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Label-free Quantitative Proteomics Reveals a
Role for the Mycobacterium tuberculosis
SecA2 Pathway in Exporting Solute Binding
Proteins and Mce Transporters to the

Cell Wall*s
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Seidu Malikt, Jennifer E. Griffin]], Christopher M. Sassettif|, Xian Chen§**,

and Miriam Braunstein}**

Mycobacterium tuberculosis is an example of a bacterial
pathogen with a specialized SecA2-dependent protein ex-
port system that contributes to its virulence. Our under-
standing of the mechanistic basis of SecA2-dependent
export and the role(s) of the SecA2 pathway in M. tuber-
culosis pathogenesis has been hindered by our limited
knowledge of the proteins exported by the pathway. Here,
we set out to identify M. tuberculosis proteins that use the
SecA2 pathway for their export from the bacterial cyto-
plasm to the cell wall. Using label-free quantitative pro-
teomics involving spectral counting, we compared the cell
wall and cytoplasmic proteomes of wild type M. tubercu-
losis to that of a AsecA2 mutant. This work revealed a role
for the M. tuberculosis SecA2 pathway in the cell wall
localization of solute binding proteins that work with ABC
transporters to import solutes. Another discovery was a
profound effect of SecA2 on the cell wall localization of
the Mce1 and Mce4 lipid transporters, which contribute to
M. tuberculosis virulence. In addition to the effects on
solute binding proteins and Mce transporter export, our
label-free quantitative analysis revealed an unexpected
relationship between SecA2 and the hypoxia-induced
DosR regulon, which is associated with M. tuberculosis
latency. Nearly half of the transcriptionally controlled
DosR regulon of cytoplasmic proteins were detected at
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higher levels in the AsecA2 mutant versus wild type M.
tuberculosis. By increasing the list of M. tuberculosis pro-
teins known to be affected by the SecA2 pathway, this
study expands our appreciation of the types of proteins
exported by this pathway and guides our understanding of
the mechanism of SecA2-dependent protein export in my-
cobacteria. At the same time, the newly identified SecA2-
dependent proteins are helpful for understanding the
significance of this pathway to M. tuberculosis virulence
and physiology. Molecular & Cellular Proteomics 14:
10.1074/mcp.M114.044685, 1501-1516, 2015.

Mycobacterium tuberculosis, the etiological agent of tuber-
culosis, remains a severe health concern, infecting an esti-
mated one-third of the global population and causing an
approximated 1.3 million deaths annually (1). Following inha-
lation into the lung, M. tuberculosis bacilli are engulfed by
macrophages, which fail to destroy the pathogen and instead
provide a niche for M. tuberculosis replication (2). M. tuber-
culosis proteins that are exported from the cytoplasm to the
bacterial cell wall or into the host environment are ideally
positioned for host-pathogen interactions or physiologic pro-
cesses important to infection, such as nutrient uptake and
cell wall biogenesis (3). M. tuberculosis has several systems
for exporting proteins to extracytoplasmic locations, one of
which is the SecA2-dependent protein export pathway (4). In
M. tuberculosis, SecA2 is required for virulence in both mice
and macrophage models of infection, making the identifica-
tion of SecA2-dependent exported proteins important for un-
derstanding M. tuberculosis pathogenesis (5-7).

Mycobacteria, including M. tuberculosis, are among a se-
lect group of bacteria that have two nonredundant SecA
ATPases, known as SecAl1 and SecA2 (8). SecAl is the
housekeeping SecA, conserved throughout bacteria, and a
central component of the essential general secretion (Sec)
pathway. SecA1 powers translocation of unfolded proteins
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across a cytoplasmic membrane channel comprised of
SecYEG proteins. Proteins exported by SecA1/SecYEG pos-
sess N-terminal Sec signal peptides that are cleaved following
export to liberate the mature protein. In bacteria with two
SecA proteins, SecA2 is generally nonessential but required
for export of a limited set of proteins and, in the case of
bacterial pathogens, SecA2 often contributes to virulence (8,
9). Bacterial SecA2 systems fall into two main groups based
on the membrane channel they work with and the types of
substrates they transport. One type of system, called a
SecA2-SecY?2 system, uses an accessory SecY?2 channel pro-
tein and appears to be dedicated to exporting a single glyco-
sylated protein (10—13). The other type of system, which is the
case in mycobacteria, does not include an accessory SecY
and the repertoire of exported proteins is more diverse (5,
14-17). In these SecA2-only or multisubstrate SecA2 sys-
tems, SecA2 appears to work with the SecYEG channel for
protein translocation (9, 17-20). Studies conducted in myco-
bacteria suggest that the proteins exported by its SecA2-only
pathway have a tendency to fold in the cytoplasm prior to
export, which distinguishes them from proteins that remain
unfolded and are exclusively exported by SecA1. This folding
feature of SecA2-exported proteins may dictate the need for
SecA2 in their export (21).

In mycobacteria, and more specifically M. tuberculosis, the
number of known SecA2-dependent proteins remains small.
In the nonpathogenic Mycobacterium smegmatis, there are
two cell wall proteins that are well-established as being ex-
ported via the SecA2 pathway: Ms1704 and Ms1712 (15, 20,
21). Both of these proteins are lipoproteins with Sec signal
peptides and members of the solute-binding protein (SBP)
family (15). SBPs are cell wall proteins that work with mem-
brane localized ABC transporters to import solutes into the
bacterial cytoplasm. Like all mycobacteria, Mycobacterium
marinum, a pathogen of fish and frogs, also has a SecA2-only
system (16, 22). As many as 40 M. marinum proteins are
predicted by proteomics to be SecA2-dependent (16). The
most striking finding of this M. marinum study is that PknG, a
protein associated with virulence and lacking a Sec signal
peptide, is reduced in abundance in a cell envelope fraction of
a M. marinum secA2 mutant compared with wild type (16, 23,
24). There are no direct orthologs of Ms1704 and Ms1712 in
M. tuberculosis and the mode of PknG export by M. tubercu-
losis has not been established. Past efforts to identify SecA2-
dependent proteins in M. tuberculosis are limited to compar-
ative two-dimensional gel electrophoresis (2D-GE) of fully
secreted proteins. With this approach, superoxide dismutase
SodA (5) was identified as a protein requiring SecA2 for its
secretion. Like PknG, SodA lacks a predicted Sec signal
peptide. However, because inadequate SodA secretion is
insufficient to explain the virulence defect of a M. tuberculosis
AsecA2 mutant (7), there must exist additional M. tuberculosis
SecA2-dependent proteins. Here, we set out to identify M.
tuberculosis proteins dependent on SecA2 for their export by

comparing the cell wall and cytoplasmic proteomes of M.
tuberculosis wild type and a AsecA2 mutant using label-free
quantitative (LFQ)" shotgun proteomics.

Our LFQ analysis revealed reduced cell wall levels of almost
all of the predicted M. tuberculosis SBPs in the AsecA2 mu-
tant versus wild type, suggesting a broad role for SecA2 in the
export of this family of proteins. Further, multiple protein
components of Mce1 and Mce4 transporters were reduced in
the AsecA2 mutant cell wall, suggesting a dependence on
SecA2 for cell wall localization of these transport systems.
Our proteomics approach also revealed an unexpected role
for SecA2 in the DosR-regulated stress response of M. tuber-
culosis, with higher abundance of many cytoplasmic DosR-
dependent proteins detected in the AsecA2 mutant compared
with wild type. Finally, we obtained data consistent with M.
tuberculosis PknG being exported by the SecA2 pathway. By
expanding our knowledge of the types of proteins exported by
the mycobacterial SecA2 system, this study helps our effort to
understand the mechanism of this specialized protein export
pathway. At the same time, the SecA2-dependent proteins
identified in this work provide valuable insight into potential
role(s) of the SecA2 pathway in M. tuberculosis virulence and

physiology.

EXPERIMENTAL PROCEDURES

M. tuberculosis Strains and Plasmids Used in this Study—The
following M. tuberculosis strains were used in this study: H37Rv (wild
type), mc23112 (AsecA2), and a complemented strain MBTB476
(mc23112, pSM15) (5). Plasmid pSM15 is a derivative of pMV306.kan
that carries the M. tuberculosis secA2 gene under the control of the
hsp60 promoter. In experiments involving the complemented strain,
H37Rv and AsecA2 strains carried the empty pMV261.kan plasmid to
allow all strains to be grown in the presence of kanamycin.

Growth Conditions—M. tuberculosis strains were first grown at
37 °C in Middlebrook 7H9 medium (Difco, Sparks, MO) supplemented
with 0.5% glycerol, 1X ADS [0.5% bovine serum albumin, 0.2%
glucose, 0.85% NaCl], 0.05% Tyloxapol (Sigma St. Louis, MO), and
20 pg/ml kanamycin, if necessary. After reaching an ODg, of 2, cells
were centrifuged and twice washed in modified 7H9 media: Middle-
brook 7H9 supplemented with 0.1% glycerol, 1 mm propionic acid
(Sigma), 0.5% bovine serum albumin, 0.1% Tyloxapol, pH adjusted to
6.5 and buffered with 100 mm 2-(4-morpholino)-ethane sulfonic acid.
This modified 7H9 media was used in all subsequent steps of pre-
paring samples and was designed to reflect features of the host
environment encountered by M. tuberculosis. During infection, M.
tuberculosis is exposed to a mildly acidic pH of 6.5 in a macrophage
(25) and utilizes fatty acids as a carbon source (26-28). Washed cells
were used to inoculate modified 7H9 medium at an ODg, of 0.08.
Upon reaching an ODgqq of 1.0, the cells were pelleted, washed with
1X phosphate-buffered saline (PBS) and sterilized by gamma-irradi-
ation in a JL Shephard Mark | 137Cs irradiator (Department of Radio-
biology, University of North Carolina at Chapel Hill) prior to removal

" The abbreviations used are: the following: LFQ, label-free quan-
titation; 2D-GE, 2-dimensional gel electrophoresis; ADS, albumin-
dextrose-saline; WCL, whole cell lysate; CW, cell wall; SOL, soluble;
FDR, false discovery rate; ETD, electron transfer dissociation; HCD,
higher energy collision dissociation; MIPS, monoisotopic precursor
ion selection.
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from BSL-3 containment. In some experiments, a 40 ml volume of
cells in modified 7H9 medium (ODgq, of 0.8-1.0) was transferred to a
50 ml conical tube and let stand at 37 °C for 2 or 24 h as a strategy
to induce the DosR-dependent regulon (29).

Preparation of Subcellular Fractions—Subcellular fractions were
isolated as previously described (30). Briefly, irradiated cells sus-
pended in 1X PBS containing protease inhibitors were lysed by
passage through a French pressure cell. Unlysed cells were removed
by centrifugation at 3000 X g to generate clarified whole cell lysates
(WCLs), which were then spun at 27,000 X g for 30 min to pellet the
cell wall fraction. The supernatant was then spun at 100,000 X g for
2 h to separate the cytoplasmic membrane fraction and collect the
soluble cytoplasm-containing fraction. Protein concentrations were
determined by bicinchoninic acid assay (Pierce, Rockford, IL).

SDS-PAGE Separation and In-gel Trypsin Digestion of Proteins—
Cell wall proteins (34 ng) and cytoplasmic proteins (91 ng) from three
biological replicates each of H37Rv and the AsecA2 mutant were
separated on individual lanes of a precast 12% SDS-PAGE gel.
Protein bands were visualized by Coomassie Blue R-250 staining
(Bio-Rad, Hercules, CA) and each lane was cut into 32 gel slices for
cell wall samples and 10 gel slices for cytoplasmic samples. In-gel
trypsin digestion was performed, as previously described (31), with
each gel slice being processed individually in a single well of a 96-well
polypropylene plate. Peptides were stored at —80 °C until lyophilized.

Liquid Chromatography and Tandem Mass Spectrometry Analy-
sis—Peptides were desalted using PepClean C18 spin columns
(Pierce, Rockford, IL) and resuspended in an aqueous solution of
0.1% formic acid. Samples were analyzed by reversed phase LC-
MS/MS using a 2D-nanoLC ultra system (Eksigent Inc, Dublin, CA)
coupled to an LTQ-Orbitrap XL system with ETD (Thermo Scientific,
San Jose, CA). The Eksigent system was configured to trap and elute
peptides in 1D mode of operation via a sandwiched injection of ~250
fmol of sample. The trapping was performed on a 3 cm long 100 um
i.d. C18 column, whereas elution was performed on a 15 cm long 75
pmid., 5 um, 300A particle; ProteoPep Il integraFrit C18 column
(New Objective Inc, Woburn, MA). Analytical separation of tryptic
peptides was achieved with a linear gradient of 2-40% over 120 min
at a 200 nL/min flow rate, where buffer A is aqueous solution of 0.1%
formic acid and buffer B is a solution of acetonitrile in 0.1% formic
acid. Mass spectrometric data acquisition was performed in a data
dependent manner. A full scan mass analysis on an LTQ-Orbitrap
(externally calibrated to a mass accuracy of < 1 ppm, and resolution
of 60,000 at 400 Th) was followed by intensity dependent MS/MS of
the 10 most abundant peptide ions. The dynamic exclusion time
window was set to 60 s with monoisotopic precursor ion selection
(MIPS) and charge state screening enabled for charges = +2 for
triggering data dependent MS/MS scans.

Peptide and Protein Identification—Mass spectra were processed,
and peptide identification was performed using Mascot ver. 2.3 (Ma-
trix Science Inc., Boston, MA) implemented on Proteome Discoverer
ver. 1.3 (Thermo-Fisher Scientific, San Jose, CA). All searches were
performed against the National Center for Biotechnology (NCBI) M.
tuberculosis H37Rv protein sequence database (RefSeq NC_000962
uid 57777, 3906 protein entries). Peptides were identified using a
target-decoy approach with a peptide false discovery rate (FDR) of
1% (32, 33). A precursor ion mass tolerance of 200 p.p.m. and a
product ion mass tolerance of 0.5 Da (34) were used during the search
to increase search space and reduce false-positive identifications
with a maximum of two missed trypsin cleavage sites and oxidation of
methionine residues as dynamic modification.

Peptide Validation and Spectral Count-based Label-free Quantita-
tion (LFQ)—Peptide and protein validation and label-free spectral
count-based quantitation was performed using ProteolQ: ver 2.3.02
(PREMIER Biosoft international, Palo Alto, CA). Mascot search engine

results against forward and decoy M. tuberculosis databases were
obtained for all RAW data. Both forward and decoy search results
were imported as DAT files into ProteolQ to asses FDR. A peptide
FDR of 1% and protein FDR of 5% were used to filter valid spectra.
Peptide assignment to proteins was achieved by considering Oc-
cam’s Razor principle that takes into account the presence of protein
groups and penalizes proteins containing peptides identified in mul-
tiple proteins. The PROVALT algorithm in ProteolQ was used to
determine ion score thresholds and protein FDR (33). Mascot protein
identifications were also subjected to probability-based confidence
measurements using an independent implementation of the statistical
models commonly known as peptide and protein Prophet deployed in
ProteolQ (35, 36). All protein hits were filtered with peptide Prophet
using a minimum probability threshold of 0.5. Evaluation of sensitivity
and error rates in this filtered data set for the cell wall proteome
showed a sensitivity of 95% with a 4.8% error rate whereas the
filtered data for the cytoplasm had 90% sensitivity with a 6.2% error
rate. From a total of 2194 proteins detected in the cell wall and 2226
detected in cytoplasmic samples the data was filtered for proteins
identified by a minimum of two peptides resulting in 1729 cell wall and
1810 cytoplasmic proteins identified, reported, and used in all further
analysis in this study.

Relative protein quantitation was performed using spectral count-
based LFQ. For each biological sample, data from the individual gel
slices were combined. Statistical analysis was performed on all pro-
teins identified with average spectral counts of =4 among the three
replicates of at least one strain. The spectral count data was normal-
ized by total spectral counts in each sample, using ProteolQ, to adjust
for differences in overall protein levels between samples. The normal-
ized spectral count data was then used to calculate a ratio of the
average spectral counts obtained for each strain AsecA2/H37Rv.
Proteins were considered to have a significant difference in abun-
dance if there was a difference of twofold or greater in average
spectral counts between strains and a p value = 0.01 using an
unpaired two-tailed Student’s t test. Multiple hypothesis testing was
also applied to the data by computing g values using QVALUE soft-
ware (http://genomics.princeton.edu/storeylab/qvalue/). The g values
for quantitated proteins are reported on the data tables. The g value
is an estimate of the minimum FDR for proteins judged to be signif-
icantly changed at a given p value (in our case p =< 0.01) (37). Spectral
counts for all proteins and peptides identified in each replicate sample
is provided in supplemental Tables S2 and S8 for cell wall identifica-
tions and supplemental Tables S9 and S15 for cytoplasmic identifi-
cations. For the proteins selected for relative quantitation (=4 average
spectral counts) spectral count data and statistics across replicates
are shown in supplemental Tables S3-S7 for cell wall fractions and
supplemental Tables S10-S14 for cytoplasmic fractions.

Immunoblotting—Equal protein content for whole cell lysates, cell
wall, or cytoplasmic fractions from H37Rv, AsecA2 mutant, and the
complemented strain were separated by SDS-PAGE and then trans-
ferred to nitrocellulose membranes. After blocking for 1 h at room
temperature, proteins were detected using the following antibodies:
antiMce1A at 1:10,000, antiMce1C at 1:5000, antiMce1F at 1:10,000,
antiLprK at 1:5000, anti19kD at 1:20,000 (provided by Douglas
Young, Imperial College, United Kingdom), antiPhoS1 at 1:20,000
(IT23, NIH Biodefense and Emerging Infections Research Resources
Repository, NIAID), antiPknG at 1:5000 (provided by Yossef Av-Gay,
University of British Columbia, Canada), and antiHspX at 1:1000
(IT20, NIH Biodefense and Emerging Infections Research Resources
Repository, NIAID). Anti-mouse and anti-rabbit IgG conjugated horse-
radish peroxidase (Bio-Rad, Hercules, CA) secondary antibodies
were used and signal was detected using Western Lightning Chemi-
luminescent detection reagent (Perkin-Elmer, Waltham, MA).
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AntiMce Antibody Production— Antipeptide antibodies for Mce1A,
1C, 1F, and LprK were generated in rabbits using peptides conju-
gated to keyhole limpet hemocyanin by Open Biosystems (Huntsville,
AL). The peptides used were the following: GRVDTISEVTRDGESA
(Mce1A), DLLVDRKEDLAETLTILGR (Mce1C), SAVYSPASGELVGP-
DGVKY (Mce1F), and DPSPVPLKDGDTIPLKRS (LprK). Immunoaffin-
ity chromatography was used for antibody purification.

Bioinformatic Analysis—Sec signal peptides were predicted using
Signal P 4.01 and default options for Gram-positive bacteria (38). Tat
signal peptide predictions were compiled using TatP 1.03, TATFIND
v1.44, and TigrFAM5 (39-42). Transmembrane predictions were
made using TMHMM 2.06 (43). Mycobacterial lipoproteins were pre-
dicted using the list compiled by Sutcliffe and Harrington (44). Protein
associations were predicted using the Search Tool for the Retrieval of
Interacting Genes/Proteins (STRING) (version 9.1) set for a medium
confidence level (0.4) (45).

Quantitative Real-Time PCR—Triplicate cultures were grown in
modified 7H9 medium to an ODgq of 1.0 and pelleted by centrifuga-
tion at 3000 rpm for 10 min. Bacteria were lysed in 1 ml 3:1 chloro-
form-methanol, then vortexed with 5 ml TRIzol (Invitrogen) and incu-
bated for 10 min at room temperature. Phases were separated by
centrifugation at 3000 rpm for 15 min at 4 °C, and RNA was precip-
itated from the upper phase using 1X volume of isopropanol. RNA
was pelleted by centrifugation at 12,000 rpm for 30 min at 4 °C,
washed twice with cold 70% ethanol, and resuspended in RNase-free
water. RNA samples were treated with DNase (Promega, Madison,
WI) and then column purified (Zymo RNA clean and concentrator kit).
Following RNA isolation, cDNA was synthesized with random primers
using the iScript cDNA Synthesis Kit (Bio-Rad). Real-time PCR was
completed using 25 ng of cDNA template in triplicate technical rep-
licates using the SensiMix SYBR and fluorescein kit (Bioline, Tauton,
MA). Transcripts were normalized to the housekeeping gene sigA (46).
Primer sequences are provided (supplemental Table S1).

RESULTS

Proteomic Analysis of Differentially Abundant Proteins in the
Cell Wall of H37Rv (wild type) versus AsecA2 Mutant M.
tuberculosis—Triplicate cultures of M. tuberculosis H37Rv
(wild type) and AsecA2 mutant were grown to mid-log phase,
at which time cells were sterilized by gamma irradiation and
lysed with a French pressure cell to generate whole cell ly-
sates (WCL). WCLs were then subjected to differential ultra-
centrifugation to generate cell wall fractions. Immmunoblot
analysis of the cell wall fractions showed the presence of the
19 kDa lipoprotein but not the cytoplasmic SigA and MtrA
proteins, as expected (data not shown).

Because cell wall proteins often exhibit solubility problems,
we combined SDS-solubilization and SDS-PAGE separation
of cell wall fractions with LC-MS/MS to analyze the cell wall
proteomes, as previously described (30). For each biological
replicate, cell wall proteins were collected from an entire lane
of an SDS-PAGE gel in 32 slices of equal size. Tryptic pep-
tides from each slice were analyzed separately by LC-MS/MS.
In total, we identified 1729 proteins with a minimum of two
unique peptides among the cell wall fractions of H37Rv (wild
type) and the AsecA2 mutant (supplemental Table S2). These
cell wall-associated proteins fall into diverse functional cate-
gories (Fig. 1). The largest functional groups of proteins iden-
tified are predicted to be involved in cell wall processes,

Insertion
Sequences  pg/ppg Information
Virulence and Phage\ 0.8% . Pathways
Detoxification, 0.6% 8.0%
Adaptation kipid
2% Metabolism

8.9
Regulatory 2

Proteins
5.7%

Cell Wall and
Cell Processes
22.7%

Fic. 1. Functional categories of cell wall proteins identified by
LC-MS/MS. The 1729 cell wall-associated proteins identified by LC-
MS/MS by a minimum of two peptides were assigned to functional
categories according to Tuberculist (47).

intermediary metabolism/respiration, or are conserved hypo-
thetical proteins (47). This distribution of cell wall-associated
proteins among functional groups is similar to what is seen in
other M. tuberculosis cell wall proteome studies (48, 49).

Of these 1729 proteins identified, 501 are predicted to be
fully exported across or inserted into the cytoplasmic mem-
brane because of the presence of a predicted Sec or Tat
signal peptide (183 proteins) and/or a transmembrane domain
(405 proteins). Additionally, 67 proteins were predicted to be
lipoproteins, representing 70% of the lipoproteins predicted in
the H37Rv genome (44), which is consistent with the role of
lipidation in anchoring proteins to the bacterial cell envelope
(50). The identification of proteins lacking a predicted signal
peptide or transmembrane domain in the cell wall fraction was
not surprising as past proteomic studies of mycobacterial
membrane and cell wall fractions identify a similar percentage
of proteins lacking export signals (31, 48, 49, 51, 52). Some of
these proteins may be unconventional exported proteins lack-
ing recognizable signals for export. However, because of the
high sensitivity of mass spectrometry, cytoplasmic and cyto-
plasmic membrane contaminants can also be identified in the
cell wall fraction.

Using spectral counting, we compared the composition and
relative levels of proteins in the AsecA2 mutant to H37Rv cell
wall fractions. Spectral counting is based on the observation
that the total number of MS/MS spectra assigned to a protein
correlates with the abundance of that protein (53). In order to
avoid low abundance proteins that fall outside of the linear
dynamic range of spectral counting, we limited our analysis to
the 1318 proteins identified by a minimum of two peptides
with an average of =four spectral counts (53) among the
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M Solute binding proteins
@ Mce proteins
A DosR regulated proteins'

-log,,(p-value)

less abundant in AsecA2

&
&
p<0.01
A
<
1 2 3 4 5

|Og (ASGCAZ/H37RV) more abundant in AsecA2
2

Fic. 2. Relative quantitation of proteins in H37Rv and AsecA2 mutant cell wall-fractions. Ratios for the 1300 proteins having average
spectral counts of =4 in H37Rv and/or AsecA2 are shown plotted by log, (AsecA2/H37Rv) and —log,(p value). The shaded area of the graph
indicates proteins showing twofold differences, p < 0.01. Solute binding proteins (blue squares), Mce transporter proteins (green circles), and
DosR-regulated proteins (red triangles) are marked on the plot, and proteins later validated are identified. In addition, SecA1, is identified on
the plot as a protein expected to be present in similar amounts between strains (54).

replicates of at least one of the strains (H37Rv or AsecA2
mutant) (supplemental Table S3). When the spectral count
data for each replicate was compared, a good correlation was
revealed between biological replicates (Pearson’s correlation
coefficient of r>0.92) (supplemental Fig. S1). Following nor-
malization by total spectral counts for each protein, spectral
count ratios (log,(AsecA2/H37Rv)) were calculated for 1300
proteins that were detected in both strains (supplemental
Table S3). For 18 proteins with average of =four spectral
counts, spectral count ratios could not be calculated because
these proteins were only identified in one of the two strains:
Four proteins were exclusively identified in H37Rv (unidenti-
fied in the mutant) and 14 proteins were only identified in the
AsecA2 mutant (supplemental Tables S4 and S5). Proteins
exclusively identified in one of the strains are most likely
present in the other strain, but at levels that fall below our limit
of detection. For the 1300 proteins with spectral count ratios
calculated, significant differences in protein levels between
the two strains were determined by a Student’s t test (p <
0.01) and by having a difference of twofold or greater between
strains (log, spectral count ratio of +1.0). To visualize the
distribution of spectral count ratios for the cell wall proteins, a
volcano plot of the log, ratio of AsecA2/H37Rv versus —log,q
p value was generated (Fig. 2). The majority of proteins were
present at similar levels in the two strains. Of note, the SecA1
ATPase was detected at equivalent levels in the AsecA2 mu-
tant and H37Rv (Fig. 2), which reinforces past conclusions
that the absence of SecA2 does not alter the level of SecA1
(54). Among the proteins exhibiting significant differences
(>twofold difference, p < 0.01), there were 33 proteins with

significantly decreased levels in the cell wall fraction of the
AsecA2 mutant versus H37Rv and 33 proteins with signifi-
cantly increased levels in the AsecA2 mutant cell wall fraction
relative to H37Rv (supplemental Tables S6 and S7). Proteins
chosen for independent validation in this study are labeled on
the volcano plot.

From the spectral counting analysis, we expected to detect
protein abundance differences resulting from SecA2-depend-
ent export defects as well as regulatory consequences of the
absence of SecA2. Altogether, there were 37 proteins whose
level was either reduced or unidentified in the AsecA2 cell wall
when compared with H37Rv. Of these proteins, which repre-
sent candidates for being exported by the SecA2 pathway,
46% possess a predicted Sec or Tat signal peptide or puta-
tive transmembrane domain, with four of these proteins being
predicted lipoproteins. Conversely, there were 47 proteins
either increased or uniquely identified in the AsecA2 mutant
compared with H37Rv. In this latter collection of proteins,
there were a smaller percentage of predicted exported pro-
teins (28%) and only one predicted lipoprotein. This latter
group of proteins seems likely to include more examples of
contaminating cytoplasmic proteins.

Protein Families and Networks Exhibiting Differences in the
AsecA2 Mutant versus H37Rv—To identify functional catego-
ries and protein families that are SecA2-dependent we plotted
the percentage of proteins in a given functional group, as
defined by Tuberculist (47), that exhibited differential levels
between the AsecA2 mutant and H37Rv (Fig. 3). However,
none of these broad functional categories revealed a strong
association with SecA2-dependent proteins (Fig. 3).
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Fic. 3. Percent of functional protein categories showing differ-
ences in the cell wall between H37Rv and the AsecA2 mutant.
Shown is the percent of proteins in a given functional category
showing SecA2-dependence, defined as =twofold difference, p <
0.01 between H37Rv and AsecA2 or exclusively identified in one of
the two strains (supplemental Tables S4-S7). With the exception of
SBPs (44, 55), Mce transporters (representing Mce1-4 systems) (68),
and DosR-regulated proteins (58), functional groups were predicted
by Tuberculist (47). The total number of proteins in each functional
category is denoted in parentheses. # indicates no proteins in that
category.

Solute Binding Proteins (SBPs)—Because of the precedent
of two M. smegmatis SBPs being SecA2-dependent exported
proteins (15), we inspected the spectral counting data for the
15 SBPs we identified in the cell wall fraction (18 SBPs are
predicted to exist in M. tuberculosis) (44, 55). This analysis
revealed a trend in SBPs being reduced in the cell wall of the
AsecA2 mutant when compared with H37Rv (Fig. 3; Table I).
There were four SBPs significantly reduced (=twofold de-
creased, p < 0.01) in the AsecA2 mutant cell wall compared
with H37Rv. Furthermore, there were an additional nine SBPs
reduced in the AsecA2 mutant cell wall, although the reduc-
tion relative to H37Rv did not always reach twofold or achieve
statistical significance. All of these SBPs are predicted lipo-
proteins, which is consistent with their localization to the cell
wall. Altogether, 13 of the 15 SBPs we identified were reduced
to some degree in the AsecA2 mutant cell wall.

Mce Proteins—As an alternate approach to find functional
categories or networks influenced by SecA2, we entered the
SecA2-dependent proteins showing significant differences
between strains (=twofold difference, p < 0.01, or unidenti-
fied) (supplemental Tables S4-S7) into the Search Tool for the
Retrieval of Interacting Genes (STRING) database of known

and predicted protein associations (supplemental Figs. S2
and S3) (45). For clarity, Fig. 4 only shows portions of the
STRING analysis. Among the proteins reduced/unidentified in
the cell wall of the AsecA2 mutant versus H37Rv, there was a
cluster of members of two of the four Mce transporter sys-
tems (Mce1 and Mce4) (Fig. 4A). When the percentage of all
Mce transporter components showing differential abundance
in the AsecA2 mutant versus H37Rv was plotted, the reduc-
tion in Mce protein family members in the AsecA2 cell wall
was evident (Fig. 3).

Mce transporters are multiprotein complexes localized to
the cell envelope (56, 57) that are proposed to function in lipid
uptake by mycobacteria. Mce transporters are encoded by
eight to 12 gene operons. Each system contains yrbE genes
encoding putative membrane-spanning proteins, five mce
genes encoding proteins with potential signal peptides or
N-terminal transmembrane domains and one Ipr gene encod-
ing a lipoprotein (Fig. 5). Most Mce systems also have genes
that encode Mce-associated proteins (mas) possessing trans-
membrane domains. Of the nine proteins encoded by the
mce4 locus, six proteins were significantly reduced in the
AsecA2 mutant cell wall (=twofold, p < 0.01) (Fig. 5, Table I).
Mce4F and Mas4B were also reduced in the AsecA2 mutant,
although the differences did not meet one or both of our
cutoffs. Among the 12 components of the Mce1 system, six
proteins were significantly reduced in the AsecA2 mutant cell
wall (p < 0.01); however, only two of them (McelA and
Mce1F) were reduced by =twofold. The Mce-associated
ATPase MceG (Mkl) was also significantly reduced in the
AsecA2 mutant by 1.8-fold.

DosR-regulated Proteins—Among the proteins that were
increased in the AsecA2 mutant relative to H37Rv, the
STRING database identified a cluster of proteins that are
members of the DosR regulon (58) (Figs. 3 and 4B). Of the 21
DosR-regulated proteins we identified, 13 were increased
(=twofold, p < 0.01) or exclusively identified in the AsecA2
cell wall. The mostly cytoplasmic proteins within the DosR
regulon are under the transcriptional control of the DosR/S/T
two component regulatory system. One of the proteins sig-
nificantly increased in the AsecA2 mutant was the DosR re-
sponse regulator, which is known to autoregulate itself at the
transcriptional level (59). The remaining eight DosR-regulated
proteins we identified in the cell wall followed the same trend
of being increased in the AsecA2 mutant, although their dif-
ferences failed to meet our significance and/or twofold cut-
offs (Fig. 3, Table lI).

Validation of Cell Wall Protein Differences—To validate the
spectral counting identifications of the above families and
networks of differentially abundant proteins, we performed
immunoblot analysis on sets of newly prepared cell wall sam-
ples that included a complemented strain, which represents
the AsecA2 mutant carrying a plasmid expressing wild type
secA2. Using antibodies to PhoS1, we monitored the abun-
dance of this representative SBP in the cell wall fractions of
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TABLE |
Functional categories of proteins showing reduced abundance in the cell wall fraction of the M. tuberculosis AsecA2 mutant versus H37Rv.
Shaded areas of the table indicate proteins that satisfied our criterion of having >twofold difference in abundance between the AsecA2 mutant
and H37Rv and p < 0.01 or were exclusively identified in one of the strains

Sequence Rv Gene pestnRtion Total Total oot || g log2 Sec signal |Tat signal [Transmembrane Lipoprotein
ID number | name Peptides | Spectra (AsecA2/H37Rv)| peptide | peptide domain

NP_216916.1 | Rv2400c | subl sulfate binding lipoprotein 3 13 0.007 0.060 -3.888 X
NP_218183.1 | Rv3666¢c | dppA peptide binding lipoprotein 8 32 0.005 0.055 -3.381 X X X
NP_214925.1 | Rv041lc | glnH glutamine binding lipoprotein 6 35 0.006 0.058 -3.270 X X X
NP_215796.1 | Rv1280c [ oppA peptide binding lipoprotein 17 120 0.001 0.035 -1.051 X X X
YP_177705.1 | Rv0265c | fecB2 iron (I11) dicitratebinding lipoprotein 7 68 0.020 0.088 -1.037 X X
NP_216557.1 | Rv2041c sugar binding lipoprotein 6 27 0.073 0.151 -2.256 X X X
YP_177770.1 | Rv0934 | phoS1 phosphate binding lipoprotein 13 765 0.090 0.172 -1.286 X X
NP_217101.1 | Rv2585¢c peptide binding lipoprotein 12 70 0.150 0.234 -0.961 X X
NP_217560.1 | Rv3044 fecB iron (ll1) dicitrate binding lipoprotein 10 121 0.104 0.190 -0.786 X X
YP_177769.1 | Rv0932c | pstS2 phosphate binding lipoprotein 11 147 0.232 0.299 -0.613 X X
NP_218276.1 | Rv3759c | proX | glycine/betaine/L-proline binding lipoprotein 6 37 0.628 0.516 -0.275 X X
NP_215760.1 | Rv1244 Ipgz glycine/betaine binding lipoprotein 5 28 0.745 0.563 -0.231 X X
NP_215751.1 | Rv1235 lpqY sugar binding lipoprotein 15 132 0.285 0.333 -0.224 X X
NP_215682.1 | Rv1166 | IpgW peptidebinding lipoprotein 12 109 0.861 0.603 0.062 X X
YP_177768.1 | Rv0928 | pstS3 phosphate binding lipoprotein 7 49 0.013 0.078 0.443 X X
NP_214681.1 | Rv0167 |yrbE1A integral membrane protein YRBE1A 4 77 0.121 0.205 -0.662 X

NP_214682.1 | Rv0168 | yrbE1B integral membrane protein YRBE1B 3 23 0.019 0.086 -1.158 X

YP_177701.1 | Rv0169 | mcelA MCE-family protein MCE1A 18 431 0.007 0.058 -1.042 X

NP_214684.1 | Rv0170 | mcelB MCE-family protein MCE1B 19 667 0.020 0.088 -0.802 X

NP_214685.1 | Rv0171 | mcelC MCE-family protein MCE1C 31 774 0.006 0.058 -0.967 X X

NP_214686.1 | Rv0172 | mcelD MCE-family protein MCE1D 19 638 0.001 0.035 -0.931 X

NP_214687.1 | Rv0173 Iprk MCE-family lipoprotein LprK 23 594 0.006 0.058 -0.770 X X
NP_214688.1 | Rv0174 | mcelF MCE-family protein MCE1F 1) 837 0.002 0.036 -1.134 X

NP_214689.1 | Rv0175 | maslA mce associated membrane protein 6 96 0.045 0.127 0.965 X

NP_214690.1 | Rv0176 | maslB mce associated transmembrane protein 6 159 0.003 0.044 -0.772 X

NP_214691.1 | Rv0177 | maslC MCE associated protein 10 135 0.543 0.479 -0.179 X

NP_214692.1| Rv0178 [ maslD mce associated membrane protein 14 280 0.792 0.581 0.114 X

NP_218009.1 | Rv3492c | mas4B Mce associated protein 5 94 0.028 0.100 -0.469 X X

NP_218010.1 | Rv3493c | mas4A [Mce associated alanine and valine rich protein 8 109 0.984 0.636 -0.007 X

NP_218011.1 | Rv3494c | mce4F MCE-family protein MCE4F 9 85 0.013 0.078 -1.535 X

NP_218012.1 | Rv3495c | IprN MCE-family lipoprotein LprN 14 153 0.003 0.046 -1.435 X
NP_218013.1 | Rv3496c | mce4D MCE-family protein MCE4D 12 102 0.003 0.046 -1.722 X

NP_218014.1 | Rv3497c | mce4C MCE-family protein MCE4C i) 234 0.001 0.035 -1.458 X

NP_218015.1 | Rv3498c | mce4B MCE-family protein MCE4B 14 123 0.006 0.058 -1.229 X X

YP_177977.1 | Rv3499c | mcedA MCE-family protein MCE4A 12 105 0.002 0.036 -1.071 X X

NP_218018.1 | Rv3501c | yrbE4A integral membrane protein YrbE4a 5] 62 0.003 0.045 -1.370 X

H37Rv, AsecA2, and the complemented strain (Fig. 6A). As
predicted by the spectral counting analysis, PhoS1 was par-
tially reduced in the AsecA2 mutant cell wall. Importantly, the
level of PhoS1 in the cell wall was restored in the comple-
mented strain. PhoS1 levels in whole cell lysates were the
same between strains (Fig. 6B) indicating that the reduced
amount of PhoS1 in the AsecA2 cell wall is not caused by an
effect on total PhoS1 levels. Rather, these results support
PhoS1 being dependent on SecA2 for export to the cell wall.
Using a series of antibodies to Mce1 components (McelA,
Mce1C, Mce1F, and LprK) we similarly assessed the levels of
Mce1 proteins in the cell wall. The levels of all four of these
proteins were reduced in the cell wall of the AsecA2 mutant
when compared with H37Rv and the complemented strain
(Fig. BA). In this case, lower levels of the Mce proteins were
also observed in whole cell lysates of the AsecA2 mutant (Fig.
6B). Immunoblot analysis of cell wall fractions was also per-
formed with anti19kDa lipoprotein antibodies. As predicted by
the spectral counting data of cell wall fractions, the amount of
the 19kDa lipoprotein was the same in the cell wall of all three
strains.

We attempted immunoblot analysis with antibodies to
HspX, as a representative DosR-regulated protein; however,
the amount of HspX in the cell wall was below the level of
detection. Therefore, in order to test the effect of SecA2 on
HspX, we prepared samples from cultures that were left
standing in 50 ml conical tubes for 2 or 24 h to induce
DosR-dependent hspX expression (29). In these induced
samples, HspX was detected in the cell wall and was present
at higher levels in the AsecA2 mutant (Fig. 6C). Higher levels
of HspX were also observed in the whole cell lysate as well as
in the cytoplasm of the AsecA2 mutant indicating an overall
increase in HspX levels in the AsecA2 mutant.

Transcriptional Effects do not Account for the Reduced Cell
Wall Localization of Mce Proteins but can Account for DosR-
regulated Effects—Genes in the mce1 and mce4 loci (Fig. 5)
are organized in operons (61), which raises the possibility of a
transcriptional effect accounting for the reduced levels of
multiple Mce components that we observed in whole cell
lysates and cell wall fractions of the AsecA2 mutant. To ad-
dress the possibility of their being a transcriptional effect, we
performed quantitative real time PCR (qRT-PCR) on RNA
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prepared from H37Rv, AsecA2, and complemented strains
using primers for mce1A, mcelF, mce4A, and mce4F. Tran-
script levels were normalized to the housekeeping control
SigA (46). For all four genes, there was no significant differ-
ence in transcript levels between H37Rv and the AsecA2
mutant (Fig. 7A). This result argues against a transcriptional

A. Mce proteins

B. DosR regulated proteins

Fic. 4. Protein associations among proteins identified as having
differential abundance in the cell wall fractions of H37Rv versus
the AsecA2 mutant. A, Proteins that were less abundant (=twofold,
p < 0.01) or not identified in the AsecA2 mutant and B proteins that
were more abundant (=twofold, p < 0.01) or exclusively identified in
the AsecA2 mutant were examined for protein associations. A portion
of the protein associations predicted using the Search Tool for the
Retrieval of Interacting Genes/Proteins (STRING) v9.1 using medium
confidence are shown (45). Each line represents a different associa-
tion between proteins.

effect on mce loci. Rather, it supports the alternate explana-
tion for the immunoblot data, which is that there is a Mce
export defect in the AsecA2 mutant and subsequent degra-
dation of unexported Mce transporter components. In multi-
ple experiments, the complemented strain showed a signifi-
cantly lower level of mce1A, mcelF, mce4F transcript than
either H37Rv or AsecA2. The explanation for this effect is not
clear, although it could reflect feedback regulation of mce
expression in the presence of higher than normal SecA2 levels
resulting from the complementation construct.

The DosR-regulated proteins identified as more abundant in
the AsecA2 mutant are all under transcriptional control of the
DosR/S/T system. To test if SecA2 affects transcription of
DosR-regulated genes we measured hspX transcript levels in
H37Rv, AsecA2, and complemented strains. RNA was pre-
pared from uninduced samples and standing cultures that sat
for 2 or 24 h to induce the DosR-regulon. In all conditions (+
induction), the level of hspX transcript was higher in AsecA2
versus H37Rv or the complemented strain (Fig. 7B). We also
found that the level of dosR transcript was higher in the
AsecA2 mutant, although the difference was only statistically
significant after 2 h induction. Interestingly, in both the hspX
and dosR transcript analyses the difference between H37Rv
and AsecA2 samples was most pronounced at 2 h and waned
at 24 h. Overall, these results indicate that the higher abun-
dance of DosR-regulated proteins in the AsecA2 mutant can
be attributed to increased transcription.

Proteomic Analysis of Differentially Abundant Proteins in the
Cytoplasm of H37Rv versus the AsecA2 Mutant—Our detec-
tion of up-regulated cytoplasmic members of the DosR regu-
lon in the AsecA2 mutant was fortuitous: A likely consequence
of these proteins being highly expressed contaminants of cell
wall fractions. To more directly test for cytoplasmic effects in
the AsecA2 mutant, we performed LFQ analysis on cytoplas-
mic fractions prepared from triplicate H37Rv and AsecA2
mutant cultures. A total of 1810 proteins were identified by a
minimum of two peptides among the cytoplasmic fractions of
H37Rv and the AsecA2 mutant. As expected, proteins iden-
tified in the cytoplasmic fraction fall into diverse functional
categories (Fig. 8A). As with the cell wall proteome, interme-
diary metabolism/respiration and conserved hypothetical pro-
teins were among the largest functional groups of proteins
identified in the cytoplasmic proteome. However, a much

* * *
rbE1A JyrbE1B } mcelA mce1B mce1C ) mce1D )} | mcelF mas1A )| mas1B | mas1C ) mas1D
* * * * * * *
E4A mce4A mce4B mce4C ) mce4D )| IprN mce4F mas4A )| mas4B

D Reduced in AsecA2, p < 0.01

[ Not identified

*logo(AsecA2/H7Rv) ratio > 1 (2-fold)

Fic. 5. Multiple components of Mce1 and Mce4 transporters are reduced in the cell wall of the AsecA2 mutant. The M. tuberculosis
H37Rv genome contains four mce loci encoding putative lipid transporters. The genomic regions encoding Mce1 and Mce4 transporter
components are shown with Open Reading Frames (ORF) colored for significant differences between strains of p < 0.01, as observed by
spectral counting. An asterisk above the ORF indicates a difference of at least twofold.
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TABLE Il
DosR regulated proteins have altered abundance in the cell wall and cytoplasmic fractions of the M. tuberculosis AsecA2 mutant. Shaded areas
of the table indicate proteins that satisfied our criterion of having >twofold difference in abundance between the AsecA2 mutant and H37Rv
and p < 0.01 or were exclusively identified in one of the strains

Cell Wall Cytoplasm
Sequence ID &3 (G Description ] ] log2 p value | qvalue fota) UEtE] log2 p value | qvalue
number | name Peptides | Spectra |(AsecA2/H37Rv) Peptides | Spectra |(AsecA2/H37Rv)
NP_214594.1 [ Rv0080 hypothetical protein Rv0080 4 34 1.9151 0.0073 0.0606 - -
NP_215084.1| Rv0570 | nrdz | fibonucleoside-diphosphate reductase large | ¢ 31 3.0784 0.0022 | 0.0385
subunit NrdZ
NP_215086.1 [ Rv0572c hypothetical protein Rv0572¢c 4 12 AsecA2 only - - - - - - -
NP_216254.1 [ Rv1738 hypothetical protein Rv1738 3 30 3.2958 0.0023 0.0385 5 56 2.3085 0.0101 0.3424
NP_216512.1 [ Rv1996 hypothetical protein Rv1996 6 52 1.1671 0.0001 0.0175 10 66 2.0856 0.0089 0.3424
NP_216547.1 [ Rv2031c hspX heat shock protein hspX 8 173 2.0492 0.0026 0.0418 16 233 2.0544 0.0141 0.3646
NP_217139.1 | Rv2623 TB31.7 hypothetical protein Rv2623 6 38 4.3776 0.0002 0.0175 20 294 2.5884 0.0125 0.3646
NP_217140.1 | Rv2624c hypothetical protein Rv2624c 4 18 AsecA2 only - - 5 15 AsecA2 only - -
NP_217141.1 | Rv2625¢c hypothetical protein Rv2625¢c 5] 41 AsecA2 only - - - - -
NP_217143.1 [ Rv2627c hypothetical protein Rv2627¢ 8 55 3.9478 0.0013 0.0347 - - - - -
NP_217643.1 | Rv3127 hypothetical protein Rv3127 6 22 AsecA2 only - - 14 103 6.5866 0.0002 0.0551
NP_217646.1 [ Rv3130c tgsl triacylglycerol synthase 13 86 2.9266 0.0049 0.0554 = = = & =
NP_217649.1 | Rv3133c |dosR/devR | ™© °°mp°"e”;r::e’::°;z;:’"a' regllatory) 3 2 16321 00014 | 0.0347 13 228 11133 00157 | 0.3896
NP_214593.1 [ Rv0079 hypothetical protein Rv0079 4 55 2.2214 0.0582 0.1400 - - - -
NP_214595.1 [ Rv0081 transcriptional regulatory protein - - - - 5 39 0.4374 0.4681 0.8975
NP_215083.1 [ Rv0569 hypothetical protein Rv0569 = = ® = 4 65 2.5575 0.0031 0.2815
NP_216252.1 | Rv1736¢ narX nitrate reductase NarX 6 99 1.0219 0.0436 0.1261 - - - - -
NP_216328.1 [ Rv1812c dehydrogenase 6 47 0.1962 0.3793 0.3885 4 25 0.7515 0.2483 0.8020
NP_216519.1 [ Rv2003c hypothetical protein Rv2003c 2 = = = = 7 14 3.6192 0.0138 0.3646
NP_216520.1 [ Rv2004c hypothetical protein Rv2004c - - - - - 4 19 2.3486 0.0030 0.2815
NP_216521.1 [ Rv2005¢ hypothetical protein Rv2005¢ 8 108 0.9888 0.0153 0.0843 15 111 2.0395 0.0309 0.4987
YP_177855.1 | Rv2006 otsB1 trehalose-6-phosphate phosphatase - - - - 9 26 0.6305 0.3012 0.8306
NP_216523.1 [ Rv2007c fdxA ferredoxin FDXA 1 20 1.5136 0.0641 0.6161
NP_216544.1 | Rv2028c hypothetical protein Rv2028c - - - - - 5 22 3.2650 0.0001 0.0509
NP_216546.1 [ Rv2030c hypothetical protein Rv2030c 18 58 3.8953 0.0199 0.0878 16 70 3.6237 0.0049 0.2815
NP_216548.1 [ Rv2032 acg hypothetical protein Rv2032 = = 2 = = 2l 191 3.0202 0.0024 0.2815
NP_217142.1 [ Rv2626¢c hypothetical protein Rv2626¢ s s 7 59 2.2287 0.0034 0.2815
NP_217145.1 [ Rv2629 hypothetical protein Rv2629 = 14 153 2.3547 0.00003 | 0.0299
NP_217647.1  Rv3131 hypothetical protein Rv3131 = 15 81 4.6169 0.0001 0.0299
NP_217648.1 | Rv3132¢ |dosS/devS [two component sensor histidine kinase DEVS 16 150 0.5352 0.3297 0.3614 8 28 1.8222 0.0424 0.5412
NP_217650.1 | Rv3134c hypothetical protein Rv3134c 7 85! 2.4513 0.0230 0.0917 7 40 4.1997 0.0022 0.2676
NP_218358.1 [ Rv3841 bfrB bacterioferritin BfrB 6 108 0.5677 0.0501 0.1314 - - - -

smaller percentage of proteins with predicted functions in cell
wall processes were identified in the cytoplasm versus the cell
wall (9.7% versus 22.7%), as expected.

Spectral count ratios were calculated for the 1266 proteins
in the cytoplasmic fraction having average spectral counts =4
across the biological replicates of at least one of the strains.
Once again, there was strong correlation between the spectral
count data of replicates (Pearson’s correlation coefficient of
r>0.99 between replicate cytoplasmic fractions, as shown in
supplemental Fig. S4). A volcano plot of the log, ratio of
AsecA2/H37Rv shows the distribution of spectral count ratios
(Fig. 8B). Among the proteins exhibiting significant differences
(=twofold, p < 0.01) between strains, there were 17 proteins
with higher levels in the AsecA2 mutant and one protein with
reduced levels of protein in the mutant. There were an addi-
tional three proteins with =4 average spectral counts that
could not be quantitated because they were undetected in
one of the two strains: two proteins were exclusively identified
in AsecA2 mutant samples and SecA2 was the only protein
exclusively identified in H37Rv. Of the proteins that were
significantly increased or only identified in the AsecA2 mutant,
68% of them were DosR-regulated proteins (13 of 19 proteins)
(Table Il). As seen in the cell wall fractions, the other DosR-
regulated proteins identified followed the same trend of being

up-regulated in the AsecA2 mutant although the differences
failed to meet our significance cut-offs. STRING analysis per-
formed on proteins showing significant differences between
strains (=twofold difference, p < 0.01, or unidentified) iden-
tified no pathways, besides the DosR regulon, as being al-
tered in the AsecA2 mutant.

PknG levels Are Increased in the Cytoplasm of the M. tu-
berculosis AsecA2 Mutant—Among the small number of non-
DosR-regulated proteins detected at significantly higher lev-
els in the cytoplasm of the AsecA2 mutant was the virulence
factor PknG (6.1-fold increased, p = 0.009), which is reported
to be SecA2-dependent in M. marinum (16). In some cases,
when a protein is not being properly exported it will accumu-
late in the cytoplasm (15). Therefore, to follow up on this
result, we performed immunoblot analysis with antiPknG an-
tibodies on fractions prepared from H37Rv, AsecA2 mutant,
and the complemented strain. Although PknG levels in the
whole cell lysate were the same between the strains, the
immunoblot confirmed a higher amount of PknG was present
in the cytoplasmic fraction of the AsecA2 mutant (Fig. 9).
Further, immunoblotting revealed less PknG in the cell wall
fraction of the AsecA2 mutant when compared with H37Rv
and the complemented strain. Therefore, although PknG did
not meet our criteria of a significant difference in the LFQ
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A. Cellwall B. Whole Cell Lysate C. 2hr Induction 24hr Induction
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Fic. 6. Immunoblot validation of protein abundance differences between H37Rv and the AsecA2 mutant. A, Equalized cell wall
fractions of H37Rv, AsecA2, and complemented (AsecA2+psecA2) strains were analyzed by immunoblot using antiPhoS1, antiMcelA,
antiMce1C, antiMce1F, antiLprK, and anti19KDa antibodies to monitor differences in protein levels. The 19 kDa lipoprotein was used as a
control for a protein present in equal amounts across the strains. B, Equalized whole cell lysates of H37Rv, AsecA2, and complemented
(AsecA2+psecA?2) strains were analyzed by immunoblot using antiPhoS1, antiMce1A, antiMce1F, and antiLprK antibodies. C, H37Rv, AsecA2,
and AsecA2+psecA2 samples in which the DosR regulon was induced for 2 or 24 h were analyzed. Whole cell lysate (WCL), cell wall (CW),
and cytoplasmic (CYT) fractions were equalized for protein content and analyzed by immunoblot using antiHspX antibodies. For all data shown,
a representative experiment is presented of a minimum of three that were performed.

A. B..

1.2 N H37Rv
EEN AsecA2

C.

12-| ™ AsecA2+secA2

B AsecA2+secA2

Transcript relative to sigA
hspX transcript relative to sigA
8
dosR transcript relative to sigA

Fic. 7. Transcript levels for mce genes are unchanged but transcript levels for DosR-regulated genes are higher in the AsecA2
mutant. A, RNA was isolated from H37Rv, AsecA2, and complemented (AsecA2+psecA2) strains. mce transcript levels were measured by
quantitative RT-PCR and normalized to the level of sigA transcript. Data shown is for the mean of three biological replicates. (o < 0.05 by
ANOVA) B and C, RNA was isolated from H37Rv, AsecA2, and complemented (AsecA2+psecA2) stains in which the DosR regulon was not
intentionally induced or was induced for 2 or 24 h. B, hspX transcript levels and C, dosR transcript levels were measured by quantitative

RT-PCR and normalized to sigA transcript. Data represents the means of three biological replicates. (‘o < 0.05 by ANOVA).

analysis of the cell wall, our combined results from LFQ anal-
ysis of the cytoplasmic samples and immunoblot analysis are
consistent with PknG being exported by the SecA2 pathway
of M. tuberculosis, as reported to be the case for M. marinum
(16).

DISCUSSION

Despite progress in understanding the mycobacterial
SecA2 system, the identity of the proteins exported by the
SecA2 pathway, most specifically of M. tuberculosis, has
remained a critical unknown. Here, we took an unbiased
proteomic approach using LFQ analysis with spectral count-
ing to discover new proteins exported by the SecA2 pathway
of M. tuberculosis. Using a cutoff of a =twofold difference and
p < 0.01 we substantially increased the list of mycobacterial
proteins observed to be affected by deletion of secA2 (5, 15,
16). We mined this dataset to identify probable SecA2-de-
pendent exported substrates and differences reflective of
physiological effects of the SecA2 export pathway (Fig. 10).

As with all proteomic studies of this sort, generating a com-
prehensive list of biologically significant differences is a chal-
lenge. Some differences and their significance will not be
detected, as appears to have occurred for PknG in the cell
wall analysis. Possible reasons for this occurring include
quantitative measurement bias from missing data, incomplete
sampling because of dynamic range issues, or matrix inter-
ference. At the same time, it is critical that differences de-
tected in discovery experiments be validated with independ-
ently prepared samples, as performed for several proteins in
this study.

Differences in Protein Families and Networks in the AsecA2
Mutant— A striking observation from this study was the lower
level of nearly all signal peptide-containing SBP lipoproteins
identified (13 of 15) in the AsecA2 mutant versus H37Rv cell
wall. Although the best-studied mycobacterial SecA2 sub-
strates are M. smegmatis SBPs (15, 20, 21), this is the first
demonstration of SecA2-dependent SBP export in M. tuber-
culosis. The reduction in SBP localization to the M. tubercu-
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Fic. 8. Relative quantitation of proteins in H37Rv and AsecA2 mutant cytoplasmic fractions. A, The 1810 cytoplasmic proteins identified
by LC-MS/MS by a minimum of two peptides were assigned to functional categories according to Tuberculist (47). B, Ratios for the 1266
proteins identified by an average =4 spectral counts in H37Rv and/or AsecA2 are shown plotted by log, (AsecA2/H37Rv) and —log,(p value).
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losis AsecA2 cell wall was not complete (i.e. residual export
occurred in the absence of SecA2). However, partial export
defects were also seen with other proteins identified in this
study and in past studies of SecA2-dependent proteins of M.
tuberculosis, M.smegmatis, and M. marinum (5, 15, 16). Our
data argues for a general property of SBPs that imparts a
requirement for SecA2 in their export. In support of this idea,
three SBPs are among the proteins reduced in a proteomic
study of the M. marinum cell envelope of a secA2 mutant (16).
An association of SBPs with SecA2-dependent export may
also exist outside of mycobacteria. The Listeria monocyto-

genes SecA2-only system is reported to export three SBPs to
the cell surface (14), although there are conflicting reports
about the SecA2-dependent nature of some of these sub-
strates (62, 63).

An interesting observation is that four of the 13 SBPs re-
duced in the M. tuberculosis AsecA2 mutant have predicted
or proven Tat signal peptides (Table I) (39). The twin-arginine
translocation (Tat) pathway operates independently and quite
differently from the Sec pathway. The most notable feature of
the Tat pathway is that it exports folded proteins across the
cytoplasmic membrane (64). There are also examples of SBPs

Molecular & Cellular Proteomics 14.6
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Fic. 9. The level of PknG is increased in the cytoplasm and
reduced in the cell wall of the AsecA2 mutant. Equalized fractions
of H37Rv, AsecA2, and complemented (AsecA2+psecA2) stains
were analyzed by immunoblot using antiPknG antibodies. PknG levels
in whole cell lysate (WCL), cell wall (CW), and cytoplasmic (CYT)
fractions are shown. Shown is a representative of three experiments.
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Fic. 10. A model for SecA2-dependent effects in M. tuberculo-
sis. In the current model for SecA2-dependent protein export, the
SecA2 ATPase promotes the export of select proteins across the
cytoplasmic membrane through the SecYEG channel, possibly with
the help of SecA1 (8, 19, 20). Proteins identified as being exported by
the SecA2 pathway include examples with signal peptides (hatched
rectangle) (i.e. SBPs) and examples lacking signal peptides (i.e.
PknG). The SecA2-dependent proteins identified in this study are
shown in the model with proteins identified as reduced in the AsecA2
mutant colored blue (.e. PknG, SBPs, LipO, Mce, and Lpr) and
proteins identified as increased in the AsecA2 mutant colored red (i.e.
DosR-regulated proteins).

with Tat signal peptides in other bacteria, which suggests that
cytoplasmic folding may be a common property of the SBP
protein family (65, 66). A propensity for SecA2 exported pro-
teins to fold in the cytoplasm is consistent with current mod-
els proposing a role for SecA2 in facilitating the export of such
problematic proteins through the SecYEG channel that is built
to accommodate proteins in an unfolded state (Fig. 10) (19,
21). These findings raise the possibility of at least some SBPs
being compatible with Tat or SecA2 pathways, and for the Tat

pathway being responsible for the residual export of SBPs
that occurs in the absence of SecA2. It is important to note
that only a subset of Tat substrates were SecA2-dependent in
our study, ruling out a more general role for SecA2 in Tat
export.

A new finding of this study was the effect of SecA2 on Mce1
and Mce4 transport systems. Because Mce2 or Mce3 pro-
teins were not identified by an average of =four spectral
counts, we do not know if other M. tuberculosis Mce systems
depend on SecA2. However, reduced levels of LprM (Mce3E)
as well as Mce4D were observed in the proteomic study of the
M. marinum secA2 mutant cell envelope suggesting export of
other Mce systems may also depend on SecA2 (16). With
gRT-PCR, we ruled out transcriptional effects being the cause
of reduced Mce levels. The large number of exported Mce
components reduced in the AsecA2 mutant could reflect a
role for SecA2 in exporting numerous Mce transporter com-
ponents. However it is also possible that SecA2 exports one
or a small number of Mce components and that a defect in
localizing a single Mce protein in the AsecA2 mutant desta-
bilizes the entire complex. Along these lines, we identified
reduced MceG levels in the AsecA2 mutant versus H37Ruv.
MceG is a predicted Mce-associated cytoplasmic ATPase
and previous studies show MceG stability is influenced by the
presence of Mce transporters (67). Mce systems are pro-
posed to import lipids in a manner analogous to solute import
by ABC transporters (68, 69). Furthermore, Mce and Lpr pro-
teins have been considered functionally similar to the SBPs of
ABC transporters (68, 69), making our identification of both
SBPs and Mce proteins as SecA2-dependent an interesting
similarity.

Our studies of cell wall and cytoplasmic fractions revealed
increased induction of the DosR regulon in the AsecA2 mutant
(58, 70). Although first identified as a coordinated response to
hypoxia, a condition associated with M. tuberculosis latency,
the DosR regulon is now appreciated as being induced by a
number of stresses (29, 70-75). Standing cultures of M. tu-
berculosis are reportedly able to induce expression of DosR-
regulated proteins, presumably because of hypoxic condi-
tions for the settled bacteria (29). Our storage of cell pellets
prior to irradiation and fractionation likely provided a DosR-
inducing signal, revealing an unanticipated SecA2-dependent
effect on this regulatory response. Using gRT-PCR, we
showed increased transcription of DosR-regulated genes oc-
curs in the AsecA2 mutant. Interestingly, with both hspX and
dosR transcripts the fold difference observed in the AsecA2
mutant was greater at earlier times points and less dramatic at
24 h postinduction. Together, our results show increased
transcription and possibly accelerated induction of the DosR
regulon in the AsecA2 mutant. The AsecA2 mutant may be
altered in a way that allows it to recognize or respond more
quickly to DosR inducing stimuli. Alternatively, the absence of
SecA2 could produce an underlying level of stress that primes
the mutant for DosR induction, although our LFQ analysis of
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cytoplasmic fractions did not reveal other stress pathways
being up-regulated in the AsecA2 mutant. Our discovery of
enhanced DosR responses could be useful for efforts to de-
velop the M. tuberculosis AsecA2 mutant into a live attenu-
ated vaccine (76, 77). Because of the desire for a tuberculosis
vaccine to work with latent M. tuberculosis infections, a vac-
cine with improved ability to elicit immune responses to la-
tency associated antigens, such as DosR-regulated proteins,
would be advantageous (78).

SecA2-dependent Proteins with Functions in Virulence—
SecA2 is required for growth and survival of M. tuberculosis in
macrophages and mice (5-7). Although many differences de-
tected by LFQ analysis remain to be validated, the results
presented serve to expand the list of candidates to consider
as SecA2-dependent effectors and help to develop new hy-
potheses for how SecA2 contributes to the pathogenesis of
M. tuberculosis.

One way the SecA2 pathway functions in M. tuberculosis
virulence is by enabling the bacterium to arrest phagosome
maturation and avoid acidified phagolysosomes in macro-
phages (7). We identified two proteins that may help explain
the role of M. tuberculosis SecA2 in arresting phagosome
maturation. A predicted esterase LipO was significantly re-
duced in the AsecA2 mutant cell wall in comparison to H37Rv
(6.9-fold reduced, p = 0.005). A lipO (rv1426c) mutant is
defective in phagosome maturation arrest, indicating a poten-
tial role for LipO as an effector of this process (79). LipO has
a predicted Sec signal peptide to account for its export to the
cell wall. Although further studies are needed, our results raise
the possibility of SecA2 localizing LipO to the cell wall and,
thereby, enabling LipO to carry out a role in phagosome
maturation arrest. An additional candidate for a being a SecA2
exported effector of phagosome maturation arrest is the pro-
tein kinase PknG, which is also implicated in phagosome
maturation arrest (23). SecA2-dependent export of PknG
likely contributes to phagosome maturation arrest, but there
are probably additional SecA2-dependent effectors involved.
This likelihood is supported by an experiment performed with
the M. marinum secA2 mutant that shows restoration of PknG
export in a secA2 mutant rescues some, but not all, phago-
some maturation arrest in macrophages (16). Like the SecA2-
dependent secreted SodA protein, PknG lacks an export sig-
nal. Thus, our results in support of PknG being exported by
the SecA2 pathway of M. tuberculosis are also important in
reinforcing earlier observations that SecA2-dependent sub-
strates of mycobacteria include examples with and without
signal peptides (5, 15, 16).

A role of SecA2 in exporting SBPs and Mce transporters
may additionally contribute to M. tuberculosis virulence. Al-
though most SBPs have yet to be investigated in terms of
function, a wide range of solutes are predicted to be imported
by these proteins. Collectively, the role of SecA2 in proper
localization of SBPs could have a significant impact on nutri-
ent acquisition or signaling during M. tuberculosis infection.

Mce1 and Mce4 transporters are more firmly established as
having roles in M. tuberculosis virulence. Although there is
one conflicting report, multiple studies show Mcel (like
SecA2) is important for growth in macrophages and during the
early phase of murine infection (5-7, 67, 80-83). The specific
function of Mce1 during infection is not clear, but a potential
role of Mce1 in importing free mycolic acids was recently
proposed (57, 84). Mce4 is the best studied Mce transporter,
with a shown role in cholesterol import (85, 86) and a role in
virulence (85, 87). Thus, another way that the SecA2 pathway
may contribute to M. tuberculosis infection could be through
its role in SBP and Mce transporter localization.

CONCLUSION

Using a large-scale LFQ proteomic approach, we gener-
ated a list of candidates for cell wall proteins exported by
the SecA2 pathway of M. tuberculosis. Our results are sig-
nificant in highlighting SBPs as a family of SecA2-exported
proteins and reinforcing prior observations that mycobac-
terial proteins exported in a SecA2-dependent fashion in-
clude examples with and without Sec signal peptides. At the
same time, our results revealed unexpected contributions of
SecA2 to Mce transport and DosR regulation. The proteins
identified in this report represent a valuable resource for
understanding the mechanism of SecA2-dependent export
and contributions of this pathway to M. tuberculosis viru-
lence and biology.
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