather than the beginning of the incubation period and
immediately prior to homogenization were applied to a one-dimensional SDS-PAGE gradient gel and stained for protein by SYPRO Ruby.
Masses of standard molecular mass markers (lane labeled “M”) are indicated in kDa. B and C, transmission electron microscopy of the PNS
starting material (pelleted by centrifugation at 10,000 � g for 10 min) (B) and the final purified BCG-GFP phagosomal pellet (C) demonstrates
that the purified phagosomes (C) have relatively little contamination and are considerably enriched in BCG phagosomes compared with the
PNS starting material (B). Size bars, 1 �m.
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et al. (18) and obtained calculated purities of 82.5 and 92%,
respectively.

To analyze the degree to which selected proteins are asso-
ciated with or excluded from the BCG and latex bead phago-
somes, we loaded SDS-PAGE gels with known amounts of
protein from either the PNS or purified phagosomal prepara-
tions and analyzed the proteins present in the sample by
Western immunoblotting. The purified BCG phagosomes ex-
hibited an enrichment in mycobacterial LAM, a strong pres-
ence of LAMP-2, the absence of the mitochondrial 60-kDa
marker, and a relative depletion in calnexin relative to the
levels found in the PNS (Fig. 3A). Plasma membrane-associ-
ated proteins galectin-1 and clathrin were abundant in the

PNS but not detected by Western immunoblotting in the BCG
phagosome preparation (Fig. 3B). Rab-11, a marker of recy-
cling endosomes, was detected in the PNS but was relatively
depleted in the BCG phagosome preparation (Fig. 3B). We
also compared the relative enrichment or depletion of se-
lected markers on BCG phagosomes and latex bead phago-
somes isolated from THP-1 macrophages at 3 days postin-
fection by analyzing equivalent amounts of phagosomal
proteins by Western immunoblotting (Fig. 4). Whereas NPC1
and LAMP-2 were greatly enriched on the latex bead phago-
somes, their relative abundance on BCG phagosomes was
similar to that in the PNS. Whereas flotillin-1 and vATPase 6E
were greatly enriched on latex bead phagosomes (relative to
the PNS), they were markedly depleted on BCG phagosomes
(Fig. 4). The membrane trafficking protein syntaxin 3 also was
depleted on BCG phagosomes relative to its abundance on
latex bead phagosomes and in the PNS (Fig. 4). The cytoskel-
etal protein stathmin was present in the PNS but was unde-
tectable by Western immunoblotting in both the BCG and
latex bead phagosome preparations (Fig. 4).

Proteomics Analysis of BCG Phagosomes

Proteins present in BCG phagosomes and latex bead pha-
gosomes purified from THP-1 cells infected for 3 h, 1 day, 3

FIG. 3. Analysis of 3-day purified BCG phagosomes from THP-1
cells by Western immunoblotting. A, comparison of levels of
LAMP-2, calnexin, 60-kDa mitochondrial antigen, and mycobacterial
LAM. Samples containing 5–40 �g of protein from the PNS or BCG
phagosomes prepared from THP-1 cells 3 days postinfection were
analyzed by Western immunoblotting. Whereas LAMP-2 and myco-
bacterial LAM are enriched on the BCG phagosomes relative to the
amount present in the PNS per �g of protein, calnexin is present at a
markedly reduced level, and the 60-kDa mitochondrial antigen (Mito)
is not detected in the purified BCG phagosome fraction. B, compar-
ison of levels of clathrin, calnexin, mitochondrial antigen (Mito), LAM,
Rab-11, and galectin-1. A separate Western immunoblot experiment
demonstrates the enrichment of LAM in the BCG phagosome prep-
aration and the persistence of low levels of calnexin relative to the
levels present in the PNS. In contrast, clathrin, the mitochondrial
antigen, Rab-11, and galectin-1 are detected in the PNS but not in the
BCG phagosome preparation.

FIG. 4. Analysis of 3-day purified BCG phagosomes, latex bead
phagosomes, and PNS by Western immunoblotting. Samples con-
taining 5–40 �g of protein from the PNS, purified BCG phagosomes,
or purified latex bead phagosomes prepared from THP-1 cells 3 days
postinfection were analyzed by Western immunoblotting. NPC1,
LAMP-2, and syntaxin 3 are enriched on the latex bead phagosomes
relative to the levels observed on BCG phagosomes and the PNS.
Flotillin-1 and the vATPase are greatly enriched on the latex bead
phagosome and relatively scarce on the BCG phagosome. The cy-
toskeletal protein stathmin, on the other hand, is detected in the PNS
but not in the latex bead or BCG phagosome preparations.
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days, or 5 days were separated by SDS-PAGE on gradient
gels, the gel slices were digested with trypsin, and the result-
ing peptides were extracted and analyzed by nano-HPLC-
MS/MS. The constituent proteins were identified by compar-
ison against the human genome. Because of the complexity
of these mixtures even after one-dimensional gel separations
and to obtain an in-depth coverage of the proteins in these
preparations, we subjected the trypsin-digested gel slices to
HPLC-MS/MS analysis. A total of 475 different human pro-
teins were identified in at least one of the BCG or latex bead
phagosome preparations by HPLC-MS/MS analysis (supple-
mental Table 1). In addition, we identified 14 mouse proteins
on one-dimensional and two-dimensional gels using the same
methods in a limited analysis of BCG phagosomes isolated 1
day postinfection of J774 macrophages (supplemental Fig. 1
and Tables 2 and 3). A total of 447 human proteins were
identified in one or more of the five BCG phagosome prepa-
rations, and a total of 289 were identified in one or more of the
three latex bead phagosome preparations; 260 proteins were
also identified one or more times in both BCG and latex bead
phagosome preparations. To assess the consistency with
which individual proteins were identified in the BCG phago-
some preparations, we ranked each protein based on how
often it was detected in the five BCG preparations (i.e. four
time points with one independent biological replicate of the
3-day time point; supplemental Table 1). We identified 32 host
proteins at all four time points in all five of the BCG phago-
some preparations (supplemental Table 1). All 32 of these
were also identified in at least one latex bead phagosome
preparation, and 16 were identified in all three of the latex
bead phagosome preparations. We identified 98 proteins in at
least four BCG phagosome preparations of which all but 13
were found in at least one latex bead phagosome preparation
(Table I, first 13 proteins), and we identified 178 proteins in at
least three of the five BCG phagosome preparations of which
all but 32 were found in at least one of the latex bead pha-
gosome preparations (Table I, all proteins). These data indi-
cate a high level of concordance for the proteins present in
the BCG and latex bead phagosome preparations. Because
only the 3-day time point was assessed more than once, we
did not attempt to evaluate changes in phagosome compo-
sition over time; instead we used the data to identify a set of
proteins that were consistently detected on the BCG phago-
some across multiple preparations.

Although our proteomics analysis of BCG phagosomes and
latex bead phagosomes indicate that there are more proteins
in common than not for these two compartments, the distinc-
tions between the two compartments may reflect important
differences in cell biology. Included among the 32 proteins
present in BCG phagosomes and undetected in latex bead
phagosomes (Table I) were (a) proteins involved in membrane
trafficking, vesicle-trafficking protein Sec22b, charged mul-
tivesicular body protein 4b (CHMP4b), Ras-related proteins
Rab-14, Rab-6A, and Ral-A/Ral-B; (b) membrane proteins

CD44 and intercellular adhesion molecule 1; (c) proteins
thought to be involved in signal transduction or regulation of
the cytoskeleton, Ras GTPase-activating-like protein
IQGAP1, stress-induced phosphoprotein 1, septin-7, and
band 4.1-like protein 3; and (d) the macrophage-secreted
protein, macrophage migration-inhibitory factor, and the pu-
tative secreted protein FAM3C (Table I). Attempts to validate
many of the proteins listed in Table I by Western immunoblot-
ting were unsuccessful because of problems with a lack of
sensitivity and specificity of the available antibodies (i.e. the
available antibodies were either non-reactive with the proteins
on blots, or they had excessive cross-reactivity with myco-
bacterial antigens). However, we confirmed the presence of
IQGAP1 on M. bovis BCG phagosomes but not latex bead
phagosomes by Western immunoblotting (supplemental Fig.
3), and we confirmed by immunofluorescence microscopy the
differential presence of FAM3C on M. bovis BCG phago-
somes but not latex bead phagosomes (supplemental Fig. 4).

Of the 289 proteins identified in at least one of the latex
bead phagosome preparations, 34 were identified in all three
latex bead phagosome preparations. All 34 of these were
detected in at least one BCG phagosome preparation, and 29
were identified in at least four of the five BCG phagosome
preparations (supplemental Table 1), demonstrating again the
high concordance of proteins on the latex bead and BCG
phagosome preparations. Of 104 host proteins found in at
least two of the three latex bead phagosome preparations,
only two were not found in any of the BCG phagosome
preparations: the lysosomal enzymes �-galactosidase and
sialate O-acetyltransferase. We confirmed by immunofluores-
cence microscopy that �-galactosidase was present on latex
bead phagosomes but not on BCG phagosomes at 3-days
postinfection in THP-1 cells (supplemental Fig. 4). In addition,
the lysosomal hydrolase glucosylceramidase was found in
two of the latex bead phagosome preparations (3 h and 5 day)
but only in the 3-h BCG phagosome preparation. The lower
representation or absence of the lysosomal enzymes glu-
cosylceramidase, �-galactosidase, and sialate O-acetyltrans-
ferase may reflect a lesser degree of fusion of the BCG
phagosome with lysosomes relative to the latex bead phago-
some. Of the 104 host proteins identified in at least two of the
three latex bead phagosome preparations, 61 were also iden-
tified in at least four of the five BCG phagosome preparations
(Table II).

Noteworthy proteins identified in the BCG phagosome in-
cluded the following.

Endosomal-Lysosomal Proteins—Among the proteins
found in at least four of the five BCG phagosome preparations
and at least two of the three latex bead phagosome prepara-
tions were several well known endolysosomal proteins: the
lysosomal membrane glycoproteins CD63, LAMP-1, LAMP-2,
and lysosome membrane protein 2; subunit B of the vATPase;
cathepsin D; cathepsin Z; palmitoyl-protein thioesterase; ly-
sosomal acid phosphatase; N-acetylglucosamine-6-sulfat-
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ase; lysosomal �-glucosidase; acid ceramidase; and prosa-
posin. We detected the mannose 6-phosphate receptor-
binding protein (which interacts with mannose 6-phosphate
receptor (M6PR)) in four of the five BCG phagosome prepa-
rations and in only one of the latex bead phagosome prepa-
rations, and we detected the cation-independent M6PR in two
of the five BCG preparations but in none of the latex bead
phagosome preparations. Association of the M6PR and the
M6PR-binding protein with the BCG phagosome may reflect
the BCG phagosome being in a less mature, late endosomal-
like compartment as opposed to a phagolysosomal
compartment.

Multivesicular Body (MVB) and Exosome Pathway—In ad-
dition to many classical components of the endosomal-lyso-
somal pathway, we also identified many components of the
more recently described MVB-exosome pathway in both BCG
and latex bead phagosomes. For example, we identified pro-
grammed cell death 6-interacting protein (Alix) in both the 3-
and 5-day BCG phagosomes (supplemental Table 1). This
protein interacts with CHMP4b to promote the formation of
multivesicular bodies (31, 32). We identified CHMP4b in all 3-
and 5-day BCG phagosomes but not in any of the latex bead
phagosomes (supplemental Table 1). Alix has also been iden-
tified on latex bead phagosomes purified from mouse mac-
rophages (14). To our knowledge, CHMP4b has not previously
been identified in proteomics studies of phagosomes. MVBs
are at the intersection of the endocytic pathway and the
exosome pathway (33). Thus, interaction of the phagosome
with the MVB allows antigen processing and presentation via
the exosome pathway. Many additional proteins that have
been identified as major constituents of exosomes (33–35)
were present in the majority of our BCG phagosome prepa-
rations, including integrin �1 and �2; CD63; Rap-1B/Rap-1A;
Rab-7; annexins A2, A4, and A5; Hsc70; Hsp90; actin; cofilin;
tubulin; moesin; pyruvate kinase; enolase; elongation factor
1-�; and 14-3-3. The presence of integrins in the endocytic
pathway has been reported previously (36).

Lipid Raft Proteins—Lipid rafts and raft proteins (flotillin-1
and stomatin) are also enriched in the internal vesicles of
MVBs and exosomes (33, 35). We identified the raft proteins
flotillin-1 and stomatin in all of our BCG phagosome prepara-
tions and in two of the three latex bead phagosomes (Table II).
In addition to the lipid raft proteins flotillin and stomatin, we
also identified the lipid raft protein erlin-2 in four of five BCG
phagosome preparations but in none of the latex bead pha-
gosomes (Table I). Although flotillin (37) and stomatin (38)
have been reported previously in association with phagocytic
and endocytic pathways, erlin-2 was only recently identified
as an ER-associated raft protein (39), and its presence in other
intracellular compartments has not been reported.

Signaling Proteins—We identified many proteins involved in
signaling by our proteomics analysis of the BCG phagosome.
We identified ADP-ribosylation factor (Arf)-like protein 8b/8a
(Arl 8b/8a) in the majority of BCG and latex bead phagosome
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preparations (four of five and two of three, respectively), al-
though it was not detected in either of the two 5-day phago-
some preparations (Table II and supplemental Table 1). Arf 8b
colocalizes with late endosomes and lysosomes, interacts
with tubulin, and is involved in motility of lysosomes (40).
Thus, Arl 8b/8a may also be involved in motility of both BCG
and latex bead phagosomes.

We identified brain acid-soluble protein 1 (BASP1) in four of
five BCG and all three latex bead phagosome preparations
(Table II). BASP1, a myristoylated Ca2�-dependent calmodu-
lin-binding protein that is phosphorylated by protein kinase C,
associates with cholesterol-rich lipid rafts and, in neuronal
cells, is thought to regulate actin interactions with the plasma
membrane (41). BASP1 has not been identified previously in
association with phagosomes.

Heterotrimeric G-proteins are membrane-associated pro-
teins composed of �, �, and � subunits that together function
in numerous signal transduction pathways. We identified one
or more G-protein subunits (e.g. guanine nucleotide-binding
protein Gi, �-2 subunit (GNAI2), GNAI3, GNB1, GNG5, or
GNG12) in the majority of our BCG and latex bead phago-
some preparations, and we also identified the GNAI2 in our
1-day mouse J774 BCG phagosome preparation (supplemen-
tal Fig. 1 and Table 2). This protein, as well as other trimeric
G-protein subunits, has also been identified in purified mouse
J774 and Drosophila latex bead phagosomes (14, 42). Al-
though the physiological role of G-proteins in mediating signal
transduction events on the plasma membrane is well known
(43), it is possible that they may also serve a similar function
on the phagosomal membrane.

We identified the Ras GTPase-activating-like protein
IQGAP1 in all of our BCG phagosome preparations except for
the 3-h phagosome preparation, but we did not detect this
protein in any of the latex bead phagosome preparations
(Table I). Similarly, IQGAP1 was not identified in prior reports
in latex bead phagosomes isolated from mouse or Drosophila
macrophages, suggesting a true difference between the BCG
phagosome and the latex bead phagosome. This signal trans-
duction protein participates in multiple cellular signaling path-
ways, including interaction with Rac1, Cdc42, and Ca2�/cal-
modulin to effect changes to the actin cytoskeleton (44).

We identified six members of the 14-3-3 family (�/�, �, �, �,
	/
, and �) in the BCG phagosome preparation at days 3–5
(with �/�, 	/
, and � identified in all of the 3–5-day BCG
phagosome preparations), but no members of the family were
identified in the 3-h or 1-day BCG phagosome preparations,
and no members of the family were identified in latex bead
phagosome preparations until day 5 (supplemental Table 1),
suggesting that this protein family may be recruited more
abundantly to BCG phagosomes than to latex bead phago-
somes in THP-1 cells. However, the 14-3-3 family proteins
have been identified by proteomics in latex bead phagosomes
purified from mouse J774 macrophages (14). The 14-3-3 fam-
ily proteins are involved in a large number of signaling path-

ways and interact with numerous proteins involved in vesic-
ular transport (45). Similarly, we identified adenylyl cyclase-
associated protein 1 (CAP1) in all of the BCG phagosomes at
1–5 days and in the 5-day latex bead phagosome preparation.
CAP1 binds actin monomers and directly regulates filament
dynamics (46). Thus, CAP1 may regulate the interaction of
BCG and latex bead phagosomes with actin microfilaments.

Rab and Rab-related Proteins—We identified many Rab
GTPase and Rab-related proteins in both the BCG and latex
bead phagosome preparations. We identified Rab-5C in all
of our BCG and latex bead phagosome preparations (Table
II). We have previously demonstrated the presence of
Rab-5C on M. tuberculosis phagosomes by immunoelec-
tron microscopy (10).

We identified Rab-7A in four of our five BCG phagosome
preparations and in all of our latex bead phagosome prepa-
rations (Table II). Rab-7A regulates vesicular traffic of late
endosomes, and it has been detected on latex bead phago-
somes of macrophages from mouse (14) and Drosophila (42).
We have previously demonstrated the presence of Rab-7 on
the M. tuberculosis phagosome by immunoelectron micros-
copy (9).

We identified Rab-11A/Rab-11B (Table II and supplemental
Table 1) in all five of our BCG phagosome preparations and in
two of our three latex bead phagosome preparations (all but
day 5). Although Rab-11 is known for its role in endosomal
recycling from a perinucleolar compartment to the plasma
membrane, Rab-11 and its effector, Rab coupling protein,
have been identified by immunofluorescence in patches on
latex bead phagosomal membranes (47) and by proteomics in
purified mouse J774 latex bead phagosomes (14). It has been
proposed that Rab-11 may be involved in recycling of vesicles
from the phagosome to the plasma membrane (47). Although
we observed a relative depletion of Rab-11 by Western im-
munoblotting in our phagosome preparations relative to its
abundance in the PNS (Fig. 3B), Rab-11 may still be present
and of functional importance on the phagosomal membrane.

We identified Rab-1A/Rab-1B in four of our five BCG pha-
gosome preparations and in the 3-day latex bead phagosome
preparation (supplemental Table 1). Rab-1 also has been de-
tected in latex bead phagosomes purified from Drosophila
macrophages (42). Although Rab-1 is well known for regula-
tion of transport between the ER-Golgi intermediate compart-
ment and the Golgi compartment, Rab-1 has recently been
demonstrated also to be involved in transport of vesicles from
the ER-Golgi intermediate compartment toward the cell pe-
riphery (48). Thus, Rab-1 might also regulate the interaction of
this ER-related compartment with the phagosome.

We identified Rab-6A in four of the five BCG phagosome
preparations but in none of the latex bead phagosome prep-
arations (Table I). However, Rab-6A has been reported in latex
bead phagosomes from Drosophila (42). Rab-6A regulates
traffic within Golgi stacks and between ER and Golgi, but it
has also been shown to play a role in cytokinesis and in a
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pathway that interacts with Rab-11 (49). The role of Rab-6A
on phagosomes is not known.

We identified Rab-21 in four of five BCG phagosome prep-
arations and in two of three latex bead phagosome prepara-
tions (Table II). Rab-21 was not reported in prior latex bead
phagosome proteomics studies. Rab-21 is present on early
endosomes (50) and has been shown to bind directly to
integrins and to regulate the endocytic and exocytic traffic of
integrins (51). We identified integrins as a component of the
BCG phagosome, and thus Rab-21 may be involved in mem-
brane trafficking of these molecules to or from the BCG
phagosome.

We identified Rab-14 in three of five BCG phagosome
preparations but in none of the latex bead phagosome
preparations (Table I). This finding is consistent with a report
by Kyei et al. (52), who found that Rab-14 was recruited to
live but not dead M. bovis BCG phagosomes and that a
dominant-negative form of Rab-14 promoted phagosomal
maturation.

We identified Ral-B/Ral-A (based on single peptide identi-
fications that could be assigned to either protein) in three of
our five BCG phagosome preparations, but we did not detect
this Ras GTPase in any of our latex bead phagosome prepa-
rations (Table I). It has not been reported in prior proteomics
studies of latex bead phagosomes (14, 42). Ral-B has been
shown to regulate exocytosis (53, 54), to play a role in orga-
nization of the actin cytoskeleton (55), and to be involved in
signal transduction of toll-like receptors by activation of NF�B
via the I�B kinase Tank binding kinase 1 (TBK1) (56). By
immunofluorescence, we observed colocalization of endoge-
nous Ral-B on the BCG phagosome.2 In macrophages in
which we overexpressed recombinant GFP-Ral-B, we ob-
served colocalization of Ral-B with both BCG and latex bead
phagosomes.2 The function of Ral-B on the phagosomal
membrane remains to be determined, but in view of its pre-
viously demonstrated roles, it could be important in regulating
vesicular traffic or in signal transduction of toll-like receptors
present on the phagosomal membrane.

We identified Rap-1A/Rap-1B in all of the latex bead pha-
gosome preparations and in three of the five BCG phagosome
preparations (supplemental Table 1). Rap-1A/Rap-1B have
been identified by immunomicroscopy on late endosomes/
lysosomes and phagosomes (57) and on exosomes (58) and
by proteomics studies on latex bead phagosomes from
mouse macrophages (14). Their function is not known, but
there is evidence that Rap-1A has a role in initiation of the
oxidative burst in neutrophils (59) and that Rap-1B regulates
integrin signaling (60).

We identified Rab-guanine dissociation inhibitor (GDI) in
two of five BCG phagosome preparations and also identified
the Rho-GDP dissociation inhibitor in two of five BCG phago-
some preparations but did not identify this protein in any of

our latex bead phagosome preparations (supplemental Table
1). This finding complements the study of Fratti et al. (61), who
reported persistence of GDI with BCG phagosomes but not
latex bead phagosomes at early times after uptake and pro-
posed that persistence of GDI on the mycobacterial phago-
some was due to mycobacterial activation of p38 mitogen-
activated protein kinase (MAPK) leading to phosphorylation of
GDI. Greater levels of GDI on the BCG phagosome may
displace EEA1 from the phagosomal membrane and impair
phagosome maturation (61, 62).

Secreted Proteins—Apolipoproteins D and E are 21-kDa
proteins synthesized and secreted by macrophages that are
involved in cholesterol transport and catabolism. We identi-
fied either apolipoprotein D or apolipoprotein E on four of five
BCG phagosome preparations and on all three latex bead
phagosome preparations (supplemental Table 1). Others have
also identified apolipoproteins in mouse J774 latex bead pha-
gosomes (14). These proteins could be delivered to the BCG
phagosome via either the endocytic or the secretory route.
However, our mass spectrometry analysis of both apolipopro-
teins D and E indicated that they are of human rather than
bovine origin, excluding the possibility that they were derived
from the bovine serum in which the macrophages were cul-
tured after the initial infection. Thus, it is likely that they are
derived from the macrophage secretory pathway rather than
of endocytic origin.

Whereas we identified apolipoproteins D and/or E in both
early and late BCG phagosome preparations, we identified
complement factors C3 and C9 only on the 3-h latex bead and
BCG phagosome preparations, respectively (supplemental
Table 1). Their presence only early after phagocytosis likely
reflects adsorption or fixation of complement to the beads or
bacteria prior to uptake.

We identified the secreted protein retinoid-inducible serine
carboxypeptidase in three of five BCG phagosome prepara-
tions and in one latex bead phagosome preparation (supple-
mental Table 1). Kollman et al. (63) have shown that retinoid-
inducible serine carboxypeptidase is delivered to endosomes/
lysosomes by the M6PR.

Proteins of Unknown Function—We identified several pro-
teins of unknown function in our BCG and latex bead phago-
some preparations. Three proteins of unknown function that
we identified on the majority of our BCG phagosome prepa-
rations but on none of the latex bead phagosome prepara-
tions are FAM3C, tumor protein D54, and synaptic vesicle
amine transport membrane protein-1 (VAT-1) homolog. We
identified FAM3C and tumor protein D54 in four of five BCG
phagosome preparations and the VAT-1 homolog in three of
five BCG phagosome preparations, but we identified none of
these proteins in any of our latex bead phagosome prepara-
tions (Table I). FAM3C, tumor protein D54, and the VAT-1
homolog also were not identified in prior mouse or Drosophila
latex bead phagosome preparations (14, 42). We also identi-
fied FAM3C by immunofluorescence on the BCG phagosome.2 B.-Y. Lee, D. L. Clemens, and M. A. Horwitz, unpublished data.

The BCG Phagosome Proteome

48 Molecular & Cellular Proteomics 9.1

http://www.mcponline.org/cgi/content/full/M900396-MCP200/DC1
http://www.mcponline.org/cgi/content/full/M900396-MCP200/DC1
http://www.mcponline.org/cgi/content/full/M900396-MCP200/DC1
http://www.mcponline.org/cgi/content/full/M900396-MCP200/DC1
http://www.mcponline.org/cgi/content/full/M900396-MCP200/DC1
http://www.mcponline.org/cgi/content/full/M900396-MCP200/DC1
http://www.mcponline.org/cgi/content/full/M900396-MCP200/DC1
http://www.mcponline.org/cgi/content/full/M900396-MCP200/DC1


FAM3C has sequence similarity to human and mouse pro-
teins from the cytokine-like gene family and has both a
predicted signal sequence and a transmembrane domain
(64). The function of FAM3C is unknown, and it is unclear
whether it is a secreted or a membrane protein. Tumor
protein D54 has been identified by MS-based proteomics
studies in normal human astrocytes (65), in breast tumor
cells (66), and in lipid droplets from lipolytically stimulated
(but not unstimulated) adipocytes (67). No studies of its
physiological function have been reported. The synaptic
vesicle membrane protein VAT-1 homolog is a 41-kDa inte-
gral membrane protein with sequence similarity to the zinc-
containing alcohol dehydrogenase family (68) and to the
mammalian lens �-crystallin (69). It has been identified in
human and mouse epithelial cells and shown to have
ATPase activity and to be calcium-regulated (68, 70), but its
function is otherwise unknown.

Evaluation of Flotillin-1 Location by Immunofluorescence

Our proteomics analysis detected flotillin-1 in all of our BCG
phagosome preparations and also in two of our latex bead
phagosome preparations. Nevertheless, our Western immu-
noblots (Fig. 4) demonstrated that flotillin-1 was depleted in
the BCG phagosome preparation relative to the latex bead
phagosome preparation and the PNS. To evaluate further the
association of flotillin-1 with mycobacterial phagosomes, we
examined the degree of colocalization of flotillin-1 with M.
bovis BCG and M. tuberculosis phagosomes in THP-1 cells. In
accord with our Western immunoblotting data, M. bovis BCG
phagosomes exhibited lower levels of flotillin-1 fluorescence
than latex bead phagosomes at 3 days postinfection, al-
though some heterogeneity in intensity of staining was ob-
served (data not shown). To determine whether the heteroge-
neity in flotillin-1 immunofluorescence correlated with
mycobacterial metabolic activity, we infected THP-1 macro-
phages with a recombinant M. tuberculosis (Mtb-iGFP) whose
GFP expression is induced in response to IPTG (16) and
examined GFP expression and flotillin-1 distribution 48 h
postinfection. Only M. tuberculosis that are alive and meta-
bolically active are able to express GFP in response to IPTG,
which is added after infection of the macrophages. Using this
system, we observed that Mtb-iGFP that fail to express GFP
in response to IPTG reside within acidified compartments that
fuse with Texas Red-dextran-labeled lysosomes, whereas
Mtb-iGFP that do express GFP in response to IPTG reside in
non-acidified compartments that do not fuse with Texas Red-
dextran (16). In the current study, we observed an inverse
correlation between GFP expression by the Mtb-iGFP and
flotillin-1 immunofluorescence around the bacteria (Fig. 5, A
and B). In contrast, killed M. tuberculosis and latex beads
colocalized consistently with flotillin-1 immunofluorescence
(Fig. 5B).

DISCUSSION

We demonstrated a method for high level purification of
BCG phagosomes by use of a combination of differential
centrifugation and density gradient sedimentation on sucrose
and iodixanol gradient media that is amenable to further mo-
lecular studies of the M. bovis BCG and M. tuberculosis
phagosomes. We consistently observed a decrease in buoy-
ant density of BCG and M. tuberculosis over time with growth
in macrophages. The change in density most likely reflects a
change in the density of the mycobacteria rather than a
change in the macrophage contribution to the phagosome
because electron microscopy analysis revealed a mixture of
free bacteria (non-membrane-bound) as well as membrane-
bound bacteria in the same density fractions. Moreover, pha-
gosomes containing killed bacteria exhibited a heavier density
than those containing live bacteria that have grown in mac-
rophages for 1 or more days. The decrease in mycobacterial
density probably reflects a change in lipid composition of the
mycobacteria or an increase in the ratio of mycobacterial lipid
to protein and carbohydrate that is induced by growth in
macrophages.

Our proteomics analysis is an extremely sensitive method
for study of the composition of the BCG phagosome and
represents a first stage in the identification of proteins as-
sociated with the mycobacterial phagosome. An important
strength of the technique is that it provides an unbiased
assessment of the proteins present. However, confirmation
of the presence of proteins identified by proteomics should
be obtained by independent techniques such as immuno-
fluorescence microscopy of intact macrophages infected
with pathogenic mycobacteria. Hence, the list of proteins
identified herein should be considered a list of candidate
proteins present on the mycobacterial phagosome. Some of
the proteins identified may reflect contaminants rather than
proteins that are truly associated with the phagosome. Fur-
thermore, although the proteins present on latex bead pha-
gosomes and BCG phagosomes show considerable overlap
with relatively few consistently detected proteins on only
one or the other phagosome, the abundance of various
proteins may differ greatly for latex bead and BCG phago-
somes. For example, we identified flotillin-1 and the
vATPase by mass spectrometry at all time points on both
the latex bead and the BCG phagosome; however, by West-
ern immunoblotting of phagosomes isolated 3 days postin-
fection, flotillin-1 and vATPase were enriched on the latex
bead phagosomes but relatively scarce on the BCG phago-
some. Consistent with this, by fluorescence microscopy, we
observed weaker flotillin-1 immunofluorescence on BCG
and M. tuberculosis phagosomes than on latex bead pha-
gosomes, and use of an IPTG-inducible expression system
showed that flotillin-1 colocalization with M. tuberculosis
varied inversely with the metabolic activity of the mycobac-
teria. Flotillin-1 has been shown to be recruited to maturing
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latex bead phagosomes (37) and to be a constituent of lipid
rafts that also contain other proteins important to mem-
brane trafficking and phagosome formation, including the �-
and �-subunits of heterotrimeric G proteins as well as sub-
units of the proton pump vATPase (71). Flotillin-1 may act as
a scaffolding protein to organize lipid rafts containing the
vATPase for delivery to the maturing phagosome. Thus, the
relative scarcity of flotillin-1 on the BCG phagosome, as
indicated in our Western immunoblotting and immunofluo-

rescence studies, may be important in excluding the
vATPase and resisting acidification.

Consistent with prior mass spectrometry-based proteomics
analyses of phagosomes, we found multiple ER-associated
proteins (including calnexin, endoplasmin, and protein-disul-
fide isomerase) in all of our latex bead and BCG phagosomal
preparations. This could reflect a contribution of the ER to
formation of the phagosome, or it may reflect non-ER func-
tions of these proteins. For example, protein-disulfide isomer-

FIG. 5. Flotillin-1 immunofluorescence on M. tuberculosis phagosomes in THP-1 cells correlates inversely with metabolic activity of
mycobacteria. A, metabolic activity of Mtb-iGFP was assessed by addition of IPTG after infection and visualization of green fluorescent protein
expression at fixation 48 h postinfection (a and d), and Mtb-iGFP, independent of metabolic status, was visualized by blue fluorescence with
aminomethylcoumarin-labeled anti-LAM antibody (a and d). Flotillin-1 distribution was visualized by staining with Texas Red-labeled anti-
human flotillin-1 antibody (b and e). The merged color images are shown on the right (c and f). Metabolically inactive Mtb-iGFP (bacteria that
do not express GFP after IPTG induction; a–f, arrows) consistently colocalized with flotillin-1 labeled with Texas Red (arrows indicating three
bacteria in b and one bacterium in e). The metabolically active Mtb-iGFP (a–c, arrowheads) showed weaker and less consistent colocalization
with flotillin-1 (b). B, quantitative assessment of flotillin-1 immunofluorescence demonstrates relatively low levels of colocalization of flotillin-1
on metabolically active Mtb-iGFP (GFP� M. tuberculosis) compared with much higher levels of colocalization with inactive Mtb-iGFP (GFP�
M. tuberculosis), formalin-killed Mtb-GFP (Killed M. tuberculosis), and latex beads at 48 h postinfection (and 46.5 h post-IPTG induction) in
THP-1 cells. The experiment was performed twice with similar results. Values shown are means and error bars indicate S.D. for duplicate
determinations for at least 40 bacteria or beads.
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ase A3 (Erp57), which we detected in all of our phagosome
preparations, although generally considered an ER protein,
has been shown also to reside in the cytosol and to form a
complex with the cytosolic signaling protein STAT3 (72). Pro-
tein-disulfide isomerase, also detected in all of our phago-
some preparations, has been shown to be present at high
levels on the plasma membrane of lymphoid cells (72).

Specific recruitment of components of the ER to a variety of
phagosomes (including those containing latex beads, zymo-
san, killed bacteria, and T. gondii) has been reported by
numerous investigators based on studies of isolated phago-
somes, immunoelectron microscopy, flow organellometry,
and antigen processing and presentation (14, 24–27, 42, 73,
74). Most pertinent is the report by Grotzke et al. (28) of a
specific association of ER components (including transporter
associated with antigen processing (TAP) and protein-disul-
fide isomerase) with the M. tuberculosis phagosome based on
flow organellometry and antigen processing and presentation
studies.

The identification of numerous proteins that were found
exclusively on either the BCG or latex bead phagosome,
differentially expressed on one of these phagosomes relative
to the other, or present at different times after phagocytosis
sets the stage for further studies aimed at precisely delineat-
ing the pathway of pathogenic mycobacteria in host macro-
phages and the interaction of cellular organelles, macromo-
lecular complexes, signaling proteins, trafficking proteins,
enzymes, and other cellular molecules with the mycobacterial
phagosome. The phagosome isolation technique described
herein also allows for future studies of non-protein constitu-
ents of the mycobacterial phagosome, further elucidating the
interaction of the phagosome with host cell organelles and
other molecular constituents.
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