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Systematic Identification of Mycobacterium
tuberculosis Effectors Reveals that BfrB
Suppresses Innate Immunity*s

Xiang Het§, He-wei Jiangf, Hong Chent, Hai-nan Zhangt, Yin Liut, Zhao-wei Xut,
Fan-lin Wug, Shu-juan Guot, Jing-li Houq], Ming-kun Yang|, Wei Yant, Jiao-yu Deng**,
Li-jun Bi$1§§, Xian-en Zhangtt, and Sheng-ce Tao1§11|(

Mycobacterium tuberculosis (Mtb) has evolved multiple
strategies to counter the human immune system. The
effectors of Mtb play important roles in the interactions
with the host. However, because of the lack of highly
efficient strategies, there are only a handful of known
Mtb effectors, thus hampering our understanding of Mtb
pathogenesis. In this study, we probed Mtb proteome
microarray with biotinylated whole-cell lysates of human
macrophages, identifying 26 Mtb membrane proteins
and secreted proteins that bind to macrophage proteins.
Combining GST pull-down with mass spectroscopy then
enabled the specific identification of all binders. We refer
to this proteome microarray-based strategy as SOPHIE
(Systematic unlOcking of Pathogen and Host Interacting
Effectors). Detailed investigation of a novel effector iden-
tified here, the iron storage protein BfrB (Rv3841), re-
vealed that BfrB inhibits NF-«kB-dependent transcription
through binding and reducing the nuclear abundance of
the ribosomal protein S3 (RPS3), which is a functional
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subunit of NF- kB. The importance of this interaction was
evidenced by the promotion of survival in macrophages of
the mycobacteria, Mycobacterium smegmatis, by over-
expression of BfrB. Thus, beyond demonstrating the
power of SOPHIE in the discovery of novel effectors of
human pathogens, we expect that the set of Mtb effec-
tors identified in this work will greatly facilitate the un-
derstanding of the pathogenesis of Mtb, possibly lead-
ing to additional potential molecular targets in the battle
against tuberculosis. Molecular & Cellular Proteomics
16: 10.1074/mcp.RA117.000296, 2243-2253, 2017.

Mycobacterium tuberculosis (Mtb)' is the causative agent
of tuberculosis (TB). There were an estimated 1.4 million TB
deaths in 2015, and an additional 400, 000 deaths resulting
from the co-infection of TB and HIV (1). Owing especially to
the emergence of highly drug-resistant strains of Mtb, includ-
ing multidrug-resistant (MDR) and extensively drug- resistant
(XDR) strains, as well as co-infection with HIV, TB is still a
serious infectious disease world-wide (2, 3). Thus there is
great urgency to identify novel proteins that can be targeted
by drugs for effective treatment of TB, and especially MDR-TB
and XDR-TB.

Mtb is a highly successful human pathogen, surviving and
multiplying within macrophages of infected people (4, 5). Host
innate immune responses play crucial roles in the early
protection against Mtb infection (6). For one, the signaling
pathway of the transcription factor NF-kB regulates innate
immunity by controlling the expression of various immune-
regulatory molecules and thus modulates the intracellular sur-
vival of pathogens (7, 8). On the pathogen side, Mtb mem-
brane proteins and secreted proteins are important effectors
that may play important roles in host-pathogen interactions
(9). Previous work has indeed shown that Mtb has evolved
several highly effective strategies including the secretion of

" The abbreviations used are: Mtb, Mycobacterium tuberculosis;
MOA, Mode of action; SOPHIE, Systematic unlOcking Pathogen and
Host Interacting Effectors; Msm, Mycobacterium smegmatis; TB, tu-
berculosis; RPS3, ribosomal protein S3; BLI, Bio-Layer Interferome-
try; PPI, protein- protein interactions; NF-«B, Nuclear factor-kappa B.
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specific effectors into the host to subvert the signaling path-
ways of the innate immune system, thereby allowing Mtb to
avoid elimination and survive within macrophages for long
periods of time (10, 11). The presently best-characterized
survival mechanisms of Mtb are the inhibition of phagosomal
acidification and maturation, and the inhibition of apoptosis of
infected macrophages (12, 13).

However, there are presently only a limited number of well-
characterized Mtb effectors that have been described, and
only a few whose corresponding host-interacting proteins
have been identified (14-23) (supplemental Table S1). These
interactions were mainly discovered by yeast two-hybrid
(Y2H) (21, 24) and affinity purification followed by mass spec-
trometry analysis (AP/MS) (22, 25). For example, Mehra et al.
applied a high- throughput Y2H platform to identify Mtb se-
creted virulence factors and Mtb-host interacting proteins
(21). However, one of the disadvantages of Y2H is that it
detects only about 20% of all interactions because of its high
false-negative rate (21, 26, 27). AP/MS can detect proteins in
complexes but is unable to distinguish between direct from
indirect interactions when several proteins are purified to-
gether (24, 26). Thus, because of the intrinsic limitations of
Y2H and AP/MS, these methods are not well-suited for the
global screening of protein-protein interactions (PPI) between
Mtb and the host.

Systematic identification of Mtb and macrophage interac-
tions holds the promise for revealing the complex mechanism
underlying pathogenesis of Mtb (28, 29). Because of the lack
of suitable proteome-scale techniques, we do not yet have a
global picture of the Mtb-host interactions at the protein level.

Proteome microarrays, usually composed of thousands of
proteins from one species that are affinity purified and func-
tionally active, are high- throughput platforms for the global
profiling of thousands of molecular interactions in a single
experiment (30). They provide a versatile platform for investi-
gating many aspects at the systems-level, such as discover-
ing serum biomarkers for various diseases (31) and globally
investigating interactions with proteins (32), DNA (33), RNA
(34), lipids (35), and small molecules (36, 37).

Recently, we constructed a functional Mtb proteome mi-
croarray (with >95% coverage of the Mtb proteome) (38). The
power of this Mtb proteome microarray has already been
demonstrated in investigations of PPl (39) and small mole-
cule/drug-protein binding (40).

Herein, we took advantage of this Mtb proteome microarray
and established a strategy for the global identification of the
Mtb proteins involved in Mtb-macrophage interactions. With
this, we identified a total of 26 Mtb membrane proteins and
secreted proteins that may play important roles in Mtb-host
interactions. We focused on BfrB (Rv3841), a ferritin-like pro-
tein that was known to play a key role in the maintenance of
Mtb iron homeostasis (41). Interestingly, BfrB was recently
identified as a secreted protein that is enriched from infected
macrophages and is also present in the exosomes of patients,

suggesting that it may play additional roles in the interactions
with the host (42-44). However, the mechanism by which BfrB
functions in the modulation of the host immune response is
poorly known. Therefore, we sought to identify crucial host
target proteins to which BfrB binds. We found that BfrB
subverts NF-«B function by binding and reducing the nuclear
abundance of its subunit RPS3 (45) to inhibit host immune
defense. Thus, our findings reveal a previously unknown
mechanism by which BfrB, as a newly identified effector,
subverts innate immunity.

EXPERIMENTAL PROCEDURES

Global Profiling of Mtb Proteins Interact with Proteins from Macro-
phage—THP-1 and U937 cell were differentiated into macrophage-
like cells using 100 ng/ml PMA (Sigma-Aldrich, Saint Louis, MO) for
24 h. Then the medium was replaced and cells cultured in RPMI 1640
medium supplemented with 10% FBS for 24 h. The cells were
washed twice, and the cell lysates were prepared using cell lysis
buffer as described (46). The whole cell lysates were biotinylated
using EZ-Link Sulfo-NHS-LC-Biotin protein biotinylation kit (Thermo
Scientific, Bremen, Germany) according to the manual. Mtb proteome
microarrays were blocked for 1 h at room temperature with shaking in
blocking buffer as described (46). Microarrays were incubated in the
biotinylated whole cell lysates for 12 h at 4 °C with shaking, then
washed three times in 1X PBS (pH 7.4) with 0.1% Tween 20 (PBST).
Arrays were probed with Cy3-streptavidin and incubated in a humid-
ified chamber for 1 h at room temperature. After washing three times
in PBST and once ddH,O, microarrays were dried in a SlideWasher
(CapitalBio, Beijing, China) and then scanned with a GenePix 4200A
microarray scanner (Molecular Devices, CA). Data were analyzed with
GenePix Pro 6.1 (Molecular Devices, CA).

GST Pull-down Assay—To identity the host targets of Mtb effec-
tors, GST-tagged BfrB were purified as previously described (38).
PMA-differentiated THP-1 cells lysed in Nonidet P-40 lysis buffer
(Beyotime, Shanghai, China) supplemented with 0.5 mm PMSF (Sig-
ma-Aldrich). The GST pull- down was performed as described (11).
The pull-down proteins were eluted by 2X SDS sampling buffer and
denatured at 95 °C for 10 min and analyzed by standard silver
staining.

Proteins Identification and LC-MS/MS Analysis—To determine the
proteins interacted with BfrB, the human proteins enriched by BfrB
were subjected for electrophoresis and silver staining, the major
bands in the gel were excised, destained and reduced by incubation
in a solution of 10 mm DTT at 60 °C for 20 min, followed by alkylating
in a solution of 25 mm IAM at room temperature for 15 min. The pieces
were digested in-gel with trypsin (Promega, Madison, WI) overnight at
37 °C . The tryptic peptide digests of the proteins were analyzed
using a LC system (Nano Pump, Ultimate 3000, Dionex, Thermo-
fisher) coupled with an ESI- Q-TOF mass spectrometer (maXis
Impact, Bruker Daltonik, Bremen Area, Germany).

Tandem mass spectra were extracted, charge state deconvoluted
and deisotoped by Compass Data Analysis version 4.1 (Bruker Dal-
tonics). The peak list was directly generated from raw data using
centroid algorithm with peak width set as 0.1 m/z and intensity above
100. No peak smooth or filter process was applied. After the charge
states were calculated, the de-isotoped. Peak list was exported as
mgf file for further mascot search. Mascot (version 2.4, Matrix Sci-
ence, Boston, MA) was set up to search the SwissProt 2013_12
Homo sapiens database (20,274 entries). The following parameters
were considered for the searches: peptide mass tolerance was set to
20 ppm, fragment mass tolerance was set to 0.05 Da, and a maximum
of two missed cleavage of trypsin was chosen. Carbamidomethyl (C)
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was set as fixed modification, and oxidation (M) was set as variable
modifications. The threshold score was greater than or equal to 30,
expectation value was 0.01 and the number of peptides was more
than 2 for accepting individual spectra.

Monitoring the Kinetics of BfrB and RPS3 Interaction by BLI—The
binding kinetics of BfrB and RPS3 were measured using ForteBio
Octet system (Pall, Menlo Park, USA). Affinity purified BfrB was bio-
tinylated using EZ-Link Sulfo-NHS-LC-Biotin protein biotinylation kit
as described above. Biotinylated BfrB was tethered on the tip surface
of a streptavidin-coated sensor. The binding partner, RPS3, in S.D.
buffer (1X PBS [pH 7.4] with 0.02% Tween-20 and 0.1% BSA) was
then exposed to tethered biotinylated BfrB, and binding was meas-
ured by coincident change in the interference pattern.

Cell Transfection, Immunoblot Analysis, and Immunoprecipita-
tion—Transfection was performed using Attractene Transfection Re-
agent (Qiagen, Hilden, Germany) according to the manufacturer’s
instruction. HEK293T cells were collected 24 h after transfection and
lysed in Nonidet P-40 lysis buffer (Beyotime, Shanghai, China) sup-
plemented with 0.5 mm PMSF (Sigma-Aldrich). The immunoprecipi-
tation assay was performed as (11). The immunoblot analysis was
followed as previously described (32). The results were then recorded
by the Odyssey Infrared Imaging System (LI-COR Biosciences, Lin-
coln, NE).

RPS3 Nuclear Translocation—Cytosolic and nuclear protein ex-
tracts were prepared from HEK293T cells transfected with FLAG-
BfrB/FLAG plasmids as previously described (48). All the following
steps were carried out at 4 °C. TNF -a stimulation was used to
promote RPS3 translocation into the nucleus with 30 ng/ml for 1 h.

RT-PCR—Total RNA was isolated with the RNAprep pure Cell/
Bacteria Kit (TIANGEN, Beijing, China) and was reverse-transcribed
into cDNA using the Quantscript RT Kit (TIANGEN, Beijing, China)
with oligo (dT) primers. RT-PCR reactions were performed in triplicate
with primers by using the SYBR Green PCR Master Mix (Roche,
Basel, Switzerland) in the ABI StepOne Plus system (Applied Biosys-
tems, Foster City, CA). The relative transcription level was calculated
by using the 2722 method and were normalized to the expression of
the control gene Gapdh.

Molecular Docking—Molecular docking were performed to inves-
tigate the binding mode between the Mtb BfrB to the human RPS3
using the ZDOCK server. The three-dimensional (3D) structures of the
BfrB (PDB ID: 3QD8) and the RPS3 (PDB ID: 1WH9) were downloaded
from Protein Data Bank. The top ranked pose as judged by the
docking score was subjected to visual analysis using PyMoL 1.7.6
software.

Luciferase Reporter Assay—HEK293T cells were seeded in 6-well
plates at 1 X 10 © cells per well in the growth medium and cultured
overnight. To measure NF-«B activation, HEK293T cells were co-
transfected with 600 ng of pGL4.32 [luc2P/NF-kB-RE/Hygro] (Pro-
mega, Madison, WI) and 30 ng of pGL4.74 (hRluc/TK) (Promega) in
the presence of 600 ng of FLAG-BfrB/FLAG plasmids. 24 h later, cells
were treated with 10 ng/ml of TNF-a (PeproTech, Rocky Hill, NJ) for
6 h. Cell lysates were analyzed by using the Dual-Luciferase Kit
(Promega). The fold induction was calculated as described (45).

CFU Counting—THP-1 cells were seeded at 3.5 X 10 © cells/well in
a 6-well plate and differentiated as described above. After 12 h, the
cells were washed once and cultured in fresh RPMI 1640 medium for
an additional 8 h before infection. The Msm infection and CFU count-
ing assay performed as (11).

Experimental Design and Statistical Rationale—The proteome mi-
croarray data were extracted from the microarray images by GenePix
Pro 6.1 (Molecular Devices, CA) and then processed using an R
package developed in our lab (http://www.proteinmicroarray.cn/).
Briefly, the SNR of each protein was averaged for the two duplicated
spots on each microarray and was defined as the ratio of the median

of foreground signal to the median of background signal. The SNRs
for microarrays incubated with natural or denatured protein were set
as SNR (+) and SNR (-), respectively. Another index, “Ratio” was
defined as SNR (+)/SNR (-). To call the candidates, the cutoff was set
as ratio = 1.5 and p value =2 x 1075,

RESULTS

Screening of Mtb Proteins that Interact with Macrophage
Proteins Using the Mtb Proteome Microarray—To globally
identify the Mtb proteins that bind proteins from human
macrophages, we developed the strategy, SOPHIE (System-
atic unlOcking Pathogen and Host Interacting Effectors) (Fig.
1A). Briefly, the total cell lysate of human macrophages was
prepared. After biotinylation, the lysate was incubated on the
functional Mtb proteome microarray (38). The Mtb proteins
that bind to proteins from the macrophage were then identi-
fied as potential effectors. These potential effectors were
tagged with GST and used as bait to enrich for their binding
partners from macrophage lysates through GST pull-down.
Finally, the identities of the enriched proteins were determined
by MS. As shown in the schematic diagram in Fig. 1A, two
human monocytic cell lines, THP-1 and U937, were treated
with Phorbol 12-myristate 13-acetate (PMA) to induce the
differentiation into macrophages (Fig. 1B). Cell lysates were
biotinylated and aliquoted. One aliquot of the cell lysates was
denatured at 95 °C and included as a negative control. To
identify potential candidates, the cut-off was set as the signal-
to-noise ratio (SNR) > 1.5. In this way, we identified 51 and 42
proteins from the PMA-treated THP-1 and U937 cells, respec-
tively, with 34 proteins in common between the two cell lines.
This indicates a high reliability of the microarray experiments
(Fig. 1B, supplemental Fig. S1 and supplemental Table S2).

Compared with other fractions of Mtb, the membrane pro-
teins and secreted proteins have higher potential to interact
with macrophage proteins (49, 50). Interestingly, of the 34
shared proteins (supplemental Fig. S1), 21 are membrane or
secreted proteins. In addition, there are 2 (Rv0462, Rv3339c)
and 3 (Rv3240c, Rv0203, and Rv2164c) unique membrane or
secreted proteins that interact with proteins from the THP-1 or
U937 cells, respectively. Thus, 26 Mtb membrane proteins
or secreted proteins that are potential Mtb effectors were dis-
covered with SOPHIE (Fig. 1C and supplemental Table S3).

Identification of the BfrB Binding Protein in Human Mac-
rophages—One of the effectors identified here, BfrB, was
previously found to be required for Mtb survival in macro-
phages (41, 51) and is enriched from infected macrophages
(43), suggesting that BfrB may play an important role in the
interaction with the host. To identify the macrophage binding
partners of BfrB, we purified GST-tagged BfrB and incubated
it with PMA- treated THP-1 lysate before performing GST
pull-down and silver staining (Fig. 2A). Subsequent MS iden-
tified a major pull-down protein of BfrB as RPS3 (Fig. 2B,
supplemental Table S4), an essential subunit of NF-«xB impor-
tant for NF-«B binding to specific regulatory sites and for the
inducible expression of a variety of genes (45).
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Fig. 1. The schematic of SOPHIE and the identification of Mtb effectors. A, The schematic diagram of SOPHIE strategy. Briefly, the
biotinylated cell lysates of macrophage were probed on the Mtb proteome microarray. Mtb proteins that bind macrophage proteins were
identified. Using the identified Mtb proteins as bait, the interacting macrophage proteins were determined. B, The workflow of this study. C,
Representatives of the newly identified Mtb effectors. The cutoff for calling positive candidates was set as signal-to-noise (SNR) ratio > 1.5.

Experiments were performed in two replicates.

To further validate the interaction of BfrB and RPS3, we
examined the strength of their interaction using Bio-Layer
Interferometry (BLI), finding that there is indeed a strong in-
teraction between BfrB and RPS3 with an equilibrium disso-
ciation constant (K,) value of 4.2 X 1077 M (Fig. 2C).

To verify that RPS3 interacts with BfrB in vivo, a FLAG-
tagged BfrB was overexpressed in HEK293T using an
empty vector with only a FLAG epitope as control, followed
by immune-precipitation with an anti-FLAG antibody. In this
way, we found that endogenously expressed RPS3 could be
enriched (Fig. 2D). Likewise, FLAG-tagged BfrB could also
be enriched by immunoprecipitation with an anti-RPS3 an-
tibody (Fig. 2E). Thus, consistent with the in vitro data, these
results strongly suggest that BfrB interacts with RPS3 in
vivo.

To map the binding domain of RPS3 on BfrB, we carried out
a structure-function study with deletions of RPS3 that include
its known functional domains (Fig. 3A). Co-immunoprecipita-
tion revealed that the N-terminal region of RPS3 (amino acids
1-111), particularly residues 1-42, is required for RPS3 bind-
ing to BfrB (Fig. 3B).

The crystal structures for both RPS3 (PDB ID: 1WH9) and
BfrB (PDB ID: 3QD8) have been determined. To provide ad-
ditional details of the binding mechanism, guided by the
aforementioned binding assays (Fig. 3A and 3B) and the
structure of RPS3 and BfrB, we identified a binding model
through structure docking using ZDOCK server (http:/
zdock.umassmed.edu/). The interaction between RPS3 (pale
green, residues 1-42 are colored in green) and BfrB (pink,
residues 164-181 are colored in rose red) is shown in sup-
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Fic. 2. Validation of the interaction between BfrB and RPS3. A, GST Pull-down of BfrB. GST tagged BfrB was incubated with PMA-
differentiated THP-1 cell lysates followed by GST Pull-down, whereas GST only was included as the negative control. The unique band was
then trypsin digested and subjected to MS/MS analysis. B, RPS3 was identified as the major binder of BfrB by LC-MS/MS analysis. C, The
binding kinetics of BfrB to RPS3 measured by BLI assay. Biotinylated BfrB was immobilized on a streptavidin-coated biosensor and exposed
to RPS83 in buffer. The binding was measured by coincident changes in the interference pattern. Results presented are representative of three
experiments. D, Co-immunoprecipitation of RPS3 with FLAG-BfrB. Samples were immunoprecipitated with «-FLAG antibody to capture BfrB
and immunoblotted with «-RPS3 to detect RPS3. Experiments were carried out in triplicate. E, Co-immunoprecipitation of FLAG-BfrB with
RPS3. Samples were immunoprecipitated with a-RPS3 antibody to capture RPS3 and immunoblotted with a-FLAG antibody to detect BfrB.

Experiments were carried out in triplicate.

plemental Fig. S2C. Detailed analysis showed that one hydro-
phobic interaction is observed among residues Phe-17, Phe-
77, Gly-78, Phe-79, and Pro-80 of RPS3 and Phe-119 and
Leu-120 of BfrB, whereas another hydrophobic interaction is
observed between Val-41 of RPS3 and the Phe-124, Trp-127,
Gly-172, Ala-173 and Pro-174 of BfrB, forming stable hydro-
phobic bindings (Fig. 3C). In addition, Phe-17 of RPS3 formed
an anion- interaction with Glu-122 of BfrB. We also identified
three hydrogen bond interactions between Phe-77 of RPS3
and Leu-120 of the BfrB (bond length: 3.4 A), Thr-46 of RPS3
and GiIn-123 of BfrB (bond length: 2.3 A), and Arg-40 of the
RPS3 and Gly-172 of BfrB (bond length: 3.5 A), which estab-
lish the main binding interaction between RPS3 and BfrB
(Fig. 3C).

Mtb BfrB has an extended C termini (residues 164-181)
that is unlike most other bacterial ferritins (52). Co-immuno-
precipitation revealed that the C-terminal region of BfrB (res-
idues 164-181) is important for the binding of BfrB to RPS3
(supplemental Fig. S2A and S2B) that is consistent with the
aforementioned results.

BfrB Reduces the Nuclear Abundance of RPS3 and Alters
Host NF-kB Activity—The RPS3 N-terminal (residues 1-42)
contains a nuclear localization signal (NLS), which mediates
translocation to the nucleus in response to TNF-« stimulation and
DNA-damage (45, 53). We hypothesized that BfrB may mask the
NLS of RPS3 by binding to the RPS3 N-terminal (residues 1-42).

To determine if BfrB binding to RPS3 inhibits transloca-
tion of RPS3 into the nucleus, we detected the abundance
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Fic. 3. BfrB binds to the N terminus of RPS3. A, Diagram of RPS3 and EGFP-tagged truncation mutants. KH, K homology. B, HEK293T
cells transfected with constructs expressing FLAG-tagged BfrB and full-length or truncated EGFP-tagged RPS3 proteins, lysed after 48 h, and
immunoblotted for EGFP-tagged RPS3 proteins after immunoprecipitation with FLAG antibody for BfrB in lysates. Experiments were carried
out in triplicate. C, Detailed view of the interaction between the RPS3 (pale green) and BfrB (pink); Amino acids 164-181 of the BfrB were
showed in rose red, and amino acids 1-42 of the RPS3 were displayed in green.

of nuclear and cytoplasmic RPS3. HEK293T cells were
transfected with bfrB, with or without stimulation with 100
ng/ml TNF-« for 1 h. The cells were fractionated to separate
the nuclear- from the cytoplasmic-components. The lack
of PARP and tubulin within the cytoplasmic and nuclear
fractions, respectively, demonstrated the absence of cross-
contamination among the fractions (Fig. 4A). We found
that BfrB reduces the nuclear translocation of RPS3,
suggesting that BfrB may also inhibit the host immune
response by alteration of the transcription of NF-«B de-
pendent genes.

To test this, we performed RT-PCR to assess the regulation
of several RPS3-dependent genes (IL2, IL8), which are impor-
tant to the innate response to infection (45). We indeed found
that BfrB efficiently inhibits RPS3-dependent gene expression
following the stimulation of TNF-« (Fig. 4B).

We also investigated whether Mtb BfrB modulates the
NF-«B signaling pathway using a dual-luciferase reporter as-
say. Ectopic expression of Mtb bfrB in HEK293T cells effi-
ciently blocked TNF-« induced NF-«B luciferase reporter ac-
tivation (Fig. 4C). Further, BfrB affected neither the TNF-« (100

ng/ml, 1 h) induced phosphorylation of IkBa nor altered total
IkBa concentrations (supplemental Fig. S2). Thus, these data
suggest that BfrB plays a role in the reduction of RPS3
nuclear abundance, without significant impact on other
NF-«kB subunits.

BfrB Inhibits Cytokine Production of Macrophages and Pro-
motes the Survival of Mycobacteria in Macrophages —\We next
investigated whether BfrB modulates the expression of in-
flammatory cytokines in macrophages by analyzing the ex-
pression of MRNA encoding TNF-a and IL-18 in macrophages
infected with bfrB- overexpressing Mycobacterium smegma-
tis (Msm). We found that overexpression of bfrB in Msm
significantly inhibits the expression of TNF and IL-718 mRNA
and increased bacterial survival in THP-1 (Fig. 5). The ex-
pression of cytokines was markedly decreased in cells in-
fected with bfrB-overexpressing Msm after 8 h, whereas the
wild-type Msm and bfrB- overexpressing Msm strains had
similar bacterial colony-forming units (CFU) until 12 h after
infection. Thus, Mtb BfrB can promote survival of mycobac-
teria in macrophages by inhibiting cytokine production in
host cells.
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biological replicates.

DISCUSSION

In this study, we developed a strategy that we call SOPHIE
to identify potential effectors of Mtb. We identified 26 Mtb
membrane and secreted proteins that interact with macro-
phage proteins. We found that BfrB, identified here for the first
time as an Mtb effector, subverts the host innate immune
system by binding the NF-kB subunit RPS3 and promotes the
survival of mycobacteria in macrophages by inhibiting cyto-
kine production in host cells.

One of the most important goals of present TB studies is to
identify Mtb effectors that interact with macrophage proteins
(54). The strategy of SOPHIE based on the Mtb proteome
microarray has several advantages over more traditional ap-
proaches. First, the strategy can globally and unbiasedly pro-
file the bindings of 4262 Mtb proteins with the macrophage
cell lysate in a single experiment. Second, all the Mtb proteins
on the microarray are expressed and affinity purified in a
high-throughput manner following the same procedure. Thus,
the local concentrations of proteins are relatively high that
could greatly facilitate the identification of Mtb effectors.
Third, as demonstrated in this study, the proteome-wide Mtb-
macrophage PPI identification consumes only a limited num-

ber of microarrays in less than 18 h. In addition, the macro-
phage cell lysate was incubated on the Mtb proteome mi-
croarray, and so, the host proteins were maintained in a
physiological condition that ensures more reliable results.

Of those potential effectors identified here, LpdC (Rv0462)
(20, 55), SahH (Rv3248c) (22), Rv3655c (23), SecA1 (Rv3240c)
(56), FadD13 (Rv3089) (57), BfrA (Rv1876) (41, 51) and BfrB
(Rv3841) (41, 51, 58) are known to play critical roles for Mtb
survival in the host. For Mtb proteins, LpdC, SahH and
Rv3655c, their host interacting proteins had previously been
identified. LpdC prevents phagosome-lysosome maturation
by retaining the host factor, coronin 1 (20). SahH is one of the
human IL-8-binding effectors and contributes to Mtb entry
into human neutrophils (22). Rv3655c interacts with the hu-
man ALO17 protein and suppresses apoptosis by blocking the
extrinsic pathway (23).

Mtb BfrB is a ferritin that exists as a macromolecular as-
sembly composed 24 identical subunits (52). BfrB is required
for Mtb to overcome iron limitation and oxidative stress, and
Mtb lacking BfrB were found to be unable to persist in mice
(41). In addition, we note that iron is limited in the host cells
(51). A recent report showed that pupylation of ferritin triggers
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teria in macrophages. A, B, Quantitative PCR analysis of TNF-«
mRNA (A) and /L7178 mRNA (B) in PMA-differentiated THP-1 macro-
phages infected for 0-24 h with wild-type Msm or Msm with bfrB-
overexpressing. Experiments were carried out in triplicate. C, Survival
of Msm in PMA-differentiated THP-1 macrophages infected for 0-48
h with wild-type Msm or Msm with bfrB-overexpressing 0.01<*p <
0.05, 0.001<*p < 0.01, **p < 0.001 (two-tailed unpaired t test). Data
are representative of one experiment with three independent biolog-
ical replicates.

the partial or complete disassembly of the 24-meric ferritin,
which is required for adaption of Corynebacterium glutami-
cum to iron limitation (59). The BfrB of Msm has been shown
to be pupylated at Lys-10 that is located on the outer surface

of its crystal structure (60). Previous work has suggested that
bacterial proteins smaller than 70 KDa can cross the host
phagosomal membrane (61). Although the exact mechanism
by which BfrB secreted across the Mtb membrane to macro-
phage remains unclear (43, 44), the disassembly of Mtb BfrB
triggered by pupylation may be important in this regard.

Our results show that BfrB is a novel effector that inhibits
the immune system by binding the NF-«B functional subunit,
RPS3. The NF-«B signaling pathway is one of the most at-
tractive targets exploited by pathogens to modulate host cell
events (48, 62). For example, Mtb PtpA can block the host
adaptor TAB3 mediated NF-«B signaling by competitively
binding to the ubiquitin-interacting domain of TAB3 (11). The
Escherichia coli strain O157:H7 effector NleH1 specifically
binds and inhibits the phosphorylation of RPS3 at Ser-209,
thus retarding its nuclear translocation and subsequent
NF-«B function (48, 63). In this work, we found that BfrB
interacts with the NLS region of RPS3 and reduces the nu-
clear abundance of RPS3 to reduce host transcriptional out-
put. Mtb BfrB participation in the host immune response may
provide a new insight into why BfrB is essential for Mtb during
chronic infection of mice (41, 51). In addition, we also showed
that Mtb BfrB promotes survival of mycobacteria in macro-
phages by inhibiting cytokine production in host cells.

We note that the secreted proteins of Mtb have not yet been
comprehensively determined. A variety of studies have iden-
tified a series of secreted proteins through different strategies,
e.g. detecting Mtb proteins in culture filtrate (CF) (42, 64-66),
prediction by bioinformatics (67), or individual in-depth func-
tional studies (11, 23). However, proteins may be in the CF
because of bacterial lysis rather than secretion, and bioinfor-
matics predictions may not be accurate. Thus, other proteins
that were identified on the microarray but not included in the
26 protein-list may also possess important interactions with
host proteins.

Finally, we believe that the 26 Mtb membrane or secreted
proteins identified in this study could serve as a valuable
resource for further basic research. In addition, some of these
proteins may potentially be promising targets for Mtb drug
development, because inhibitors targeting secreted or mem-
brane proteins do not need to penetrate the unique and
extremely impermeable mycobacterial cell wall (68-70). For
example, some of the targets of the first- and second-line TB
drugs, such as isoniazid and ethambutol (71, 72), are the
proteins necessary for the biosynthesis and assembly of the
mycobacterial cell wall and outer membrane (73). In our list,
some proteins may be potential targets of anti-TB drug de-
velopment. For example, SecA1, as the component of the
canonical mycobacteria Sec secretion system, is essential
and responsible for the bulk of proteins export (74). FadD13 is
involved in maintaining the appropriate cell wall architecture
of Mtb on exposure to the acidic pH encountered within
macrophages (75). Mtb BfrB plays an important role in the
interaction with the NF-«B subunit RPS3, suggesting a po-

2250

Molecular & Cellular Proteomics 16.12



tential TB treatment via targeting of BfrB-RPS3 interfaces.
Because these potential drug targets are different from the
known ones, once effective drugs for these targets are suc-
cessfully developed, they should have novel mode of action
(MOA), thus, providing new “bullets” for combating with MDR
and XDR TB.

In summary, we have performed a comprehensive survey of
the effectors of Mtb using our novel strategy, SOPHIE. It is
expected that these effectors will be a valuable resource for
basic Mtb study and drug development. In addition, we fully
anticipate that SOPHIE will become a highly effective strategy
to identify effectors in other human pathogens, thus providing
a versatile method in drug development strategies more
generally.
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